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ditions in anaerobic sludge
promote changes in bacterial composition
favouring biodegradation of polymeric siloxanes†

A. E. Ortiz-Ardila,a B. Dı́ez,b C. Celis, c P. Jenicekd and R. Labatut *a

Volatile organic silicon compounds (VOSiC) are harmful pollutants to the biota and ecological dynamics as

well as biogas-based energy conversion systems. However, there is a lack of understanding regarding the

source of VOSiCs in biogas, especially arising from the biochemical conversion of siloxane polymers such as

polydimethylsiloxanes (PDMS). The biodegradation of PDMS was evaluated under anaerobic/microaerobic

conditions (PO2
¼ 0, 1, 3, 5%), using wastewater treatment plant (WWTP) sludge as an inoculum and PDMS as

a co-substrate (0, 50, 100, 500 ppm). On average, strictly anaerobic treatments produced significantly less

methane than the 3 and 5% microaerated ones, which show the highest PMDS biodegradation at 50 ppm.

Thauera sp. and Rhodococcus sp. related phylotypes were identified as the most abundant bacterial groups

in microaerated treatments, and siloxane-related molecules were identified as remnants of PDMS

catabolism. Our study demonstrates that microaeration promotes changes to the native bacterial

community which favour the biological degradation of PDMS. This confirms that the presence of VOSiC

(e.g., D4–D6) in biogas is not only due to its direct input in wastewaters, but also to the PDMS microbial

catabolism. Microaerobic conditions enhance both PDMS and (subsequent) VOSiC degradation in the

liquid phase, increasing the concentrations of D4 and D5 in biogas, and the production of less toxic

siloxane-based derivatives in the liquid phase. This study suggests that microaeration of the anaerobic

sludge can significantly decrease the concentration of PDMSs in the WWTP effluent. However, for

WWTPs to become effective barriers for the emission of these ecotoxic contaminants to the

environment, such a strategy needs to be coupled with an efficient biodegradation of VOSiCs from the

biogas.
Environmental signicance

Siloxanes are considered emergent contaminants due to their recalcitrant nature, bioaccumulation potential, and harmful effects on human health. For
wastewater treatment plants (WWTPs), siloxanes result in millions of dollars in annual losses due to costly physicochemical processes used to remove volatile
siloxanes from the anaerobic digestion (AD) biogas prior its use as energy source. This work shows that microaerobic conditions induce changes in the native AD
microbial community, allowing degradation of siloxane polymers and methane production from its metabolic products. These results open a new area of
research on the treatment and control of siloxanes and other, previously thought recalcitrant compounds. Microaeration may be a viable and cost-effective
alternative to remove siloxanes, mitigating its effects in WWTPs and the environment.
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1. Introduction

Anaerobic digestion (AD) is probably the most environmentally
sustainable and cost-effective technology to manage sewage
sludge in wastewater treatment plants (WWTP). It allows effi-
cient organic matter stabilisation and energy production, which
can be used on-site for the internal operations of the facility. AD
takes place in the absence of oxygen, where organic matter is
converted into biogas – a gas composed of methane, carbon
dioxide, and water vapour. Depending on the characteristics of
the inuent waste stream, AD biogas can also contain trace
concentrations of pollutants, notably hydrogen sulphide (H2S)
and volatile organic silicon compounds (VOSiC).
This journal is © The Royal Society of Chemistry 2021
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Octamethylcyclotetrasiloxane (D4) and deca-
methylcyclopentasiloxane (D5) cyclic siloxanes are the most
common VOSiCs present in biogas,1,2 causing severe, usually
irreversible damage to the internal components of the energy
generation systems which convert biogas into secondary forms
of energy.3,4 Specically, silicate deposits,5 formed inside
combustion engines,6 decrease the thermal conductivity and
lubrication of components,7 clog the pistons and lines,6 reduce
compression efficiency,5 and cause overheating issues.7 For
WWTPs, this results in millions of dollars in annual losses due
to the need to invest in lters and technologies to remove
VOSiCs from biogas. Siloxanes can increase operating costs up
to V0.02 per m3 of biogas treated and add an extra V44 000 of
annual expenses.5

PDMS, and particularly VOSiCs, were especially used in the
‘90s to replace or clean chlorouorocarbons (CFC),8,9 hydro-
chlorouorocarbons (HCFC),9,10 and para-
chlorobenzotriuoride (PCBTF),9,10 due to – what appeared at
the time – their “environmentally friendly” characteristics.8,11

Despite that the siloxane industrial use could be dated to 1940,12

they still are a critical component of personal care products.
Siloxanes begin their journey to the WWTP aer being rinsed
down the drain by the consumer. Once there, siloxanes (as
emergent contaminants) can be released to the atmosphere by
different physicochemical and biological processes that trans-
form non-volatile to volatile siloxanes.13,14 Also, siloxane-related
compounds have been linked to a variety of health impacts on
different animal models and possibly also in human pop-
ulations.12,15,16 For example, exposure to D4 is classied as
human hazard class reproductive toxicity 2 by the European
Chemicals Agency17 aer several investigations and reports on
animal models. D5 also can cause health issues to the nervous
system, cancer, and hormonal disorders according was reported
by the US Office of Environmental Health Hazard Assessment
(OEHHA).18 The widespread use of siloxanes in many industries
(e.g., cosmetic, automotive, medical, and food processing) has
led to an estimated VOSiC emission between 1.4–4.2 g per year
per capita in the UK and 0.4–85 g per year per capita in the US,
solely from personal care products.19 VOSiCs have been recently
classied as substances of very high concern (SVHC) for the
environment by the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) organisation,17,20 as well as by
countries such as the US,21 Japan,22 Canada,23,24 and the UK.25

These countries have framed D4 and D5 siloxanes as substances
with high production volume, persistence, bioaccumulation,
and ecological concern.

