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The safe disposal of nuclear waste necessitates a thorough understanding of the role

microorganisms play on the fate of the waste materials over time. Despite significant

volumetric contributions to nuclear waste inventories, little is known about the fate of

plastics under the high pH and irradiating conditions of a geological repository. We

conducted microbial enrichment experiments to assess the potential for additives in

plasticised polyvinyl chloride (PVC) sheet, commonly used in the nuclear industry, to

fuel nitrate reduction by a microbial community adapted to grow at pH 10. These

additives include plasticisers and flame retardants, amongst others. PVC powder (no

additives) served as an additive-free control, and samples of both materials were gamma

irradiated (1 MGy) under hyperalkaline conditions, representative of conditioned nuclear

waste, to assess the effect of irradiation on bioavailability. Plasticised PVC supported

near-complete nitrate reduction, whether irradiated or not, although irradiated PVC sheet

supported less nitrate reduction. No nitrate reduction was observed with non-irradiated

PVC powder, although irradiated powder supported minor nitrate reduction. These

results highlight the bioavailability of volumetrically significant plasticised PVC under

conditions relevant to its geological disposal in cementitious intermediate level nuclear

waste and highlight the critical need to constrain downstream effects on biogeochemical

processes ultimately impacting on the safety case for disposal.

Keywords: PVC, nuclear waste disposal, nitrate reduction, irradiation, bioavailability

INTRODUCTION

The safe disposal of nuclear waste in a geological disposal facility (GDF) demands a thorough
understanding of biogeochemical interactions betweenwastematerials and surrounding geosphere.
Key to this is understanding the role microorganisms may play in the degradation of organic
materials within nuclear waste, and the implications of microbial processes on the chemical
speciation, and hence mobility, of key radionuclides in groundwaters permeating the GDF.
Research to date has focused on cellulosic materials (e.g., Small et al., 2008), showing that
alkaline hydrolysis products can be biodegraded to support microbial life under hyperalkaline
(pH > 12) conditions (Bassil et al., 2015; Rout et al., 2015), limiting their radionuclide
complexation properties. Although anthropogenic organic waste materials (e.g., plastics and resins)
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are considered less reactive than cellulose, they represent the
majority of the organic inventory in intermediate and low level
nuclear waste. There remains a critical need to address their
microbial biodegradability under GDF conditions, and their
resulting influences on the transport of radionuclides to the
biosphere.

Plastics represent a significant volumetric contribution of
organic material in intermediate and low level waste inventories
worldwide (Abrahamsen et al., 2015). In the UK, halogenated
plastics constitute the largest component of the organic-
containing waste inventory (NDA, 2014). This waste arises
from the use of plastics in maintenance and decommissioning
operations at nuclear power plants, and from reprocessing plants
and laboratories. PVC is widely used for glove box posting bags,
protective suits, and tenting operations. The bulk of the PVC in
the UK National Inventory is expected to be flexible films and
sheets of PVC derived from these activities (Smith et al., 2013).

Owing to strong intermolecular forces between polymer
chains, pure PVC is a rigid. PVC must therefore be rendered
flexible in order to be useful for a wide array of applications,
which necessitates a variety of additives, including plasticisers,
heat stabilizers, fillers, pigments, flame retardants, UV absorbers,
colorants, and anti-oxidants (Coaker, 2003). Of these, plasticisers
are typically present in the largest quantities, accounting
for 30–50% by volume. Historically, the most widely used
plasticisers have been phthalate esters, which represented 93%
of plasticisers declared in 1993 (European Commission, 2000).
Phthalate esters are known to be bioavailable to common
soil microorganisms, with more rapid degradation of lower
molecular weight phthalates noted (Engelhardt and Wallnöfer,
1975, 1978).

Another significant group of additives present in flexible
PVC is flame retardants. The high chlorine content (∼57%)
of pure PVC renders the polymer inherently flame retardant,
however addition of phthalate esters and other organic additives
contribute to increased flammability (Coaker, 2003). A common
approach to reduce flammability is to supplement the volume
of phthalate plasticisers with flame retardant compounds, most
typically phosphate esters (Moy, 1998). Triaryl phosphate esters,
such as triphenyl phosphate (TPP), are desirable since they
serve as plasticisers as well as flame retardants (Coaker, 2003).
They have been shown to serve as the sole carbon source for
some microbial communities, and some are known to readily
biodegrade aerobically and anaerobically in soil (Pickard et al.,
1975; Anderson et al., 1997). It is anticipated that TPP and other
phosphate ester flame retardants will be abundant in the waste
inventory (Baston and Dawson, 2012).

