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Abstract

Soils contaminated with per- and polyfluoroalkyl substances (PFASs) are an important

source for impacting drinking water delivery systems and surface water bodies world-wide,

posing an urgent risk to human health and environmental quality. However, few treatment

techniques have been tested for PFAS-contaminated soil hotspots. This study investigated

the possibility of thermal desorption as a possible technique to remediate soils contaminated

with multiple PFASs. Two fortified soils (∑9PFAS� 4 mg kg-1) and one field-contaminated

soil (∑9PFAS� 0.025 mg kg-1) were subjected to a 75-min thermal treatment at tempera-

tures ranging from 150 to 550˚C. Soil concentrations of PFASs showed a significant

decrease at 350˚C, with the ∑9PFAS concentration decreasing by, on average, 43% and

79% in the fortified and field contaminated soils, respectively. At 450˚C, >99% of PFASs

were removed from the fortified soils, while at 550˚C the fraction removed ranged between

71 and 99% for the field contaminated soil. In the field contaminated soil, PFAS classes with

functional groups of sulfonates (PFSAs) and sulfonamides (FOSAs) showed higher removal

than the perfluoroalkyl carboxylates (PFCAs). Thus thermal desorption has the potential to

remove a wide variety of PFASs from soil, although more studies are needed to investigate

the cost-effectiveness, creation of transformation products, and air-phase vacuum filtration

techniques.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a large group of partially or completely fluori-

nated organic compounds that vary in structure and chemical properties and are generally per-

sistent to thermal, chemical, and biological degradation [1, 2]. Concerns have been raised

because of their ubiquitous distribution in the environment, high persistency, bioaccumula-

tion potential, and adverse effects on humans and biota [3–8]. A common point source is the

unregulated usage of PFAS-containing aqueous film-forming foams (AFFFs) at firefighter
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training facilities [9–11]. Although the use of PFAS-containing AFFFs is now restricted, the

PFASs still present in contaminated soil are unsolicitedly leaching to the environment [12–14]

and potentially polluting drinking water sources, e.g., in Japan [15], Germany [16], and Swe-

den [17]. Thus, there is an urgent need to remediate PFAS-contaminated hotspot areas and

although a few soil guideline values have been set for PFASs, for example in Australia and New

Zealand (i.e. 0.009, 2 and 20 mg kg-1, depending on soil usage [18]). However, several coun-

tries have set drinking water guideline values for PFASs, for example in USA (i.e. 70 ng L-1 for

PFOS and PFOA) and Sweden 90 ng L-1 for S11PFASs), which are forcing problem owners to

remediate their PFAS-contaminated soil [19].

The extreme challenges of PFAS-contaminated soil remediation has been acknowledged

[20, 21] and multiple technologies have been reviewed. Suggested remediation methods for

PFAS-contaminated soil are stabilization technologies [22–26], electrodialytical remediation

[27] and phytoremediation [28]. However, soil stabilization methods do not provide a long-

term solution and phytoremediation is a slow and long-term approach [20]. In a recent review

article, Mahinroosta and Senevirathna [21] showed that there is a lack of laboratory-scale and

field-scale studies of soil remediation for PFASs.

A conventional treatment method for soil is incineration, a costly but efficientex situ treat-

ment regarding high removal in which PFASs are destroyed by combusting the contaminated

soil [29]. Fluorotelomer-based acrylic polymer waste and PFAS-contaminated sewage sludge

have been reported to degrade PFASs successfully at 725˚C [30–33], although others have

found that complete degradation of PFASs requires temperatures of 900–1100˚C [33–35].

Another viable thermal treatment method for contaminated solids is thermal desorption [36],

where the solid is heated ex situ or in situ [29] and the vaporized contaminants partition to the

air phase, from which they can be removed by air filters [37]. The technique is considered to

be less energy-demanding than incineration, can achieve high removal [29], and is generally

applicable for organic contaminants [38]. Thermal desorption has previously been shown to

successfully remove persistent soil organic pollutants such as polyaromatic hydrocarbons

(PAHs) and polychlorinated biphenyls (PCBs) at 500˚C [39], and PFAS thermal desorption

from the soil phase has been observed at 350˚C after 10 days[40].