Through the WWTP processes, VOSiCs could be desorbed
and volatilised by the aeration process (Fig. 1, steps 5 and 6) or
remain adsorbed onto the bio-sludge (Fig. 1, steps 3, 4, 7, 8).
Usually, siloxanes, and specially PDMS, remain attached to the
organic matter (OM) due to their high affinity with the solid
matrix.1,26 In the AD stage, the increased temperature of the
process weakens the physical forces that maintain the siloxane
molecules attached to the OM, releasing them into the biogas
(Fig. 1, steps 9 and 10).1,26 Currently, adsorption using granular
activated carbon (GAC) is the most common process used by
WWTPs to remove siloxanes.27 However, critical disadvantages
This journal is © The Royal Society of Chemistry 2021
have been reported, mainly related to its inherent unspecic
adsorption characteristics and the number of competitive
adsorption reactions among the pollutants present in biogas
streams.28,29 Moreover, physicochemical processes, such as GAC
adsorption, are costly, and only separate pollutants, concen-
trating them onto a different phase, thus not solving the envi-
ronmental problem. Other technologies, namely membrane
separation, chemical absorption (with strong acid or alkali
solutions), catalysis, and deep chilling, have severe drawbacks,
which make these processes not affordable for most
WWTPs.13,14,30

On the other hand, biologically based methods certainly
constitute the most sustainable and economical alternatives to
use. However, studies on the biological degradation of siloxanes
are scarce, mainly focused on VOSiCs, and particularly under
anaerobic environments.19 Precisely, the high dissociation
energy of the Si–O and Si–C bonds31 making the biodegradation
of the siloxane bonds difficult to achieve,2 especially in siloxane
polymers and absence of higher energy electron acceptors in the
anaerobic digestion trophic web. Siloxane biodegradation
studies have been focused mostly on D4 or D5 removal;
however, no information on the microbial groups or the
biochemical interactions involved in siloxanes degradation has
been provided. These efforts have been focused on using oxygen
as a nal electron acceptor mainly by lamentous fungi and
aerobic bacteria (i.e., Pseudomonas sp.).32–34 Aerobic conditions
seem to be suitable for a more heterogeneous and diverse group
of bacteria,35 which may produce the required enzymatic
machinery to hydrolyse siloxanes.33,36 However, the aerobic
regime has drawbacks such as the increased biomass yield, and
decient syntrophic microbial relationships due to the ecolog-
ical competitions for space and resources.35 In addition, a strict
aerobic environment may be insufficient to ensure complete
degradation of organic matter in general,37 recalcitrant
compounds38 or siloxanes. Alternatively, the controlled addition
of small amounts of oxygen to the anaerobic environment (i.e.,
microaeration) can promote the required microbial changes
and full the thermodynamic requirements to allow for the
catabolism of more recalcitrant compounds in general.39–41 A
microaerobic environment may help overcome the low energy
production, low microbial diversity, and weak biolm forma-
tion issues of strictly anaerobic environments,41–43 while
increasing hydrolysis rates and produce more diverse
enzymes.38,44 Consequently, microaeration arises as a useful
strategy to extract the positive aspects of both aerobic and
anaerobic conditions without their drawbacks. This strategy
could lead to the biodegradation of complex polymers such as
PDMS.

As VOSiCs are present in the personal care products reaching
the WWTP inuent stream,14 it has been assumed that only this
input is the responsible for the damage to combustion engines.
Therefore, most of studies mainly refer to D4 and D5 (ref. 19, 45
and 46) without taking into account the potential contribution
of siloxane polymers to biogas contamination. It is well known
that PDMS can be abiotically degraded in soils by clay acidic
minerals with Lewis acid sites (Al3+ or Fe3+) under low moisture
conditions.2,47 However, it is not known if PDMS can be
Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197 | 1183
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Fig. 1 Possible pathway of siloxanes in a typical WWTP process. (1) PDMS and non-volatile siloxanes (red dots), VOSiC (orange dots) are released
into wastewater streams, (2) PDMS and VOSiC attach to the organic matter, OM (brown circles), (3) a fraction of the OM settles with siloxanes in
the primary sludge, (4) primary sludge to AD, (5) OM to the aerobic treatment where PDMS can be partially cleaved and VOSiC molecules
released, or retained on OM, (6) VOSiCs released to the atmosphere by the aeration process, (7) OM, along with siloxanes, settle in the secondary
sludge, (8) secondary sludge to AD, (9) PDMS are cleaved to VOSiCs, which along with existing VOSiC are released to the biogas stream, (10) SiO2

molecules depositing on combustion engine components.
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abiotically cleaved under the conditions of the AD sludge. It is
also unclear if PDMS can be biologically degraded under
aerobic32 or anaerobic conditions,48–50 considering that previous
studies have reported partial to no biodegradability of PDMS
under either condition. Yet, if PDMS could indeed be micro-
bially degraded within the anaerobic sludge, it would likely
constitute an additional source of VOSiCs within the AD reactor
itself. And, if microaeration enhances PDMS biodegradation, it
will result in even further VOSiCs released to the biogas. Based
on these premises, three important potential impacts should be
considered: rst, microaeration may increase concentrations of
VOSiCs in biogas and, unless strategies to remove them from
the biogas phase are in place, their impact on the energy
generation systems of WWTPs may continue; second: the ability
of microorganisms to degrade siloxane polymers and use them
as carbon source for methane production, may supress or
decrease the release of VOSiCs to the environment from post-
digested sludge when used as soil amendment; third, the
overall biodegradability enhancement of sludge-attached silox-
anes (i.e., VOSiCs and PDMS) through microaeration will
protect the environment and possibly reduce the release of
VOSiCs to the biogas, particularly if residence times are long
enough.

Based on above discussion, the aim of this study is to shed
some light in following questions: are polymeric siloxanes
biodegradable? If so, will biochemical transformations of PDMS
within the anaerobic digester produce additional VOSiCs in the
biogas? Can microaeration (in contrast to strict anaerobiosis)
improve the biodegradability of PDMS and the overall conver-
sion of organic matter to methane during anaerobic digestion?
Can microaeration drive changes in the native microbial
community of anaerobic digesters? Do trace amounts of oxygen
affect methane production and effluent products? To answer
these questions, we evaluated the biodegradability of siloxane
polymers under either anaerobic or microaerobic conditions,
1184 | Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197
assessing the production of D4 and D5 in biogas and the
presence of PDMS catabolic by-products in the liquid phase.
Performance of anaerobic digestion was evaluated under
increasing oxygen partial pressures and PDMS concentrations,
using the biochemical methane potential (BMP) assay. Finally,
microbial ecology changes were characterised for each experi-
mental condition.