Additives such as plasticisers and flame retardants are
not covalently bonded to the PVC polymer, rather they
sit between and serve to lubricate otherwise rigid polymer
layers. There is concern, therefore, that these additives (e.g.,
plasticisers and flame retardants) may diffuse out of the PVC
material under the high pH and irradiating conditions of
a cementitious GDF, with implications for microbial activity
and radionuclide mobility (Dawson, 2013). Indeed, phthalate
esters are known to form complexes with uranium and other
radionuclides (Vazquez et al., 2008, 2009). It is therefore

essential that any assessment of organic waste bioavailability
in a GDF scenario consider the additives present in PVC, as
well as the polymer itself. Here we report on experiments
designed to test the hypothesis that additives in plasticised
PVC represent a source of carbon and energy for nitrate
reducing microorganisms in a high pH environment, relevant
to a cementitious GFD. Nitrate is widely anticipated to be
present in radioactive waste and to serve as an alternative
electron acceptor to oxygen post-closure, prior to conditions
favoring reduction of iron and sulfate (McCabe, 1990; Rizoulis
et al., 2012; Abrahamsen et al., 2015; Bassil et al., 2015).
Nitrate reduction was also found to support the microbial
degradation of isosaccharinic acid under alkaline conditions
using microorganisms from the same high pH environment
(Bassil et al., 2015). As such, this metabolism was deemed highly
relevant with which to test the bioavailability of additives in
plasticised PVC.

MATERIALS AND METHODS

PVC Materials and Irradiation
To assess bioavailability of additives used in plasticised PVC,
two forms of PVC were used; pure (additive-free) PVC powder
(average Mw ∼ 43,000, average Mn ∼ 22,000, CAS 9002-86-
2, Sigma-Aldrich, UK), and PVC sheeting, previously used in
a tenting operation at the UK National Nuclear Laboratory.
Aliquots of 0.5 g PVC powder or 24 squares of PVC sheet
(0.75 cm2 each; collective weight ≈ 0.5 g) were added to 2ml
Ca(OH)2 (1.5 g/L) in pre-scored 5ml glass ampules (Wheaton,
Millville NJ, USA), and flame sealed with an air headspace.
Sixteen PVC powder and 20 PVC sheet ampules were irradiated
to average cumulative doses of 1.01 ± 0.03 MGy and 1.00 ±

0.01 MGy, respectively, from a 60Co source, roughly equivalent
to that received by intermediate level waste after several 1000
years (Abrahamsen et al., 2015; Brown et al., 2017). Irradiations
began within 1 week of sealing ampules. Samples were stored
at room temperature in the dark prior to use in enrichment
experiments.

Microbial Enrichment Tests
To assess bioavailability, enrichments were established with pure
and plasticised PVC (irradiated and not irradiated) supplied as
sole carbon and electron donor sources for nitrate reduction
mediated by a high pH-adapted microbial community. The
sediment used as the inoculum was collected from a legacy lime
works site in Harpur Hill, Buxton, UK. This environment is
broadly analogous to a cementitious radioactive waste repository
and is known to harbor high pH-adapted microorganisms,
including nitrate-reducing bacteria (Rizoulis et al., 2012; Bassil
et al., 2015).

The contents of each of the four batches of PVC ampules
(powder and sheet, irradiated and non-irradiated) were
homogenized so that PVC added to enrichments was equivalent
in terms of volume and (where applicable) radiation dose
received. For experiments with PVC powder, 1.5ml of powder-
leachate slurry was added to 35ml sterile serum vials inside
an anaerobic chamber, and 15ml anoxic sterile medium was
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added. For experiments with PVC sheet, 12 PVC squares (0.75
cm2) and 1ml of leachate were transferred to serum vials
containing 15ml medium. The basal medium used across
the experiments has been described previously (Nixon et al.,
2017). Nitrate reduction tests were amended with 20mM
NaNO3 as the electron acceptor, and 5mM each of lactate
and acetate was added to positive controls as electron donors.
Experiments were initiated in triplicate and inoculated with
1% v/v water-sediment slurry. Enrichments were pH-corrected
to pH 10 using 10N sodium hydroxide prior to incubation.
Enrichments were incubated at 20◦C in the dark for a total of 97
days.