The aim of this study was therefore to further evaluate, whether thermal desorption is a via-

ble remediation method for removal of PFASs in contaminated soil and to identify critical var-

iables such as optimal temperature, soil texture, treatment times and fortified vs. natural aged

contaminated soil. Specific objectives were to: i) evaluate whether thermal desorption can be

used to remove PFASs from contaminated soil, ii) determine the removal for 9 commonly

found and regulated PFASs,and iii) identify the temperatures required for thermal desorption

of PFASs from different types of soils with different PFAS contamination levels.

2. Material and methods

2.1 Target compounds

The target PFASs comprised: six perfluoroalkyl carboxylates (PFCAs), namely perfluorobu-

tanoate (PFBA), perfluorohexanoate (PFHxA), perfluorooctanoate (PFOA), perfluorononano-

ate (PFNA), perfluorodecanoate (PFDA), and perfluoroundecanoate (PFUnDA); two

perfluoroalkyl sulfonates (PFSAs), namely perfluorohexane sulfonates (PFHxS) and perfluor-

ooctane sulfonates (PFOS); and one perfluorooctanesulfonamide (FOSA) (purity >99%, Wel-

lington Laboratories, Guelph, ON). A total of nine isotopically labeled internal standards (IS)

were used: 13C4-PFBA, 13C2-PFHxA, 13C4-PFOA, 13C5-PFNA, 13C2-PFDA, 13C2-PFUnDA,
18O2-PFHxS, 13C4-PFOS, and 13C8-FOSA (purity>99%, Wellington Laboratories, Guelph,

ON).
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2.2 Experimental design

The thermal desorption technique was assessed on bench-scale using two Swedish soils, a

loamy sand soil from Högåsa and a clay soil from Vreta Kloster, both sampled at 0.35–0.45 m

depth (for soil characterization, see [41] and laboratory-fortified with PFASs. In addition, a

silty clay soil at a fire-fighter training facility known to be contaminated with PFAS-containing

AFFFs, located at Stockholm Arlanda Airport, Sweden [28], was sampled at 0.10–0.30 m

depth. The PFAS-fortified soils were separately fortified with a mixture of 11 PFASs, which

resulted in a concentration of 600 μg kg-1 for individual PFASs, and then aged for two months

before the start of the experiment. The aging was performed by shaking (end-over-end, 100

rpm) a slurry of 0.5 kg fortified soil and 1 L of Millipore water for two weeks, freeze-drying the

slurry for one week, and then shaking (end-over-end, 100 rpm) the dry soil for two weeks and

storing it at 25˚C until use in the experiment.

The soils were separately freeze-dried (7 days) and homogenized with a mortar, and 4 g per

sample were placed in amber glass bottles (40 mL, diameter 95 mm x height 27.5 mm; GENE-

TEC, Sweden). Each soil was treated in experimental triplicates at 150˚C, 250˚C, 350˚C,

450˚C, or 550˚C (n = 3 in each case) for 15, 45 and 75 min, respectively, using a high-tempera-

ture furnace (ThermoLyneTM 62700 Furnace, 19 cm x 22 cm x 33 cm). Previous studies have

used treatment times ranging between 20 and 60 min for PCBs and PAHs [42–44]. Negative

controls (soil samples treated, but not fortified with PFASs) (n = 3) and positive controls (soil

samples fortified with PFASs, but not treated) were included as reference and quality controls

for each contaminated soil (n = 9). All samples were stored air-tight at 4˚C before further

analysis.

2.3 Sample preparation, analysis, and quality control

The soil samples were analyzed for PFASs according to a validated method, as described else-

where [45]. In brief, liquid-solid extraction was used with 3.0 ± 0.2 g of freeze-dried (7 days)

solid sample and 30 mL of methanol fortified with 100 μL of an IS mixture (c = 0.010 μg mL-1).

The eluent was concentrated by a nitrogen gas stream to 500 μL and the aliquot was fortified

with 500 μL Millipore water (Millipore, Germany) and transferred to an Eppendorf tube

(Eppendorf, Germany) for clean-up using 25 mg ENVICarb 120/400 (Supelco, USA) and gla-

cial acetic acid (Merck, Germany). The tubes were then vortexed and centrifuged at 15000

rpm for 15 min. All samples were filtered with recycled cellulose syringe filters (Sartorius, 0.45

μm) into 1.5 mL auto-injector brown glass vials (Eppendorf, Germany).