2. Materials and methods
Inoculum and substrate

Microbial inoculum was obtained from the effluent of an active
anaerobic continuously stirred tank reactor (CSTR), treating
secondary sludge from “La Farfana” municipal WWTP (San-
tiago, Chile). The inoculum was degassed by incubation for 24 h
at 37 �C before the experimental set up, to ensure that the
endogenous microbiota degraded the residual organic matter
still present in the sludge. Aer degassing, the inoculum was
characterised in terms of chemical oxygen demand (COD ¼
5.65 mg O2 per g), total solids (TS ¼ 28.9 g L�1), volatile solids
(VS ¼ 15.2 g L�1) and pH (6.5) to then be added to each BMP
bottle at an inoculum-to-substrate (I/S) ratio of 2.51�53

In order to promote and sustain initial microbial growth,
reduce the lag phase, and favour enzymatic diversity within the
BMP, 200 ppm of organic substrate (OS) were added to each
bottle. The OS used was based on the equal mixture (COD basis)
of glucose, sodium acetate, sodium casein, cellulose (technical
grade-Merck), and coconut oil (industrial grade). Selected
micronutrients, considered critical for the AD microbiome,54,55

were also added to each BMP bottle (Table S1 – ESI†).

Biochemical methane potential (BMP) assay

The BMP protocol was based on Labatut et al.,56 using 250 mL
Schott bottles as reaction units with 50 mL of effective sample
volume. BMP bottles were initially loaded with an organic
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1em00143d
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substrate mixture (OS),55 PDMS, micronutrient solution, and
WWTP sludge as microbial inoculum. PDMS (100 cSt – Texas
Inc.) was added to each BMP bottle at the following concen-
trations: 50, 100, and 500 ppm in amass basis. Once loaded, the
bottles were gassed with pure nitrogen, sealed, and placed in
a shaker incubator (90 rpm, 37 �C � 1). 12 days aer the BMP
experimental set up started, pure oxygen (99.8%) was added to
each bottle by internal atmospheric volume substitution, using
gas tight syringes, to reach the following target partial pres-
sures: 0%, 1%, 3% and 5% v/v. Oxygen was re-placed weekly on
a biogas day measurement (when necessary) to maintain the
selected microaerated conditions. Tested oxygen partial pres-
sures were chosen based on other reports of microaerophile
biota growth (i.e., 1–10% PO2

)57,58 and reported methanogenic
archaea tolerance (i.e., <5% PO2

).59

Additional bottles only containing inoculum but no organic
substrate, micronutrients, or added oxygen were incubated to
account for background methane production from the sludge
itself, which was then subtracted from the other treatments at
the end of the assay. As well, treatments with organic substrate,
micronutrients, oxygen and not PDMS were performed (i.e.,
blanks). The BMP assay was ended when the cumulative bio-
methane production curve reached a plateau phase, which was
on average, 55 days. An infographic with the experimental
design, including treatments and analyses, is shown in Fig. S1 –
ESI.† Also, a detailed description of the oxygen addition
procedure is included in MM1 – ESI.† Biogas volumetric
production in each BMP bottle was measured using a glass
syringe using the volume displacement method. For every
biogas production measurement, methane content and volume
were determined by pumping the biogas through a two-step
system based on Standard Methods 2720B, where a rst vessel
containing NaOH (20% m/v) removes carbon dioxide and
a second vessel, containing MgSO4, retains water, obtaining
methane volume by difference. These measurements were
conrmed weekly using a gas chromatography thermal
conductivity detector (GC-TCD), which in addition to methane
and carbon dioxide, determine oxygen and nitrogen in the
bottles' gas phase according to the Standard Methods 2720C.
Theoretical biochemical methane potential and biodegraded
fraction

The theoretical biochemical methane potential of the organic
substrate (OS) and the different PDMS concentrations was
estimated using the Buswell equation,60 which assumes that all
the organic content is converted to methane and carbon
dioxide. Buswell estimations were performed with the molec-
ular formula of each compound in the OS (i.e., glucose, sodium
acetate, sodium casein, cellulose, and coconut oil). For coconut
oil, the calculation was based on a mixture of capric, lauric,
myristic, oleic, and palmitic acid, according to the character-
ization reported by Otamiri et al.61 characterisation. Finally, the
molecular formula CH3(C2H6SiO)nSi(CH3)3 was used for the
PDMS calculation, assuming 20 siloxane units (n ¼ 20) in a 100
cSt-siloxane oil. The biodegraded fraction (fD), which denes
This journal is © The Royal Society of Chemistry 2021
the maximum extent of substrate converted to methane, was
determined as follows:

fD ¼ Bo

Bu

(1)

where, fD is the substrate biodegraded fraction (decimal, %), Bo
and Bu correspond to the observed and theoretical methane
potential (mL CH4 per g VS added or g COD added), respectively.
Bo was determined directly from the BMP assay, whereas Bu was
calculated using the Buswell formula, as described above.
Characterisation of bacterial community dynamics

Changes in the bacterial communities were characterised using
the Denaturant Gradient Gel Electrophoresis (DGGE) nger-
printing technique and 16S rRNA gene sequencing. The Oper-
ative Taxonomic Unit (OTU) was dened per phylotype,
assuming each one of the different bands elucidated on the
DGGE gel corresponded to one of the most dominant bacterial
populations present under the tested conditions,62 here in
particular for the different PDMS concentrations and oxygen
partial pressures. From the BMP initial sludge and nal diges-
tate (from the combined triplicates), total DNA extraction was
performed using a DNeasy power soil kit (Quiagen Inc) extrac-
tion kit. Extracted DNA integrity was assessed by 1% agarose
electrophoresis gel-red stained, according to Chen et al.63 and
Cheng et al.64methodologies. 16S rRNA gene amplication from
bacterial populations was accomplished by Polymerase Chain
Reaction (PCR), using universal bacterial primers 358F-GC and
907R. For DGGE analyses, a 40 bp GC clamp was added to the 50

extreme of the forward primer.62 Bacterial community proles
in DGGE were conducted for amplicons of �500 bp in length.