Based on results from pyrolysis GC-MS analysis (see below),
additional enrichment experiments were conducted to test the
potential for the PVC additives triphenyl phosphate (TPP; Sigma-
Aldrich, UK) and phthalate (in the form of phthalic acid; Sigma-
Aldrich, UK) to fuel nitrate reduction at pH 10. In the PVC sheet
used in this study, these additives serve as a flame retardant and
plasticiser, respectively. Phthalate was used instead of a specific
phthalate ester since these esters are known to break down into
their constituent aliphatic alcohols and phthalate at high pH
(Baston and Dawson, 2012). The same conditions were used
in these experiments as outlined above, with these compounds
supplied as the sole source of carbon and electron donors instead
of PVC powder/sheet. TPP and phthalate were tested separately
by adding 2mM to the basal medium. Positive, negative, and
sterile controls were established as before, and all enrichments
were inoculated with the same batch of sediment inoculum (1%
v/v) used in the PVC enrichments.

Analytical Methods
Pyrolysis GC-MS was used to assess bulk organic chemistry of
PVC powder and sheet before and after addition of Ca(OH)2
and flame sealing in glass ampules (with or without irradiation).
Small aliquots were placed into clean fire-polished quartz tubes
and pyrolised in a two-step procedure at 300 and 750◦C. This
approach was chosen in an attempt to analyse the additives
(not covalently bonded to the PVC; desorbed at the lower
temperature) independently to the PVC polymer itself (pyrolysed
at the higher temperature). At each temperature, samples were
heated in a CDS-5200 pyroprobe for 5 s in a flow of helium.
The liberated moieties were transferred to an Agilent 7980A gas
chromatograph (GC) via a heated transfer line. The GC was
fitted with a Zebron ZB-5MS column (Zebron ZB-5MS, 30m
× 250µm × 0.25µm, Phenomenex, CA, USA) and coupled
to an Agilent 5975 MSD singe quadrapole mass spectrometer
(MS) operated in scan mode (scanning a range of m/z 50 to
650 at 2.7 scans s−1; ionization energy 70 eV). The pyrolysis
transfer line and rotor oven were set at 325◦C, the heated GC
interface to 300◦C, the electron ionization source at 230◦C and
the MS quadrapole at 150◦C. Helium was used as the carrier
gas and the sample itself was introduced in split mode (ratio
75:1, constant flow of 1ml min−1, gas saver mode active). The
oven was programmed from 40 to 300◦C increasing at 4◦C
min−1 and held at 300◦C for 10min. Major compounds in
each sample were identified using the NIST Standard Reference
Database.

Concentrations of nitrate and nitrite in all enrichment
experiments were quantified using ion exchange high
performance liquid chromatography (IE-HPLC). Samples
(1ml) were extracted from replicates using a syringe and needle
flushed with nitrogen gas. Samples were centrifuged (13,000
g for 7min at room temperature) to remove bacteria and
any solid material, and the supernatant diluted 100-fold with
deionised water. Diluted samples were injected onto a Dionex
ICS5000 Dual Channel Chromatograph via a Dionex AS-AP
autosampler (Thermo Fisher Scientific, Waltham, MA, USA).
Molecule separation was achieved by passing samples through
a 250 × 0.4mm Dionex AS11-HC capillary column with a
4µm pore size, operating with a flow rate of 0.015ml min−1

and a pressure of 3,400 psi. The mobile phase used was a KOH
solution, electronically injected to produce a gradient from 1 to
40mM.

Total dissolved organic carbon (TOC) concentrations in
the liquid phase of enrichment experiments were measured
with the high-temperature catalytic oxidation method (680◦C)
using a TOC analyser (Shimadzu TOC-VCPN, Japan). Samples
of supernatant (600 µl) that had been centrifuged at room
temperature (14,000 g for 7min) were diluted 25-fold and
introduced to the TOC analyser using an autosampler (ASI-V,
Shimadzu, Milton Keynes, UK). Concentrations of total organic
carbon and inorganic carbon were obtained from five-point
potassium hydrogen phthalate and sodium carbonate standard
calibration curves, respectively.