Ultra-high performance liquid chromatography-tandem mass spectroscopy (UHPLC-MS/

MS) (Quantiva TSQ; Thermo Fisher, MA, USA) was used for the chemical analysis. The injec-

tion volume was 10 μL separated on a BEH-C18 column (1.7 μm, 50 mm, Waters), with a run

time of 12 min using methanol and Millipore water with 5 mM ammonium acetate (purity

>99.99%, Sigma-Aldrich) as eluents. An eight-point calibration curve ranging between 0.01

and 100 ng mL-1 with a linear fit (R2)>0.99 was used for quantification. The data were evalu-

ated using TraceFinderTM software (Thermo Fisher, MA, USA). Since no PFASs were present

in the laboratory blanks (n = 3), the limit of detection (LOD) was set to the lowest quantifiable

calibration point with a signal to noise ratio >3. No PFASs were detected in laboratory blanks

above LOD, and therefore, method detection limits (MDL) were set to LOD. The MDLs ran-

ged between 0.003 (PFHxA and PFNA) and 0.2 (PFOS) μg kg-1 dry weight (dw). The internal

standard dilution method was used to compensate for losses or matrix effects. The relative

recoveries were calculated as the measured concentration in fortified clay and sand reference

samples compared with the theoretical fortification concentration (600 μg kg dw). The values

obtained ranged between 48% (PFUnDA) and 130% (FOSA) (average 78%). The average
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relative standard deviation (all samples were performed in experimental triplicates (n = 3)) for

the individual PFASs was 15 ± 8% and 11 ± 4.5% in the fieldfield contaminated soil and forti-

fied soils, respectively. As a positive control, a non-fortified sandy soil was treated together

with the contaminated samples at all temperatures (n = 3). It was found that only PFBA dis-

played a concentration >0.1% of the concentration in the treated fortified soils, foremost at

the lower treatment temperatures (5.0 ± 0.92% and 0.16 ± 0.016% difference compared with

the PFBA concentrations at 150˚C and 550˚C, respectively) (Table S1 in S1 Appendix.

3 Results and discussion

The fraction removed PFASs from the soil generally increased with the treatment temperature,

but was dependent on the soil type, soil initial concentration, and PFAS characteristics (Fig 1).

Comparing the fortified clay and loamy sand soils, at 350˚C PFCAs and FOSA were removed

to>99%, while the PFSAs showed removal ranging between 51% (PFHxS) and 66% (PFOS).

At 450˚C, the removal was>99% for all PFASs in both PFAS-fortified soils. This indicates that

the functional group is an important parameter influencing the desorption potential of PFASs.

However, the difference between PFSAs and PFCAs cannot be explained by the vapor pres-

sure, since the vapor pressure constants (log PL [log Pa]) were similar for the two groups

(range 0.83–2.9 for the C4-C8 PFSA and 0.82–3.1 for the C3-C10 PFCAs) [46]. However, these

vapor pressure constants were estimated using the COSMOtherm model for chemical proper-

ties and can be biased due to the analysis being limited to non-ionized neutral forms of the

PFASs. The PFCAs and PFSAs included in this study generally have an acid dissociation con-

stant (pKa)<2 [47], with the exception of FOSA, which has pKa = 6.2–6.5 [48], meaning that

they are predominantly protonated anions at the pHs in the tested soils. On the other hand,

previous studies have shown that PFSAs are more strongly sorbed than PFCAs to soil and sedi-

ments [49–51], which might result in lower desorption potential for PFSAs. However, PFOS

and PFOA are reported to show similar desorption behavior in soil [52]. In contrast to the two

fortified soils, the fraction removed PFASs from the field contaminated soil were lower at all

treatment temperatures tested. At 350˚C, S9PFASs removal was 43%, compared with 71% and

87% for the fortified clay and sand soil, respectively. At 450˚C, 99% of PFSAs (PFHxS, PFOS)

were removed from the field contaminated soil, similarly to the fortified soils. At 550˚C,