DGGE electrophoresis was performed using a 0.75 mm thick
polyacrylamide gel (acrylamide : bisacrylamide – 37.5 : 1)
submerged in a TAE buffer (40 mM Tris, 40 mM acetic acid,
1 mM EDTA; pH 7.4) at 60 �C.62 Denaturant gradient was
carried out in urea–formamide at differential concentrations
between 40% to 80%.62,65 The DGGE was run at 100 V for 16 h
and later stained with SYBr Gold (Molecular Probes) at 0.01%
for 30 min to then be revealed using UV transilluminator
equipment (BioRad Technologies). Most-intensive, visible
prole bands were excised from the DGGE gel, considering the
assumption of each band represented a different bacterial
population. The 16S rRNA gene from DNA in each band was
amplied using the same previously described primers without
the 40 bp GC clamp.62 PCR products were conrmed by 1%
electrophoresis on an agarose gel prior shotgun sequencing
(Macrogen Inc.). DGGE band sequences were compared to the
16S ribosomal RNA sequences (Archaea and Bacteria) database
(NCBI) using BLASTN (Megablast program, default parame-
ters).66 The rst 50 sequences were downloaded from NCBI and
clustered to 97% identity using cd-hit-est.67 The representative
16S rRNA sequences were aligned using MAFFT (auto mode, L-
INS-i strategy).68 The 16S rRNA phylogenetic tree was inferred
by maximum likelihood (ML) with IQ-TREE v1.6.8 (-m
TESTNEW-bb 1000-alrt 1000).69,70 The DGGE bands were
phylogenetically positioned using the 16S rRNA ML tree as
Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197 | 1185
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a reference using EPA-ng v0.3.6,71 to then be visualised and
edited with iTOL.72
Analytical and statistical methods

Biogas composition was measured using an Agilent 7820A GC-
TCD with a Carbosphere 1010 capillary column with helium
as a carrier gas, according to ASTM method D3612.73 The BMP
anaerobic sludge was characterised pre- and post-digestion for
the following physicochemical parameters: total solids (APHA-
TS2540B), chemical oxygen demand (APHA-COD5220D-), xed
and volatile solids (APHA-TVS-2540E-) in accordance to Stan-
dard Methods.74 The lipophilic fraction of siloxanes was recov-
ered from the pre- and post-digestion anaerobic sludge by
solvent-assisted extraction75,76 (from both the solid and liquid
fractions) using a n-hexane-acetone mixture (1 : 1-v/v-). Extrac-
ted cyclic siloxanes, D4 and D5, were determined using an
Agilent 7820A GC equipped with a ame ionisation detector
(FID) and an HP-5 capillary column, as described in Popat and
Deshusses.77 Chemical structure identication of extracted
compounds was performed using a Shimadzu 8050 gas
chromatography-mass spectrometer (GC-MS) triple quadrupole.
Samples were injected in a splitless mode, and separation was
carried out using a capillary column-Rtx-5MS (30 m � 0.25 mm
� 0.1 mm) with a helium ow of 1 mL min�1 as a gas carrier,
according to Sanch́ıs et al.78 Selected ionmonitoring was used to
elucidate siloxanes presence, and molecules were identied by
comparing the NIST14.L mass-spectra library based on an 85%
similarity for the cut-off. As phenyl-siloxanes were identied
using this method, column bleeding was tested running
samples with the solvent extraction mixture alone under the
same protocol as real samples,79 assuring no column bleeding.
Further details on analytic measurements and quality
assurance/quality control (QA/QC) strategies can be found in
MM2 – ESI.†

All treatments and determinations were performed in trip-
licate. First, parametric statistical assumptions were tested
using the Levenne (homoscedasticity), Kolmogorov–Smirnov
(normality), and residual regression model (graphical
normality) tests. Then, all the data were analysed under
a General Linear Model (GLM) under the test for factorial
analysis of variance (2-way ANOVA) to elucidate the interactions
of the tested factors. Finally, the HDS Tukey and Scheffé tests
were performed as post hoc analysis. For all the tests, the a error
assumed was 0.05 under a signicance of 95%, using the IBM
SPSS statistics 22 soware (IBM).
3. Results and discussion

Results based on the biochemical methane potential (BMP)
assay show that microorganisms under either anaerobic or
microaerated conditions could use the organic substrate (OS).
Furthermore, strictly anaerobic conditions produced 11%, 17%,
and 25% less methane than the microaerobic conditions,
respectively under 3%, 5%, and 1% oxygen partial pressures
(PO2

), without PDMS added (Fig. 2 – green background). The
calculated theoretical biochemical methane potential for OS,
1186 | Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197
OS + PDMS 50 ppm, OS + PDMS 100 ppm, and OS + PDMS
500 ppm, were 39.45 mL, 45.99 mL, 52.53 mL, and 104.83 mL,
respectively (Fig. 2). The 100 ppm treatment results were
omitted for clarity in the graphs, given that they were almost
identical (ANOVA: P < 0.05; a0.05) to the 50 ppm treatment
(Fig. S2 – ESI†).
Microaerated conditions favour the overall methane
production of simple and recalcitrant compounds

Results show that methane production was not negatively
affected by the change from anaerobic to microaerobic condi-
tions (Fig. 2). In fact, methane production was improved on
a volumetric basis. As expected, no treatments reached the
theoretical methane production due to the overestimation from
the Buswell equation value that does not consider the fraction
of substrate allocated to microbial synthesis.80 The anaerobic
treatments (i.e., without oxygen) reached 70% of the theoretical
methane production of the OS (fD ¼ 0.7), whereas the microa-
erated treatments (i.e., PO2

¼ 1, 3, and 5%) reached between ca.
80 and 90% (Fig. 2 GB). This is in agreement with the results of
previous studies, where the addition of small amounts of
oxygen has increased methane production and organic matter
removal81,82 – a result that previous studies have attributed to an
improvement in the hydrolytic capabilities of the microbial
consortium.83,84 In this case, microaeration promoted the
development and/or enhancement of facultative anaerobes (i.e.,
heterotrophs) which also exhibit higher enzymatic diversity
than the anaerobic counterpart. Also, as facultative organisms
can use the available dissolved oxygen in the medium, an
increased microbial growth, and therefore higher enzymatic
production to catabolise siloxanes or the organic matter. An
example of this assumption is Thauera sp. dominance in the
microaerated conditions (Fig. 3), this organism is also related to
an increase in the biodegradation potential of siloxanes and
organic matter due to its widely reported enzymatic diversity.85

The latest, evidence how small oxygen amounts can shape the
microbial ecology and therefore the enzymatic potential to
enhance the recalcitrant compounds biodegradation. As for the
OS supplemented with PDMS, higher methane yields were
observed both, for increasing PDMS concentrations and for
increasing oxygen partial pressures (PO2

) up to 3% (Fig. 2 BB 1,
2). Therefore, comparing the results with the supplemented
PDMS treatments with the blanks suggest that extra methane
production comes from the PDMS catabolism. As well it is clear
that treatments with PDMS exceed the theoretical methane
production calculated from the organic substrate alone (Fig. 2
BB yellow line). This indicates that PDMS may be used as
a carbon source for methane production despite being only
partly biodegradable under these conditions.