Environmental Scanning Electron Microscopy (ESEM) was
used to obtain images of the non-irradiated and irradiated PVC
sheet. Single PVC squares were taken from the incubation end-
points of enrichments inside an anaerobic chamber (Coy, Grass
Lake, MI, USA). PVC squares were submerged in deionised water
and gently agitated for a few seconds to remove salts, and air-
dried overnight prior to gold-coating for observation in high
vacuum mode with an ESEM-Field Emission Gun (ESEM-FEG;
FEI XL30).

Microbial Community Analysis
Microbial community composition was examined through
the analysis of 16S rRNA gene sequences obtained from DNA
collected at days 0 and 97 of the PVC experiment. DNA was
extracted at day 0 of the experiment by combining 1ml samples
from all enrichments and at the end of the experiment from
1.2ml of pooled samples from each triplicate enrichment. In all
instances, DNA was extracted using the MoBio PowerLyzerTM

PowerSoil DNA Isolation Kit (MoBio Laboratories, Inc.,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. Polymerase chain reaction (PCR) was used to
amplify the V4 hyper variable regions of the 16S rRNA gene
(forward primer, 515F, 5′-GTGYCAGCMGCCGCGGTAA-3′;
reverse primer, 806R, 5′-GGACTACHVGGGTWTCTAAT-3′)
for 2 × 250-bp pair-end sequencing using the Illumina MiSeq
platform [Illumina, San Diego, CA, USA; (Caporaso et al., 2011,
2012)]. PCR amplification was performed using Roche FastStart
High Fidelity PCR System (Roche Diagnostics Ltd, Burgess Hill,
UK) in 50 µl reactions under the following conditions; initial
denaturation at 95◦C for 2min, followed by 36 cycles of 95◦C
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for 30 s, 55◦C for 30 s, 72◦C for 1min, and a final extension step
of 72◦C for 5min. PCR products were purified and normalized
to ∼20 ng each using the SequalPrep Normalization Kit (Fisher
Scientific, Loughborough, UK). A negative PCR control was
conducted in parallel to PVC experiment samples, and found
to be devoid of DNA. To rule out contamination from DNA
extraction kits that has come to light since these samples were
processed (e.g., Sheik et al., 2018), we conducted duplicate
DNA extraction controls using the same batch of kits under
the same conditions, with only the extraction kit reagents as a
potential source of DNA. The resulting extracts were found to
be devoid of DNA, as were PCR products following 16S rRNA
amplification. The sequencing run was performed using a 4 pM
sample library spiked with 4 pM PhiX to a final concentration of
10% following Kozich et al. (2013). Raw sequences were divided
into samples by barcodes (up to one mismatch permitted)
using a sequencing pipeline. Quality control and trimming was
performed using Cutadapt (Martin, 2011), FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and Sickle
(Joshi and Fass, 2011). MiSeq error correction was performed
using SPADes (Nurk et al., 2013). Forward and reverse reads were
incorporated into full-length sequences with Pandaseq (Masella
et al., 2012). Chimeras were removed using ChimeraSlayer (Haas
et al., 2011) and Operational Taxonomic Units (OTUs) were
generated with UPARSE (Edgar, 2013). OTUs were classified by
Usearch (Edgar, 2010) at the 97% similarity level, and singletons
removed. Rarefraction analysis was conducted using the original
detected OTUs in Qiime (Caporaso et al., 2010). Taxonomic
assignment was performed by the Ribosomal Database Project
(RDP) classifier using an 80% confidence limit (Wang et al.,
2007).

Accession Numbers
Raw sequencing data obtained in this study are available at
the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
sra/) under the accession numbers SRR5936785–SRR5936794.

RESULTS

Effects of Radiation
Treatment of pure PVC powder and plasticised PVC sheet with
1 MGy γ-radiation led to changes in the appearance of these
materials. PVC powder turned from white to black, whilst PVC
sheet turned from translucent with a feint blue hue to a brown
opaque color, and appeared to be less flexible. The pH of the
homogenized leachate from irradiated PVC powder and sheet
vials was measured at 0.3 and 6.6, respectively. In contrast, the
pH of the leachate from non-irradiated PVC powder was 10.2 and
that of PVC sheet was 8.4. The effects of irradiation on the PVC
sheet were also evident at the microscopic scale, characterized by
an increase in surface roughness and appearance of large cracks
(see Figure 1).