PFPeA was removed to>97%, but other PFCAs were only removed to 71–93%, from the field

contaminated soil. The lower desorption potential of PFASs in the field contaminated soil

compared with the fortified soils could be explained by the lower concentration of PFASs or/

and stronger sorption of PFASs in the naturally aged soil than in the fortified soils [53]. The

shorter-chained PFCA (PFBA) even showed negative removal for the field contaminated soil

at 150–450˚C, which might be explained by the presence of unidentified precursor compounds

that degraded into PFBA [54, 55]. This is a particular concern, as the use of shorter-chain

PFASs has increased since the ban on C8-based PFASs in AFFF [56]. Except of PFBA, no deg-

radation products could be observed throughout the experiment, i.e. increase of shorter chain

homologues as a product of longer chain PFASs, which has been observed in other PFAS deg-

radation studies [57, 58]. This indicates that the main removal mechanism observed in this

study is thermal desorption and not degradation.

When comparing the treatment times at 15, 45 and 75 min the desorption behavior was

similar between the three soils (Tables S2-4 in SI). The PFAS concentrations in the soil

decreased with increasing treatment time for almost all temperatures (except for 550˚C), Fig 2.

This experiment showed that the optimal temperature and treatment time for thermal desorp-

tion of PFASs is between 350˚C and 450˚C, and between 15 and 45 min, which is in agreement

with a previous study using 350˚C but 10 days treatment time [40]. In addition, a treatment
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time of over 45 min for thermal desorption of PFASs is not necessary to minimize the energy

demand of this treatment option.

Ultimately, the results indicate that soils polluted with mixtures of PFASs can be treated

with high removal using thermal desorption at temperatures above 450˚C. This is a higher

temperature than for other organic pollutants such as PCBs and PAHs, which showed high

removal at 400˚C [43, 44]. The high removal using thermal desorption can be compared to sta-

bilization techniques where the leaching of PFASs to the aqueous phase can be reduced by

>99% [59, 26], but comparably higher than using granulated activated carbon or anion

exchange for PFAS removal in drinking water [60]. Although soil stabilization techniques have

shown high removal from leachate water, their long-term performance is still unknown, while

thermal desorption removes PFASs from the soil and thereby reducing the risks of leaching

into the aquatic environment. In addition, the treatment of contaminated soil using thermal

Fig 1. Individual PFAS concentrations after thermal desorption for 75 min at different treatment temperatures of A) naturally PFAS-contaminated soil from Stockholm

Arlanda Airport, Sweden, B) fortified clay soil, and C) fortified loamy sand soil.

https://doi.org/10.1371/journal.pone.0234476.g001

Fig 2. Individual PFAS concentrations after thermal desorption for 15, 45 and 75 min at different treatment

temperatures of fortified loamy sand soil.

https://doi.org/10.1371/journal.pone.0234476.g002
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desorption has the advantage of also treating other co-contaminants often associated with

PFAS-contaminated sites, e.g., non-aqueous phase liquid (NAPL), nonfluorinated AFFF sur-

factants, polyhalogenated compounds (PHCs), volatile organic compounds (VOCs), PCBs,

PAHs, and metals [61, 43, 62], although heavy metals are not known to be affected by thermal

desorption [63]. Further studies are required to test the thermal treatment methodology at

field scale and assess possible degradation compounds, determine removal, and evaluate air-

phase vacuum extraction and air filtration. Measurement of PFASs in the air phase is also

needed, in order to enable mass balance calculations post-treatment to identify PFAS degrada-

tion or formation of PFAS degradation products. As a concluding remark, it should be noted

that the treatment temperatures of 450–550˚C is not of insignificant magnitude and energy

costs will ultimately be a limiting factor for problem owners to consider when comparing ther-

mal desorption with other remediation methods for PFASs in soil or other solid materials.
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Writing – review & editing: M. Sörengård, A-S. Lindh, L. Ahrens.