The biodegraded fraction decreases along with by PDMS
concentration increment, particularly under strictly anaerobic
conditions. As well, biodegraded fraction increases with the
oxygen partial pressures showing a better performance in the
general biodegradation of the used substrate (Fig. 2 BB 3). For
example, the biodegraded fraction of the OS supplemented with
50 ppm PDMS increased from 0.54 to 0.96 under oxygen partial
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Green background (GB): cumulative methane production (1) and biodegraded fraction (2) of the organic substrate (OS) alone under
anaerobic and microaerated conditions (i.e., blanks). Blue background (BB): cumulative methane production (1 and 2) and biodegraded fraction
(3) of the organic substrate (OS) supplemented with increasing PDMS concentrations under anaerobic and microaerated conditions. Methane
production is normalised by the substrate's chemical oxygen demand (COD), including PDMS, when applicable, and it is expressed at STP
conditions. The yellow, blue, and grey segmented lines in both backgrounds denote the theoretical biochemical methane potential (Bu) of the
OS, OS + PDMS 50 ppm, and OS + PDMS 500 ppm, respectively. Letters a, b, c, d, e, f denote HSD Tukey groups with significant differences
(a0.05).
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pressures of 0% and 5%, respectively. However, the bio-
degraded fraction of the OS supplemented with 500 ppm PDMS
was only 0.44 and 0.41 under oxygen partial pressures of 3% and
This journal is © The Royal Society of Chemistry 2021
5% and decreased even further under anaerobic conditions (fD
¼ 0.28). This suggests that high concentrations of PDMS, or the
products of its hydrolysis, may be inhibitory to the anaerobic
Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197 | 1187
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Fig. 3 (A) Maximum likelihood inferred 16S rRNA phylogenetic reconstruction from excised DGGE bands. Black circles correspond to a 1000
bootstrap, SH-aLRT$80% and ultra-fast bootstrap$95%. (B) DGGE fingerprinting image from the BMP sludgewith anaerobic treatment (0% v/v),
microaerobic 1% v/v O2, 3% v/v O2, 5% v/v O2 and inoculum (I). Numbers on the top of each column (0, 50, 100, 500 and 1000 ppm) correspond
to PDMS concentrations per treatment, X�* corresponds to the PDMS concentration inferred from literature. Dominant DGGE bands correspond
to the chart at the bottom and the phylogenetic reconstruction.
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and/or aerobic microbiota, but its effects may become less
signicant to the trophic web under microaerobic conditions (1
# PO2

# 3%). Indeed, a myriad of alcohols such as phenol and
aliphatic alcohols, which are known to be toxic to microorgan-
isms,86–90 were found at the end of the BMP trials in the liquid
phase characterized by the GC-MS analyses (Fig. S3 – ESI†).
Alcohols like methanol are one of the products from the
oxidation and subsequent hydrolysis of VOSiCs (i.e., D4 and
D5),33 therefore it is apparent that from PDMS hydrolysis also
alcohols were produced as demonstrated in this study with
antimicrobial compounds such as phenol and aliphatic
alcohols.

Results showed that oxygen addition not only can improve
the biodegradability of simple substrates (i.e., OS), but also of
more complex, recalcitrant compounds (i.e., PDMS). This is not
surprising, considering the high energy required to cleave the
siloxane (Si–O–Si) and methyl-siloxane (Si–CH3) bonds (i.e., 103
and 69 kcal per mole, respectively31). This type of energy
requirements cannot be easily reached by the conventional
anaerobic microbiota, which harvests considerably less energy
than its aerobic counterpart.91 Based on the energy premise,
other studies have used nitrate as a nal electron acceptor to
overcome the energy requirements for the cleavage of siloxane
bonds.92 However, nitrate use creates an anoxic environment
where the AD microbial diversity only could be narrowed and
become unstable,93 instead of microaeration were general
diversity (i.e., enzymatic, microbial) and resilience is greatly
increased.57 On the other hand, controlled oxygen additions
appear as a more suitable option, due to its easy management,
low concentration required, and more regulated redox poten-
tial. Furthermore, the anaerobic digestion (AD) microbiome has
a lower diversity of microorganisms than its microaerobic
counterpart,40,42,43 impacting both the production and variety of
hydrolytic enzymes. This is why hydrolysis usually becomes the
rate-limiting step for the anaerobic digestion of inuent
streams composed of particulate and/or recalcitrant
compounds.43,94

It is apparent that, in this study microaeration improved
methane production which must come from a better enzymatic
hydrolysis and therefore a PDMS oxidation and use (as the
methane production exceed the theoretical calculations of OS
alone) (Fig. 2). For treatments containing OS alone, exponential
methane production started aer day 10, but for microaerated
treatments supplemented with PDMS it started on, or shortly
aer, day 12, coinciding with the rst addition of oxygen to the
reactors. Such an effect is apparent when observing the
methane production of the strictly anaerobic treatments, which
exponential phase took between 18 to 20 days to start (Fig. 2 BB
1). In general, microaerated treatments showed a shorter lag
phase, not only coinciding with the beginning of oxygen addi-
tion but also with its consumption, as discussed below. Jenicek
et al.81 and Cirne et al.93 demonstrated that microaeration
decreases the concentration of inhibitory compounds, such as
lactic acid, sulphide, and ethanol, resulting in an improved and
faster COD conversion. Thus, methane production from
siloxane-containing substrates may be faster under micro-
aerobic conditions due to the improved process kinetics
This journal is © The Royal Society of Chemistry 2021
resulting from the presence of low dissolved oxygen
concentrations.

