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Landfill leachate treatment
process is transforming and
releasing banned per- and
polyfluoroalkyl substances to UK
water
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Landfills are a known source of PFAS pollution. Many have environmental permits
allowing the discharge of treated leachate to controlled waters. In this article
we compared leachate data for 17 PFAS from 17 different landfill sites across the UK.
The results show that the landfill leachate treatment process (designed to improve
water quality) is generating the banned PFAS; PFOA and PFOS. Approximately 80%
of locations tested showed an increase in PFOS, with an increase of 1,335% in
one sample. The highest concentrations of PFOS and PFOA in treated leachate
were 2,460ng L™ and 26,900 ng L™, respectively. When compared against the
environmental quality standard of 0.65ng L~ for PFOS this leachate could pose
a significant concern. Landfill leachate treatment has proven effective for a wide
range of different pollutants, but this research shows in several instances that it
is not appropriate for PFAS remediation.
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1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are persistent environmental pollutants of
global concern. Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) were
the first two PFAS to be listed under the Stockholm convention (Secretariat of the Stockholm
Convention (UNEP), 2008). There is currently widespread contamination of PFOS and PFOA
which is impacting the marine environment, freshwater environments and drinking water
(Kurwadkar et al., 2022). PFOS and PFOA are not readily removed by conventional drinking
or waste-water treatment processes, and growing evidence has shown that PFOA and PFOS
can be generated from precursor compounds in chemical and biological processes. Xiao et al.
(2012) identified a significant increase (up to 1,200%) in the wastewater concentrations of
perfluorohexanoic acid (PFHxA) and PFOA at 22 out of 37 wastewater treatment plants.
Similar increases have also been observed in other biological wastewater treatment plants
(Guo et al., 20105 Schultz et al., 2006; Takagi et al., 2011; Xiao et al., 2012), and during the
drinking-water disinfection processes (Appleman et al., 2014; Boiteux et al., 2017; Dauchy
et al, 2012). Increases of 18-77% of the mass of perfluoroalkyl carboxylic acids PFCAs,
including PFOA, have been reported after disinfection of ozone or chlorine. The authors
concluded that this was caused by the transformation of unidentified precursors in surface
water and other legacy precursor compounds (Boiteux et al., 2017).

01 frontiersin.org


https://www.frontiersin.org/journals/Water
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frwa.2024.1480241&domain=pdf&date_stamp=2024-11-04
https://www.frontiersin.org/articles/10.3389/frwa.2024.1480241/full
https://www.frontiersin.org/articles/10.3389/frwa.2024.1480241/full
https://www.frontiersin.org/articles/10.3389/frwa.2024.1480241/full
https://www.frontiersin.org/articles/10.3389/frwa.2024.1480241/full
https://www.frontiersin.org/articles/10.3389/frwa.2024.1480241/full
mailto:d.megson@mmu.ac.uk
mailto:pippa.neill@haymarket.com
https://doi.org/10.3389/frwa.2024.1480241
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Water#editorial-board
https://www.frontiersin.org/journals/Water#editorial-board
https://doi.org/10.3389/frwa.2024.1480241

Neill and Megson

These increases in PFAAs have been identified in a wide number
of different treatment processes all over the globe. A survey of
15U.S. water treatment plants, identified that the concentration of
PFOA and PFOS in water was consistently higher after chemical
disinfection treatments (Appleman et al., 2014). Similarly, increases in
PFOA and PFOS concentrations in drinking-water processes have
been reported in Japan, which was attributed to the transformation of
precursor compounds (Takagi et al., 2011). The extremely strong
carbon-fluorine bond makes PFAS inherently persistent to the
biological treatment, with studies showing that the biological landfill
leachate treatment process also resulted in elevated total PFAS
concentrations in leachate after aeration (Fuertes et al., 2017; Solo-
Gabriele et al., 2020). This indicates biotransformation of precursor
compounds [such as fluorotelomer alcohols (FTOHs), fluorotelomer
sulfonates (FTSs) and polyfluoroalkyl phosphate esters (PAPs)] in
leachate to produce perfluoroalkyl acids (PFAAs) (Liu et al., 2021).