Pyrolysis moieties of the PVC polymer (high temperature
step) were consistent with those reported elsewhere, the most
prominent of these being benzene, propene, toluene, and xylene
moieties (see Supplementary Figures S1, S2; O’Mara, 1970; Ma
et al., 2004). Peaks corresponding to these compounds in the
pyrolysis GC-MS chromatograms were evident after treatment at
high pH and with irradiation, although their relative intensities
appeared depleted in the latter (see Supplementary Figure S1C).

Pyrolysis GC-MS of the PVC sheet at 300◦C indicated the

presence of aryl phosphate ester (mostly TPP) and phthalate
ester (mostly dinonyl phthalate) moieties in all sheet materials

analyzed (Figure 2).
These represent the additives that were desorbed at this lower

temperature, and no significant differences could be observed
between the starting material (Figure 2A) and samples exposed

to high pH (Figure 2B) and high pH as well as ionizing radiation

(Figure 2C). Although the relative intensities of some peaks
relative to others were lower in those exposed to high pH and
radiation compared with the starting material, phthalate, and
phosphate moieties appeared to be equally affected, indicating
that no preferential loss of one over the other of these groups of
additives occurred. Of note, however, is the successive decrease in

FIGURE 1 | The effects of radiation on PVC sheet at the microscopic scale. Pictured are representative SEM micrographs of non-irradiated (A) and irradiated (B) PVC

sheet, exhibiting relatively smooth surface features in the former compared with the coarse surface and appearance of cracks in the latter.
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abundance of the peak labeled with a question mark in Figure 2.
A search against the NIST Standard Reference Database returned
the compound 4,8-ditert-butyl-N,N-diethyl-2,10-dimethyl-12H-
dibenzo[d,g][1,3,2]dioxaphosphocin-6-amine, which to the best
of our knowledge is not recognized as a known PVC additive and
hence its identity is considered ambiguous.

Enrichment Results
Results from PVC enrichment experiments are summarized
in Figure 3. No nitrate reduction was observed with non-
irradiated PVC powder, whereas minor nitrate reduction was
observed with irradiated PVC powder (3.5 ± 2.6mM NO−

3
reduced, 2.2 ± 0.7mM NO−

2 produced; see Figure 3A).
In contrast, 90% nitrate reduction was observed in non-
irradiated PVC sheet enrichments (19.4 ± 1.7mM NO−

3
reduced, 13.6 ± 2.4mM NO−

2 produced), and 63% nitrate
reduction was observed with irradiated PVC sheet (13.1 ±

1.9mM NO−

3 reduced, 12.2 ± 1.4mM NO−

2 produced; see
Figure 3B). By day 35 of the experiment, complete nitrate
reduction was observed in the positive control (containing
24mM nitrate, 5mM each of lactate and acetate as electron
donors), leading to the production of 15.4 ± 2.9mM nitrite.
No nitrate reduction or nitrite production was observed
in the negative (no electron donors supplied) or sterile
controls.

Results from enrichment experiments with TPP or phthalate
showminor amounts of nitrate reduction were observed with the
former (Figure 4A), as evidenced by the minor but significant
increase in nitrite over the duration of the experiment (p-value:
0.05). In contrast, phthalate was not found to support nitrate
reduction (no significant difference in nitrate concentrations
between the phthalate test and no donor control; Figure 4B).

Dissolved organic carbon (DOC) concentrations were
observed to increase over the duration of all PVC enrichment
experiments, whether supplied with a live or heat-sterilized
inoculum, or containing irradiated or non-irradiated PVC
materials (Figure 5). Overall concentrations of DOC were
higher in PVC sheet enrichments compared with PVC powder
enrichments, attributable to the presence of additional organic
compounds (Figure 2A).