In summary, the presence of oxygen in trace concentrations
is likely to enhance the thermodynamics of the anaerobic
digestion due to an increased production and diversity of
hydrolytic enzymes; thus, improving process kinetics and
biodegradability of both, simple substrates, and siloxane poly-
mers, as can be seen from the comparison between anaerobic
and microaerated treatments in our experimental conditions.
Nonetheless, microaeration should be tested in each specic
case since its effect is highly dependent on the microbial
potential and diversity of each sludge, and the bioreactor
capabilities to maintain a homogeneous microaerated regime.
Coupled effects of oxygen and PDMS: a shi driver of bacterial
community structure and sludge ecology

Comparisons of the 16S rRNA bacterial populations under
anaerobic and microaerobic conditions revealed that oxygen
dosage may have driven signicant changes of the native
anaerobic sludge community (Fig. 3). 16S rRNA-DGGE nger-
printing proles and dominant DGGE bands (here dened as
bacterial populations) sequenced, evidenced that the abun-
dance of members closely related to Desulfofarcimen sp.
decrease as oxygen partial pressures increase (Fig. 3B, band 1).
This shi can be explained by the presence of reactive oxygen
species (ROS), produced in redox reactions (triggered by
oxygen),41 which are toxic to strict anaerobes95 such Desulfo-
farcimen sp. These organisms do not have the enzymatic
machinery to reduce ROS (i.e., aerobic respiration), conse-
quently causing a decrease in its viability and abundance,96 as
evidenced by the disappearance of DGGE band 1. However, in
treatments where these organisms were not part of the domi-
nant population (PO2

¼ 1% treatments 100 to 1000 ppm PDMS)
(Fig. 3B, B and 1), methane production did not seem to be
compromised. In fact, methane production almost reached the
theoretical maximum compared with the ones under anaerobic
conditions (Fig. 2, BB1). In these cases, it seems that metha-
nogens may have been beneted from the loss of abundance of
Clostridia-related organisms, such as Desulfofarcimen sp.,
considering that these sulphate-reducing bacteria (SRB) may
compete for hydrogen, acetate, and carbon dioxide with
methanogens. Furthermore, it is likely that other, non-
dominant populations of facultative fermentative organisms
efficiently contribute to sustain and maintain the balance of the
AD trophic chain, showing an apparent community replace-
ment with the same functional capabilities, as suggested by Wu
et al.95 on synergetic systems. Nonetheless, considering the
limitations of DGGE analyses, above-mentioned hypotheses
must be conrmed with metagenomic and metatran-
scriptomics further analysis.

Additionally, under microaerobic conditions, the abundance
of strict anaerobes decreased, while other, better-adapted pop-
ulations seemed to have thrived, changing the structure of the
native anaerobic sludge microbiota. Consequently, in the 3%
and 5% PO2

treatments, aerobic/facultative populations, such as
those closely related to Thauera sp. (b-Proteobacteria) and
Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197 | 1189
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Rhodococcus sp. (Actinobacteria), increased their abundance
due to the presence of oxygen as nal electron acceptor (Fig. 3B,
Bands 2 and 3) – a bacterial replacement that has been shown in
previous studies.44,96 The increase in abundance of aerobic
bacteria, stimulated by the presence of oxygen, could be the
result of cooperative relationships between aerobic and anaer-
obic organisms.97,98 Aerobic bacteria consume oxygen and may
use the extra energy available from respiration to cleave siloxane
molecules, thus depleting oxygen concentrations and main-
taining oxygen reduction potential (ORP) levels low enough to
allow methanogenesis.91 Indeed, our results show that oxygen is
rapidly consumed aer its addition, requiring subsequent re-
additions to re-establish the target partial pressures of each
treatment (i.e., PO2

¼ 1%, 3%, 5%) (Fig. 2 and 4). Accordingly,
the population of methanogenic archaea within the BMP
microbiota did not show any signicant change according to
the DGGE prole, suggesting that methanogens were not
signicantly compromised or affected by oxygen addition. This
supports the hypothesis that facultative heterotrophic organ-
isms were able to consume most of the oxygen entering the
liquid phase, maintaining its levels low enough to protect
methanogenic archaea and avoid disruption of the AD trophic
web as a whole.

Our results show high rates of oxygen consumption during
the exponential methane production stage of the BMP, but it
decreases when methane production reaches a plateau phase,
and facultative hydrolytic/acidogenic bacteria are expected to be
less active (Fig. 2 and 4). Also, oxygen consumption was
signicantly higher at 1 and 3% oxygen partial pressures as
compared to PO2

¼ 5%, for both 50 and 500 ppm PDMS
concentrations (Fig. 4), suggesting that the “extra” available
oxygen may have not been used by the aerobic bacteria, and/or,
may have been inhibitory to strictly anaerobes. This is sup-
ported by the fact that, when the oxygen partial pressure was
changed from 3% to 5%, the biodegraded fraction only
increased from 0.92 to 0.96 for the 50 ppm PDMS treatments,
and even decreased from 0.44 to 0.41 for the 500 ppm PDMS
treatments (Fig. 2).
Fig. 4 Oxygen consumption (%) relative to the amount added during th
first addition of oxygen (subsequent additions, after each PO2

measurem

1190 | Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197
The correlation between oxygen consumption and methane
production demonstrates that aerobic/facultative bacteria
reduce dissolved oxygen concentrations (and thus oxygen
partial pressures), protecting strictly anaerobic methane-
producing organisms. This particular mutualistic relationship,
studied previously using non-siloxane substrates,42,82,95 supports
the hypothesis that the presence of oxygen leads to a change in
the bacterial community structure. This change could favour
the production of new enzymes and the possibility of harvesting
more energy from substrates, which may explain why PDMS is
more biodegradable under microaerated conditions. This
phenomenon may be the basis that allows the cleavage of the
high energy covalent bonds formed by silicon, resulting in the
biodegradation of recalcitrant compounds such as siloxanes
(i.e., PDMS). Our results show that microaeration coupled with
PDMS presence led to an evident change in the bacterial
structure and then in the system ecology, evidenced by the
differences in population dynamics shown on the DGGE
ngerprinting proles. We could infer that the PDMS cleavage
(and biodegradation), requires the oxygen stimulation of the
whole anaerobic sludge to bring about specic groups of
aerobic/facultative bacteria, which can collaborate and develop
mutualistic relationships with the existing microorganisms of
the native sludge.95–97