While this process has been studied in some global regions, to the
best of our knowledge it has never been investigated or reported in the
UK. The UK has a long industrial history where a large proportion of
chemical waste was disposed of in landfill sites. Many of these are
historic landfills, where, according to the Environment Agency
definition, there is no pollution prevention and control permit or
waste management license currently in force (Gov.UK, 2024). Climate
change is resulting in more severe weather events and as a result the
UK is experiencing increased frequency and severity of rainfall and
coastal erosion. This is already putting pressure on these landfill sites,
with nearly one in ten historic coastal landfill sites in England already
at risk of erosion (Brand et al., 2018). Many of these historic landfill
sites are also located within drinking water protection zones (Brand
and Spencer, 2023) and so it is imperative that we understand the
potential risk of PFAS from our industrial legacy.

Once a landfill operator in the UK has treated the leachate, they
are legally allowed to discharge their waste directly into controlled
waters via a Discharge to Water permit, this includes hazardous
landfills (Gov.UK, 2024). Given that the treatment process has the
potential to generate banned PFAS it is imperative we understand
these risks further.

2 Methodology

In this study we evaluated leachate data from 17 landfill locations
across the UK to identify if they are likely to be a significant source of
PFAS to the environment. All data obtained for this report was
obtained by an ENDS Report Freedom of Information Request. The
data was collected by third-party contractors and formed part of a UK
government analysis into landfill leachate for PFAS as part of a wider
DEFRA-funded research project on persistent organic pollutants
(Environment Agency, 2021). The data collected came from a range of
operational, closed and historical landfills in England, they are
predominantly classified as non-hazardous, accepting municipal solid
wastes. All samples were collected between 2021-2022. The locations
of the landfill sites and sample collection dates were not provided,
we were informed this was because the contractors provided the
Agency with an anonymized dataset. Where on-site leachate treatment
facilities were available, raw and treated leachate (final effluent)
samples were collected. The treatment facilities used biological,
chemical, and physical technologies, the most commonly used in the
UK landfill industry is biological sequence batch reactors (SBR) with
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alkaline-dosing. As the data set was anonymized we were unable to
identify which technology was used at each location.

In total we obtained results for 48 samples. This included 32 raw
samples and 16 treated samples from 17 different landfill sites, plus
three blank samples. Duplicate samples were obtained from 4 locations
(Landfills 1, 2, 6, & 11). Samples were prepared using solid phase
extraction and quantified using isotope labeled internal standards,
with analysis by HPLC-MS/MS (high pressure liquid chromatography
coupled to a triple quadrupole mass spectrometer). Results were
reported for 17 PFAS (perfluorooctyl sulphonate (PFOS),
perfluorooctanoic acid (PFOA), 5: 3 fluorotelomer carboxylic acid (5,
3 FTCA), 6: 2 fluorotelomer sulphonate (6, 2 FTSA), 8: 2 fluorotelomer
alcohol (8, 2 FTOH), perfluoropentyl sulphonate (PFPeS),
perfluoroheptyl sulphonate (PFHpS), perfluoropentanoic acid (PFPA),
perfluoroheptanoic acid (PFHpA), hexafluoropropylene oxide-dimer
acid (HFPO-DA) (Gen-X), F53B (two components), perfluorobutyl
sulphonate (PFBS), perfluorobutanoic acid (PFBA), perfluorononanoic
acid (PFNA), perfluorohexanoic acid (PFHxA), perfluorohexyl
sulphonate  (PFHxS), perfluoroethylcyclohexane sulphonate
(PFECHS)) with limits of detection of 0.065ngL™" for PFOS and
PFOA. Data is presented in the Supplementary information.