Microbial Community Composition
Changes in the microbial community composition of the
enrichments were analyzed using 16S rRNA gene sequencing,
and family-resolved community composition at the start and
end-points of PVC enrichments are summarized in Figure 6. A
total of 811 operational OTUs were detected in the inoculum,
compared with 624 and 427 OTUs in the end-points of
the irradiated and non-irradiated PVC powder enrichments,
respectively. The irradiated and non-irradiated PVC sheet
enrichments contained 244 and 325 OTUs, respectively. The 16S
rRNA genes detected were dominated by those corresponding
to Bacteria (93.5%), with only 6.5% affiliated with Archaea. By
the end-points of all PVC enrichments Archaea represented less
than 1% of the community (0.2 and 0.4% in non-irradiated and
irradiated PVC powder, respectively, and 0.02 and 0.08% in non-
irradiated and irradiated PVC sheet, respectively). Family-level

FIGURE 2 | PVC additive moieties detected in PVC sheet starting material (A),

after prolonged contact with pH 12.4 Ca(OH)2 solution (B), and after

irradiation in addition to contact with pH 12.4 Ca(OH)2 solution (C). Data were

obtained using using pyrolysis GC-MS at 300◦C. Peaks of interest are labeled

according to NIST database-resolved identities, where blue circles denote

phosphate esters and red diamonds phthalate esters. The peak labeled with a

question mark could not confidently be identified, but its relative abundance

decreases from graphs (A–C).

diversity is summarized in Figure 6, alongside overall diversity
indices (Shannon’s H values) based on OTU numbers. Overall
diversity was highest in the inoculum, and decreased by
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FIGURE 3 | Results from pH 10 nitrate reduction enrichment experiments with

non-irradiated and irradiated PVC powder (A) and sheet (B). Results are

expressed as average mM concentrations of nitrate (circles) and nitrite

(squares) over the 97 days of incubation, as measured by ion chromatography.

Dashed lines and open shapes denote irradiated enrichments. Error bars

represent standard deviation of triplicate measurements.

the end-point of all enrichment experiments. The highest
end-point diversity was observed in the irradiated PVC powder
enrichments and the lowest diversity was noted in the PVC
sheet enrichments. For both PVC powder and sheet enrichment
end points, the higher diversity corresponds to the highest rates
of nitrate reduction observed (irradiated PVC powder, non-
irradiated PVC film; Figure 6).

Family-resolved taxonomy indicates an overall increase
in all PVC enrichments of organisms affiliated with the
Comamonadaceae, from 4.0% in the inoculum to up to 60.7% in
the irradiated PVC sheet end-point. Other families observed to
be enriched across all conditions include the Pseudomonadaceae
(0.4% in the inoculum, 11.1% in PVC powder, 16.8% in irradiated
PVC powder, 2.6% in PVC sheet, 12.78% in irradiated PVC
sheet), and Caulobacteraceae (0.1% in the inoculum, 12.6%
in PVC powder, 6.7% in PVC irradiated powder, 18.1% in
PVC sheet, 6.1% in irradiated PVC sheet). Present at only
0.2% in the inoculum, Moraxellaceae were found to increase
in relative abundance in all but the irradiated PVC powder
enrichments (4.0% in PVC powder, 0.1% in irradiated PVC
powder, 9.0% in PVC sheet, and 5.7% in irradiated PVC sheet).
Of those OTUs resolved to genus level, organisms most closely

FIGURE 4 | Results from pH 10 nitrate reduction enrichment experiments with

TPP (A) and phthalate (B). Results are expressed as average mM

concentrations of nitrate (circles) and nitrite (squares) over the 117 days of

incubation, as measured by ion chromatography. Controls in which no electron

donors were supplied are shown with dashed gray lines for nitrate (circles) and

nitrite (squares) in both experiments.

affiliated with Pseudomonas species were prominent in the end-
points of all enrichments, representing 2.6 and 12.8% of non-
irradiated and irradiated PVC sheet enrichments, respectively,
compared with 11.1 and 16.8% in non-irradiated and irradiated
PVC powder enrichments, respectively (0.4% in inoculum).
Sequences most closely related to species of Brevundimonas and
Acinetobacter were both found to be abundant in PVC sheet
enrichments despite representing less than 1% of the inoculum.
Brevundimonas species constituted 18.1 and 6.1% in non-
irradiated and irradiated PVC sheet enrichments respectively.
Organisms closely related to Acinetobacter species represented
9.0% of the non-irradiated PVC sheet end-point, compared with
5.7% of the irradiated equivalent. In PVC powder enrichments,
sequences closely associated to the genus Hydrogenophaga were
abundant, constituting only 0.1% of the inoculum but 16.7 and
29.4% of non-irradiated and irradiated PVC powder enrichment
end-points, respectively. In contrast this genus was only present
at 0.004% of both irradiated and non-irradiated PVC sheet
enrichment end-points.
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FIGURE 5 | Concentration of DOC measured in PVC enrichment experiments,