Finally, it should be stressed that the presence of oxygen
alone may not be the only driver for the microbial ecology
changes observed in the AD microcosm. Microaerated condi-
tions together with the presence of siloxanes, may have been
responsible for the increase of Thauera sp. and Rhodococcus sp.,
as suggested by the DGGE proles (Fig. 3B). First, because
Desulfofarcimen sp. are shown to be dominant under anaerobic
conditions and 1% oxygen partial pressures without PDMS
addition, as well as under anaerobic conditions with PDMS
addition (Fig. 3B, band 1); demonstrating that PDMS by itself is
not capable of driving a change in the ecological composition.
Second, because when the oxygen partial pressures are $3% in
treatments without PDMS, the aerobic bacteria Tsukamurella sp.
increase its dominance (Fig. 3B, band 4), but they are absent
e BMP in the PDMS treatments. Vertical segmented lines represent the
ent, are omitted for clarity).

This journal is © The Royal Society of Chemistry 2021
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under the same oxygen partial pressures in the PDMS-
supplemented treatments, where Thauera sp. and Rhodococcus
sp. are dominants. These differences demonstrate that PDMS
and oxygen interactions drive the AD sludge ecological changes,
enabling the siloxanes biodegradation without hindering
methane production (Fig. 2).
Oxygen drives the PDMS metabolism to volatile and non-
volatile siloxanes

Proof that the bio stimulation of siloxane-hydrolytic microor-
ganisms is driven by the presence of oxygen is apparent when
we analyse the bacterial community structure (Fig. 3) and the
metabolic products resulting from the PDMS degradation, as
revealed by GC-MS analyses (Fig. 5). The presence of cyclic
siloxanes and its relative concentrations (%) per treatment, not
only demonstrate that the microbial metabolism of PDMS is
feasible, but also that produce cyclic siloxanes such as D7, D8,
and D9, as they were not present in the initial, native anaerobic
sludge. As the Fig. 5 shows, D7 to D9 siloxanes are absent in the
initial sludge and, as the oxygen concentration increases, they
begin to appear in concentrations higher than 10% m/m (e.g.,
D8 at PO2

¼ 5% and 50 ppm PDMS). Also, Fig. 5 shows that
initial concentration of VOSiCs (i.e., D4, D5, and D6) in inoc-
ulum sludge increased from 0.60% up to 10% in treatments
with oxygen partial pressures of 1% and 3%, evidencing
a contribution in VOSiC concentration from the above
explained PDMS hydrolysis.
Fig. 5 Heat map showing relative concentrations (% m/m) of cyclic siloxa
PDMS. Left bar shows the colour key according to the relative concen
oxygen partial pressure (PO2

) and PDMS concentration. Cyclic siloxanes

This journal is © The Royal Society of Chemistry 2021
In most anaerobic treatments, short-chain, volatile siloxanes
(i.e., D4 to D6) maintained concentrations between 0.03% and
1% (Fig. 5), suggesting that under anaerobic conditions cyclic
siloxanes could also be metabolised to silanes or other non-
cyclic or volatile metabolic products. Under anaerobic condi-
tions, the presence of long-chain, non-volatile siloxanes (i.e., D7
and D8) was only observed when PDMS concentrations were
higher than 100 ppm (Fig. 5). This result could be due to the
increase in volatile siloxanes that can be re-polymerised up to
D7 and D8 via a-u-silanediols, as Cabrera-Codony et al.29,99 and
Soreanu et al.31 proposed. However, it is also possible that PDMS
was only partly catabolised due to the lack of a more energetic
nal electron acceptor. In this way, remaining products from
PDMS cleavage could have undergone a chemical rearrange-
ment into larger cyclic siloxanes, as previously described for soil
and anaerobic sludge matrices.2,47 Previous studies report that
PDMS is hardly to non-biodegradable under aerobic or anaer-
obic conditions.2,15,34,100,101 It is suggested that D4 and D5 silox-
anes came in wastewaters attached to the AD sludge biosolids
(due to their hydrophobicity), and then released to the biogas by
volatilisation under mesophilic temperatures.1,19,46 Other
studies hypothesised that D4 and D5 present in the biogas also
could come from the resulting products of PDMS hydrolysis as
compounds that looked for more stable, less energy-repulsive
cyclic structures.31,34,102 In our study, when oxygen was present,
higher concentrations of volatile cyclic siloxanes (D4 to D6) and
non-volatile siloxanes (D7 to D9) were found (Fig. 5 and S4 –

ESI†). This demonstrates that metabolic products from PDMS
nes identified by GC-MS (QQQ) for the treatments supplemented with
tration found for each sample. Right bar shows the treatment pair of
were recovered with n-hexane : acetone 1 : 1 solvent extraction.

Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197 | 1191
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degradation might contribute to the pool of volatile siloxanes
found in WWTP-derived biogas.

Also, the presence of intermediates, such as phenyl-
siloxanes, linear siloxanes, tripropyl-silanes, and other
siloxane-type molecules with fragmentation patterns in mass/
charge peaks (m/z) 73 m/z, 355 m/z, and 429 m/z (Fig. S4 –