References
1. Buck R.C., Franklin J., Berger U., Conder J.M., Cousins I.T., de Voogt P., et al, 2011. Perfluoroalkyl

and polyfluoroalkyl substances in the environment: Terminology, classification, and origins. Integr. Envi-

ron. Assess. Manag. 7, 513–541. https://doi.org/10.1002/ieam.258 PMID: 21793199

2. Krafft M.P., Riess J.G., 2015. Selected physicochemical aspects of poly- and perfluoroalkylated sub-

stances relevant to performance, environment and sustainability-Part one. Chemosphere 129, 4–19.

https://doi.org/10.1016/j.chemosphere.2014.08.039 PMID: 25245564

3. Borg D., Lund B.-O., Lindquist N.-G., Håkansson H., 2013. Cumulative health risk assessment of 17

perfluoroalkylated and polyfluoroalkylated substances (PFASs) in the Swedish population. Environ. Int.

59, 112–123. https://doi.org/10.1016/j.envint.2013.05.009 PMID: 23792420

4. Rahman, A., Haque, M.M., Haddad, K., Rahman, A.S., Kuczera, G., Weinmann, E., 2014. Assessment

of the impacts of rating curve uncertainty on at-site flood frequency analysis: A case study for new

South Wales, Australia. Presented at the Hydrology and Water Resources Symposium 2014, HWRS

2014—Conference Proceedings, pp. 962–969.

5. Chu S., Wang J., Leong G., Woodward L.A., Letcher R.J., Li Q.X., 2015. Perfluoroalkyl sulfonates and

carboxylic acids in liver, muscle and adipose tissues of black-footed albatross (Phoebastria nigripes)

PLOS ONE Thermal desorption as a high removal remediation technique for soils contaminated with PFASs

PLOS ONE | https://doi.org/10.1371/journal.pone.0234476 June 25, 2020 6 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234476.s001
https://doi.org/10.1002/ieam.258
http://www.ncbi.nlm.nih.gov/pubmed/21793199
https://doi.org/10.1016/j.chemosphere.2014.08.039
http://www.ncbi.nlm.nih.gov/pubmed/25245564
https://doi.org/10.1016/j.envint.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23792420
https://doi.org/10.1371/journal.pone.0234476


from Midway Island, North Pacific Ocean. Chemosphere 138, 60–66. https://doi.org/10.1016/j.

chemosphere.2015.05.043 PMID: 26037817

6. Ashley-Martin J., Dodds L., Arbuckle T.E., Bouchard M.F., Fisher M., Morriset A.-S., et al, 2017. Mater-

nal Concentrations of Perfluoroalkyl Substances and Fetal Markers of Metabolic Function and Birth

Weight. Am. J. Epidemiol. 185, 185–193. https://doi.org/10.1093/aje/kww213 PMID: 28172036

7. Wang Z., DeWitt J.C., Higgins C.P., Cousins I.T., 2017. A Never-Ending Story of Per- and Polyfluor-

oalkyl Substances (PFASs)? Environ. Sci. Technol. 51, 2508–2518. https://doi.org/10.1021/acs.est.

6b04806 PMID: 28224793

8. Nguyen M.A., Wiberg K., Ribeli E., Josefsson S., Futter M., Gustavsson J., Ahrens L., 2017. Spatial dis-

tribution and source tracing of per- and polyfluoroalkyl substances (PFASs) in surface water in Northern

Europe. Environ. Pollut. 220, 1438–1446. https://doi.org/10.1016/j.envpol.2016.10.089 PMID:

27839995

9. Anderson R.H., Long G.C., Porter R.C., Anderson J.K., 2016. Occurrence of select perfluoroalkyl sub-

stances at U.S. Air Force aqueous film-forming foam release sites other than fire-training areas: Field-

validation of critical fate and transport properties. Chemosphere 150, 678–685. https://doi.org/10.1016/

j.chemosphere.2016.01.014 PMID: 26786021

10. Barzen-Hanson K.A., Roberts S.C., Choyke S., Oetjen K., McAlees A., Riddell N., et al, 2017. Discovery

of 40 Classes of Per- and Polyfluoroalkyl Substances in Historical Aqueous Film-Forming Foams

(AFFFs) and AFFF-Impacted Groundwater. Environ. Sci. Technol. 51, 2047–2057. https://doi.org/10.

1021/acs.est.6b05843 PMID: 28098989
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