expressed as mg per liter with time. The aqueous phase of PVC powder

enrichments (blue) contain less organic carbon than that of the PVC sheet

enrichments owing to the lack of additives. There is no significant difference

between both irradiated vs. non-irradiated and sterile vs. live tests (2 tailed

student’s t-test, p-values > 0.05).

FIGURE 6 | Family-level microbial community composition of the inoculum

and end-points of the PVC nitrate reduction enrichments. Families that

constituted less than 1% combined abundance were omitted. Where family

level could not be resolved, the last matched taxonomic level of identification is

given in parentheses. Only taxa that represent 5% or more of the community in

any one sample have been included in the legend. Above each bar is the

Shannon’s H index of diversity based on raw OTU data for each sample.

DISCUSSION

Plasticised PVC is a widely used material in the nuclear
industry and therefore represents a significant volume of low
and intermediate level nuclear waste. Whether this material
can fuel microbial processes under geodisposal conditions

is a critical gap in our understanding of the long-term
biogeochemical evolution of a GDF. This study shows that
plasticised PVC sheet, a volumetrically significant component
of low and intermediate level nuclear waste, can fuel nitrate
reduction at pH 10. Although gamma irradiation at the
doses used here enhanced the bioavailability of the pure
polymer (Figure 3A), irradiated PVC sheet was rendered less
bioavailable, allowing for almost 30% less nitrate reduction
than non-irradiated PVC sheet (Figure 3B). It is plausible that
irradiation reduced the degree to which additives were able
to leach out of the PVC sheet, essentially locking in the
additives that were otherwise bioavailable in the non-irradiation
setup (Figure 3). A lack of nitrate reduction in enrichments
amended with either triphenyl phosphate (TPP) or phthalate
(Figure 4) suggests that PVC sheet additives other than these
(such as an unidentified moiety highlighted in Figure 2), or
possibly the alcohol groups of the phthalates identified in
Figure 2, are fuelling this process. Alkaline hydrolysis led to
increased concentrations of dissolved organic carbon in all PVC
enrichments, indicating that such hydrolysis is an important step
in PVC degradation.

Based on observed OTUs, a number of family-resolved taxa
were enriched in all enrichment end-points. Most notable among
these are representatives of the Comamonadaceae, the dominant
family in all end-points but more abundant in PVC sheet
(>50% abundance) compared with powder enrichments (<40%
abundance; Figure 6). Given that high levels of nitrate reduction
were observed in PVC sheet (but not powder) enrichments, it
is possible that members of the Comamonadaceae contributed
to the observed levels of nitrate reduction. Members of this
family are common in water and soil environments, and its
genera and species are highly metabolically diverse. More than
half of the known genera within this family include nitrate-
reducing strains, and many more are known to draw upon a
wide array of organic substrates for their metabolism (Willems,
2014).

Previous studies have assessed microbial degradability of
plasticised PVC, yet none have done so under high pH conditions
relevant to nuclear waste disposal. In spite of this, findings from
previous studies are consistent with those reported here. For
instance, whilst plasticised PVC is widely known to be susceptible
to biodeterioration (Mersiowsky et al., 2001; Kaczmarek and
Bajer, 2007), the PVC polymer matrix itself is not (Booth and
Robb, 1968; Mersiowsky et al., 2001). Booth and Robb (1968)
inoculated pH neutral soils in which plasticised PVC was buried
with species of Pseudomonas and Brevibacterium, and found
adipate, azelate, and sebacate plasticisers were susceptible to
bacterial degradation, yet phthalate, and phosphate esters present
in the PVC were resistant, consistent with results of this study.
In contrast, a large number of bacteria are known to draw
upon phthalate esters as their sole carbon source, including
strains belonging to Pseudomonadaceae andMoraxellaceae found
to be abundant in the PVC sheet enrichments reported here
[(Vamsee-Krishna and Phale, 2008) and references therein;
Figure 6]. The soil bacterium Pseudomonas sp. strain P136
can couple the degradation of phthalate and its derivatives
to nitrate reduction (Nozawa and Maruyama, 1988), in