ESI†), strongly suggests that the bacteria present under micro-
aerobic conditions could catabolise the PDMS molecules,
despite the characteristic steric hindrance of methyl-siloxane
molecules.26,103,104 Furthermore, these metabolic intermediates
are susceptible to being re-polymerised into cyclic siloxanes or
stabilised to silanols, at which point could be used as a carbon
source within the AD trophic chain and produce biogas (Fig. 2).
This may explain the presence of higher cyclic siloxanes in the
microaerated treatments (Fig. 5) and the resulting increased
methane production. As these results demonstrate that
microaeration may be a viable alternative to biodegrade
siloxane polymers, it may also represent a viable option to
catabolize VOSiCs attached to the AD sludge, as our preliminary
research shows (data not published). Therefore, while enhanced
PDMS degradation may increase the production of VOSiCs,
their concentration arising from both direct (inuent) and
indirect (PDMS degradation) inputs may also decrease, ulti-
mately decreasing biogas pollution. This strategy may become
more effective if a strong microaerophilic microbiota is identi-
ed and isolated, and used in a separate system (e.g., biotrick-
ling lter) to efficiently remove and catabolise biogas VOSiCs,
protecting AD-based energy production systems. In addition,
PDMS catabolism in the digester will also protect the environ-
ment from the siloxanes released through WWTP biosolids.
Indeed, studies15,101 have shown that an important portion of
the soils amended with treated AD sludge (biosolids) may be
contaminated with organosilicon pollutants, being a potential
VOSiCs source and therefore an ecological risk. Above hypoth-
eses must be carefully evaluated in further studies to assess
their validity. If they can be proven at commercial stage, it will,
in turn, decrease VOSiC concentration in the environment, and
open a possibility to reduce subsequent biogas cleaning efforts
required for its use in WWTPs.

Our results demonstrate that the microbial metabolism of
PDMS is possible under both, microaerobic and (partially)
anaerobic conditions, and that the resulting products are
transformed into cyclic molecules, namely D4 to D9. This
conclusion is critical to understand the fate and production of
cyclic siloxane molecules in the AD biogas from PDMS cleavage,
which up to now most of the studies refer as slow or
negligible.31,34,102
Biochemical considerations in the PDMS biodegradation
under a microaerated environment

The diversity of the cyclic siloxanes (different from the ones in
the initial sludge Fig. 5) found in this study may be due to the
use of oxygen and the presence of siloxanes, which drive the
microbial community composition changes in the anaerobic
sludge. Oxygen reduction and substrate oxidation likely lead to
higher energy yields than those obtained from fermentation.
1192 | Environ. Sci.: Processes Impacts, 2021, 23, 1182–1197
This enables enzymes to harvest the necessary energy to
degrade the Si–C bonds in siloxane molecules, yielding addi-
tional carbon to produce additional methane, as suggested in
this study (Fig. 2). Indeed, it is expected that the new dominant
bacterial groups will produce additional and/or new enzymes
that may be responsible for the PDMS degradation in the BMP
sludge. But, overcoming the steric hindrance of siloxanes and
the unfavourable thermodynamics of degradation, requires
microbial associations, such as the ones between anaerobic and
aerobic bacteria that allowed the extra methane production
under oxygen presence. Other studies have evidenced this
cooperative behaviour by observing associations between Pseu-
domonas sp. strains and other a and b-Proteobacteria.32,34 This
phenomenon could not be demonstrated in our study due to the
limitations of using 16S rRNA-DGGE analyses; however, it is
strongly suggested that Thauera sp. and Rhodococcus sp. (b-
Proteobacteria and Actinobacteria, respectively) members in
this study, might be working together to catabolise PDMS
molecules. These organisms are known to have robust enzy-
matic capabilities to metabolise recalcitrant pollutants,
possibly explaining the formation of metabolic products and
cyclic siloxanes in our study (Fig. S4 – ESI†).

Several studies have reported that Thauera sp. are the main
bacterial group responsible for the decomposition of cyclic
hydrocarbons in anaerobic digesters, when nitrate is supple-
mented as a nal electron acceptor.85 However, when oxygen is
present, Thauera sp. could yield more energy via aerobic respi-
ration, consequently enhancing metabolic diversity. Under
these conditions, the metabolism of aromatic recalcitrant
compounds (i.e., phenylsiloxanes in Fig. S4 – ESI†) is possible,
mainly through the benzoyl-CoA pathway.105 These natural
capacities, suggest that the presence of oxygen enabled Thauera
sp. to degrade cyclic siloxane metabolic intermediaries into
simpler molecules that can be used by other members of the AD
trophic web for biogas production. On the other hand, Rhodo-
coccus sp., a member of the Actinobacteria phylum, is a well-
known metabolically diverse organism that could degrade
recalcitrant compounds such as naphthalene, aromatic
substrates, herbicides, among others.106 One of the reported
features of this organism is its capacity to deal with steric
hindrances of organic compounds.107 This feature may be key
for the degradation and conversion of PDMS and its metabolic
intermediates to biogas.

4. Conclusions

This study tested and conrmed the hypothesis that PDMS can
be microbially degraded under anaerobic, and especially under
microaerated conditions. Also, we found that PDMS catalysis is
microbially-mediated producing metabolic intermediates that
are less recalcitrant and serve as electron donors for methane
production. Results show that trace amounts of oxygen in an
otherwise strictly anaerobic environment drive the ecological
and biochemical changes needed to biologically degrade PDMS,
producing additional methane to that resulting from the
degradation of the organic substrate alone. Data suggests that
the loss of abundance of strict anaerobes (e.g., Clostridia class-
This journal is © The Royal Society of Chemistry 2021
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related) and the increase of abundance of facultative anaerobes
(e.g., Thauera sp., Rhodococcus sp.) could modify and res-
structure the AD trophic chain. Facultative anaerobes, with
enhanced metabolic capabilities, can improve the catabolism of
organic molecules in general, while increasing the methane
production and protecting the anaerobic environment by
depleting the oxygen. Our study demonstrates that the presence
of VOSiC in biogas may not be the sole result of volatile silox-
anes coming in wastewaters, but also a consequence of PDMS
microbial catabolism. This process is likely favoured by the
traces of oxygen entering the system when loading, resulting in
additional VOSiC emissions within the anaerobic digester.
Althoughmicroaerobic conditions enhances PDMS degradation
in the liquid phase, increasing the concentrations of D4 and D5
in biogas, it also enhances the biodegradation of VOSiCs in the
liquid phase, resulting in alcohols and other soluble, less toxic
derivatives that remain in the liquid phase, thus preventing
their release as VOSiCs in the biogas. This study suggests that
microaeration of the anaerobic sludge will signicantly
decrease the concentration of PDMSs in the WWTP effluent.
However, for microaeration to be benecial to WWTPs, and for
WWTPs to become barriers for the emission of these ecotoxic
contaminants to the environment, such a strategy needs to be
coupled with an efficient biodegradation of VOSiCs from the
biogas.
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