As the data was obtained from a variety of different landfill sites,
we urge caution comparing data between different locations. However,
in this study we are focused on identifying overall trends and
identifying relative trends in raw and treated leachate. These paired
raw and treated samples were analyzed at the same time which
facilitates this type of data analysis.

3 Results and discussion

Concentrations of all 17 PFAS in the raw leachate ranged from
IngL™ to 87,100ngL™" (Table 1). The highest concentration for any
PFAS in a treated sample was for perfluorobutyl sulphonate (PFBS),
which was detected at a concentration of 44,800ngL™". PFOS
concentrations in the raw leachate samples ranged from 16-320 ngL™
and 15.3-2,460ngL™" in the treated samples. These concentrations
greatly exceed the current environmental quality standards (EQSs) for
PFOS. The annual average EQS for inland surface waters is 0.65ngL™
and the annual average EQS for other surface waters is 0.13ngL™
(Environment Agency, 2019). The EU Water Framework Directive
applies an EQS of 0.65ngL™" for PFOS in (inland) surface waters
(European Union, 2013), with a threshold of 4.4ngL™" proposed for a
group of 24 PFAS in surface and groundwater (European Environmental
Bureau, 2023). In England, the Drinking Water Inspectorate’s current
guidance states that in England the acceptable levels of the two most
common types of PFAS - PFOS and PFOA - is 100ngL™". In the U.S. the
proposed legal limit is 0.004ngL™" for PFOA and 0.0 2ngL™" for
PFOS. There are currently no guidelines for other PFAS chemicals.
There is currently no guidance in England on PFBS, although animal
studies following oral exposure to PFBS have shown health effects on
the thyroid, reproductive organs and tissues, developing fetus, and
kidney (U.S. Environmental Protection Agency, 2024).

Data was reported for 17 Landfill sites, but only 14 locations had
data from both raw and treated leachate. This paired data was used to
provide a broad assessment of the effectiveness of 14 sites to reduce
PFAS concentrations. Only one location (landfill 11) displayed lower
concentrations of every PFAS in the treated samples relative to the raw
samples. The majority of locations displayed a relative increase in
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TABLE 1 Average concentrations and relative difference of the 17 PFAS in raw and treated leachate samples across the 14 paired locations.

Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Number Number
1 2 3 4 ) 6 7 8 9 10 11 12 13 14 of of

locations locations
with an with a
increase decrease

PFOS Raw 193 168 84 83 16 47 169 274 70 317 232 129 320 52

Treated 478 258 268 125 15 70 718 342 56 2,460 157 302 603 752 11 3

x Increase

PFOA  Raw 737 940 15,500 545 10 59 1,310 1,280 538 1,310 2,183 1,014 2,250 533
Treated 1,040 1,295 26,900 635 9 44 1,230 862 140 3,670 1,030 1,350 2,350 102 7 7

53 Raw 193 3,942 5,550 2,770 0.001 3.0 1790 1940 3,710 460 3,733 3,428 6,390 1,250

FTCA  Treated 478 13 86 0.001 0.001 0.001 14 92 40 750 15 96 41 30 2 11
w 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0

62 Raw 116 489 532 227 0.001 5.0 128 344 129 300 198 1,202 244 291

FISA | Treated 111 74 1,030 12 0.001 1.0 4.0 92 3.0 1800 109 108 101 94 2 11
x Increase 1.0 02 - 0.1 0.2 0.0 03 0.0 - 0.6 0.1 0.4 03

8:2 Raw 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 1,630 1,130

FTOH  yeqted 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 2
x Increase 0.0 0.0

PFPeS | Raw 41 123 48 25 0.001 8.0 59 47 71 99 88 35 73 60 11 2
Treated 257 153 103 149 0.001 40 465 23 86 100 2 157 241 82

PEPHpS | Raw 31 8.3 0.001 0.001 0.001 20 9.0 10 3.0 17 5.0 0.001 14 0.001 9 2
Treated 14 0.001 0.001 11 0.001 40 28 14 5.0 89 0.001 17 18 0.001