Frontiers in Environmental Science | www.frontiersin.org 7 September 2018 | Volume 6 | Article 97

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Nixon et al. PVC Additives Fuel Nitrate Reduction

contrast to the findings of this study in which phthalate was
not found to support nitrate reduction (Figure 4). Results
from our experiments suggest that phthalate and phosphate
plasticisers are less bioavailable for bacterial metabolism at high
pH.

A number of studies have addressed the chemical and
radiolytic degradation of PVC and common additives under
GDF-relevant conditions (Colombani et al., 2009; Shashoua,
2012; Dawson, 2013; Wypych, 2015). The PVC base polymer
is widely known to degrade under irradiating conditions,
with direct formation of double radicals leading to chain
scissions and the formation of hydrochloric acid. The presence
of air during irradiation leads to more chain scissions to
the polymer (Wypych, 2015). The enhanced nitrate reduction
observed in our study with irradiated compared with non-
irradiated PVC powder is therefore likely due to the radiolysis
of the polymer into breakdown products that can support
microbial metabolism. Irradiation of plasticised PVC was found
to liberate 100 times more organic compounds than that of
pure PVC, the majority of which were found to be additives
leached out from the polymer and their degradation products
(Colombani et al., 2009). Our results suggest that irradiation,
at maximal levels, renders PVC additives less accessible for
microbial metabolism, though the mechanism underpinning
this remains to be characterized and warrants further study.
In particular, long term radiolysis could impact on the pH of
the system, resulting in increased microbial activity, especially
where electron acceptors that are not energetically favorable
at high pH are present (e.g., sulfate reduction; Rizoulis et al.,
2012).

Aside from radiolytic damage, PVC and its additives are
known to degrade under high pH conditions alone. One
experiment compared the effects of aging plasticised PVC in
deionized water (pH 7) compared with calcium hydroxide (pH
12), and the latter gave rise to a 30% mass loss compared
with 2% in water, attributable to alkaline hydrolysis (Baston
and Dawson, 2012). The same mechanism appears to break
ester linkages of common phthalate plasticisers, liberating
aliphatic alcohols and phthalic acid (Baston and Dawson,
2012), and may explain the increase in DOC observed in
experiments reported here regardless of whether materials
were irradiated (Figure 5). Indeed, although phthalic acid
(supplied to enrichments as phthalate) was found not to
support nitrate reduction, it is possible that the aliphatic
alcohols liberated from the phthalate esters in the PVC
sheet did.

By conducting these experiments under conditions relevant

to a nuclear waste geological disposal facility containing
cementitious waste, we have demonstrated that additives in

plasticised PVC are likely to fuel microbial metabolism, in

this case via nitrate reduction. Whilst nitrate is expected to
be present in reprocessing wastes, where PVC is commonly
used, or in the waste forms themselves within a GDF (McCabe,

1990), microorganisms present in and around a GDF are
likely to respire other electron acceptors, such as ferric iron,
sulfate, and carbonate. Furthermore, although we used sediment
from a high pH environment as our inoculum, the groups
of bacteria that were enriched in these experiments are
common to soil and water. Therefore, whilst alkalitolerant and
alkaliphilic microorganisms will prosper in the early stages
of the GDF, plasticised PVC is likely to be bioavailable for
a wide range of indigenous microorganisms and over long
timescales.

We have shown that additives in plasticised PVC can fuel
anaerobic microbial processes at high pH. Our results suggest
that irradiated plasticised PVC, subjected to a maximal total dose
likely for intermediate level waste, is up to 30% less available
for nitrate reduction than its non-irradiated counterpart, likely
owing to reduced leachability of additives from this material. An
essential next step is to assess which additives, or combinations
of additives, are ultimately fueling nitrate reduction, what effect
these additives have on radionuclide mobility, whether they
can fuel gas generation processes, and therefore constrain their
overall impact on the safety case for nuclear waste disposal.
This work constitutes the critical first step to elucidate these
processes.
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