PFPA | Raw 648 662 868 388 0.001 9.0 551 676 707 713 800 816 1,350 725 10 3
Treated 1,680 859 1,210 856 0.001 225 1,460 1960 235 529 334 1,510 1,510 866

PEPHpA | Raw 336 1408 624 256 0.001 18 607 572 398 463 459 310 695 362 9 4

Treated 622 490 715 335 0.001 16.5 640 693 109 478 178 559 654 474

(Continued)
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TABLE 1 (Continued)

Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Landfill Number Number
1 2 3 4 ) 6 7 8 9 10 11 12 13 14 of of

locations locations
with an with a
increase decrease

HFPO- Raw 0.001 0.001 0.001 0.001 0.001 1.0 2.0 1.0 1.0 0.001 0.001 0.001 0.001 0.001 1 1

DA Treated 0.001 0.001 0.001 0.001 0.001 1.0 0.001 0.001 0.001 0.001 0.001

(Gen-X) x Increase

F53B Raw 0.11 0.001 0.001 0.001 0.001 1.0 0.001 0.001 0.001 0.001 0.001 2 3
Treated 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
x Increase 0.0 0.0

PFBS Raw 2,140 5,690 24,400 8,100 0.001 17 7,740 16,200 2,370 8,850 3,867 29,083 20,600 10,500 9 4
Treated 18,200 14,200 25,000 9,370 0.001 21 10,800 29,400 2,280 6,930 1710 44,800 11,500 10,900

PFBA  Raw 823 4,603 3,010 1940 29 62 1820 1,580 1,080 2,700 1806 1,346 2,850 1,190 7 7
Treated 3,190 2,150 2,970 2,160 22 61 2,310 2030 395 2,840 871 2090 2,800 1,550

PFNA  Raw 34 26 47 20 0.001 0.001 38 87 9 15 36 33 70 17 9 3
Treated 54 33 76 29 0.001 0.001 82 43 3 87 17 60 126 52

PFHxA Raw 1,443 1,743 3,240 1,080 13 78 2,320 2010 1880 1810 1806 1,688 4,190 1,350 7 7
Treated 2,330 1,880 3,400 1,140 12 32 2080 2,150 572 1860 512 2,430 2,800 1,130

PFHxS Raw 377 427 188 319 0.001 25 452 589 308 969 338 247 576 316 9 3
Treated 726 362 321 407 0.001 37 738 686 1,050 140 566 952 316

PFECHS Raw 50 36 16 26 18 62 39 13 4 108 13 41 284 12 8 6
Treated 69 33 17 33 21 99 20 7 0.001 209 13 62 142 0.001

Red shading indicates a relative increase, green shading indicates a relative decrease, grey shading indicates no change. Values in italics represent limit of detection.
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straight chain PFAAs, and a relative decrease in branched PFAS. There
were more instances where higher concentrations of PFAS were
detected in treated leachate than raw leachate for PFOS, PFPeS,
PFPHpS, PFPA, PFPHpA, PFBS, PFNA, PFHxS, and PFECHS. The
branched PFAS 5: 3FTCA, 6: 2FTCA and 8: 2FTOH were the only
PFAS with more locations displaying a relative decrease in
concentrations (Table 1). These results indicate that relative increases
in straight chain PFAAs is likely due to precursor transformation
during the treatment process (Fuertes et al., 2017; Solo-Gabriele et al.,
20205 Liu et al., 2021). This transformation can occur slowly in the
environment but appears to be drastically accelerated during
treatment at some locations.

When the data is investigated it reveals many instances where the
treatment process appears to be increasing the concentrations of the
banned PFAS (PFOA and PFOS) (Table 1). Eleven (11) of the 14 paired
samples displayed a higher concentration of PFOS in the treated
leachate than the raw leachate (Figure 1). In 9 of these samples the
PFOS concentrations increased by over 50% and in 6 of the samples
the PFOS concentrations increased by over 100%. A paired T-test
revealed concentrations of PFOS were significantly higher in the paired
treated samples. The results reveal some of the highest ever reported
relative potential increases in PFOS concentrations. The concentration
in Landfill 14 increased by 1,335%, from 52.4ngL™" to 752ngL"", and
in Landfill 10 by 676%, from 317ngL™" to 2,460ngL™" (Figure 1).

Seven (7) of the 14 paired samples displayed a higher concentration
of PFOA in the treated leachate than the raw leachate (Figure 2). In six
(6) of these samples the PFOA concentrations increased by over 50%
and in two (2) of the samples the PFOA concentrations increased by
over 100%. The highest relative increases were observed in Landfill 10
which displayed a potential increase of 180% from 1,310ngL™" in the
raw sample to 3,670 ngL™" in the treated sample (Figure 2). Despite

10.3389/frwa.2024.1480241

these cases concentrations of PFOA in treated samples were not
statistically significantly higher in the paired samples.

Relative increases in the straight chain PFAAs could not
be explained by relative decreased in the 3 branched PFAS alone. As
only targeted analysis was performed on the data it was not possible
to ascertain what other PFAS were present in the raw leachate, or what
degradation products are being generated from the treatment process.
These results indicate that there are likely to be many more PFAS in
these samples and so further analysis using total PFAS methods and
non-targeted analysis would be recommended. Wastewater treatment
plants can be effective at improving water quality for a wide variety of
pollutants. However, our snapshot of data from UK treatment plants
indicates that they are not effective at removing PFAS, and in many
instances are generating the banned PFAS (PFOA and PFOS) through
precursor transformation. This data was gathered from a targeted
monitoring program however, future monitoring efforts would benefit
from complimentary non-targeted and total PFAS methods to gain a
more complete picture of what is entering our waterways.

4 Conclusion

The results of our study paint a concerning picture for the
effectiveness of current efforts to treat PFAS in landfill leachate. As
the locations of the landfill sites were not disclosed it is not possible
to comment on the direct impact to the environment. However, the
highest concentrations of PFOS and PFOA in treated leachate were
2,460ngL™" and 26,900 ng L', respectively. When comparing these
against the environmental quality standard of 0.65ngL™" for PFOS in
inland waters, it would indicate that if this treated leachate was to
be discharged directly to the environment it would pose a significant

PFOS concentration (ng/)

Source - Environment Agency

FIGURE 1

PFOS levels in raw vs treated landfill leachate

@ rAw @ TREATED

PFOS concentrations in raw and treated landfill leachate. *Represents average value for landfills with multiple treated or raw samples.
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PFOA levels in raw vs treated landfill leachate

28000 &

PFOA concentrations in ng/l
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FIGURE 2

PFOA concentrations in raw and treated landfill leachate. *Represents average value for landfills with multiple treated or raw samples.

concern. It was disappointing that spatial and temporal data was not
collected by subcontractors (or was removed and anonymized) as this
limits what could be interpreted from the dataset. Further monitoring
would be strongly recommended to compare the performance of
different treatment types, and assess seasonal variation. We hope this
manuscript will prompt further research of this nature. This will
enable the development and use of the most appropriate technologies
for leachate treatment. This information will help support the
development of more appropriate monitoring programs and policies,
both in the UK and globally.

PFOS and PFOA are listed under the Stockholm convention
under Annex B (Restriction) Annex A (elimination) respectively. They
pose a significant risk to the environment and PFOA is a class one
carcinogen and PFOS is possibly carcinogenic to humans (Group 2B).
This study shows that there is an urgent need for further investigation
and to upgrade inappropriate leachate treatment works in the UK. In
several cases the technology that is designed to protect humans and
the environment appears to be doing the opposite and is actively
creating considerable amounts of PFOS and PFOA.
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