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Total PFAS burden? In source and sink
Known/unknown

PFAA precursors (polyfluorinated)

PFAAs as terminal 

degradation products (perfluorinated)

groundwater

Degradation processes

n = 3, PFBA

n = 4, PFPeA

n = 5, PFHxA

n = 6, PFHpA

fluorochemicals in paper-fibre biosolids

fluorosurfactants in AFFFs

transport of degradation products



PFASs in the Rastatt/Baden-Baden area 

Data by end of 2022

9,700 GW samples

(750 wells)

5,700 soil samples 

Characteristics of the 

contaminated area:

 Extension: approx. 10 x 20 km

 Numerous individual sites

 Random distribution of contaminated 

sites

 Numerous individual PFASs detected

 In addition: unknown precursors

Source: Rainer Söhlmann, Landratsamt Rastatt

3113 ha investigated

1105 ha contaminated

France

Germany



Analytical challenge: measuring “PFAS Total”

 Driver for PFAS Total is the sheer number of possible PFASs

 4.730 CAS registry numbers for PFASs (OECD, 2018)

 Estimated <3% measurable by quantitative target analyses due to

 Missing knowledge on chemical structures

(confidential information of companies)

 Missing reference compounds (native and isotopically labelled)

 Missing analytical protocols

 Strategy: (i) Extension of target list, and (ii) sum parameters



The challenge: fibre residues on agricultural land

Source: Landkreis Rastatt: http://www.landkreis-rastatt.de/site/kreis-rastatt/get/documents_E-1958743887/kreis-rastatt/Objekte/03_Aktuelles/

PFC/Historie%20und%20Zusammenfassung_Stand%20September%202016.pdf

Polyfluorinated phosphate esters

(PAP: mono-, di-, and triPAP)

bis[2-(N-ethyl perfluorooctane-1-

sulfonamido)ethyl] phosphoric acid ester, 

(diSAmPAP): until 2002
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Final degradation products:

Perfluoroalkyl carboxylic acids (PFCAs)

Final degradation product:

Perfluoroctane sulfonic acid (PFOS)

Grease-proofing 

agents for food-

contact materials



Degradation of fluorotelomer alcohol-based PFASs

Persistent

terminal products

Cx+1 PFCA

Cx PFCA

Cx-1 PFCA

Cx-2 PFCA
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Precursor: 6:2 diPAP

Modified from Lee & Mabury in Lambropoulou, D. A.; Nollet, L. M. L., Eds.; John Wiley & Sons, 2014



Aerobic degradation of EtFOSE-based PFASs

Benskin, J.P.: Environ. Sci. Technol. 47(3):1381-1389 (2013)
Rhoads, K.R. et al.: Environ. Sci. Technol. 42(8):2873–2878 (2008)

EtFOSE   

slow hydrolysis

t1/2 = 380-3400 d

Precursor: diSAmPAP

monoSAmPAP   

EtFOSE   

215

0.56

12

110

µg/kg

in contaminated
soil sample

EtFOSE    
EtFOSAA    
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Surrogate parameters for organofluorine/PFASs

HF + H2O = H3O
+

+ F
-

 combustion (CIC) at ca. 1000 C

 complete mineralization

 fluorine-specific

AOF, EOF TOP-Assay

19F-NMR

CnF2n+1

O

O
-

OH
.

PIGE
 non-destructive

 fluorine-specific

 option: after extraction

 Non-destructive

 Perfluoroalkyl group-specific

 option: after extraction

 partial oxidative digestion

(aqueous alkaline peroxodisulfate solution)

 perfluoroalkyl group specific

extractable organically bound 

fluorine (EOF)
Total oxidizable precursor 

(TOP) assay



LS extraction
ultrasonic extraction: MeOH at neutral pH

Adsorption
Weak anion exchanger

Clean-up

for F- removal
0,01% NH4OH in MeOH

Elution

e.g. with MeOH,
0,1% NH4OH in MeOH

Combustion-Ion 

Chromatography (CIC)

EOF(soil): principle of sample preparation

Sacher et al. (2019)

https://pudi.lubw.de/detailseite/-/

publication/64684

Extraction closely related 

to DIN 38414-14:2011-08

(PFAS analysis from soil)



Combustion ion chromatography (CIC)

50-1000 µL

SiO2 + HF = SiF4 + H2O

(1) Combustion of solids or liquids with addition of water (hydropyrolysis)

(2) Absorption of combustion gases (HF, CO2 etc.) in neutral or alkaline adsorbent

(3) (Large volume) injection of the absorption solution into IC

(4) IC analysis of fluoride



Contaminated soils - organofluorine balance
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Total Oxidizable Precursor (TOP) assay

OH
.
radical mediated oxidative digestion

S2O8
2- → 2 SO4

-.

SO4
-.

+ OH
-
→ SO4

2-
+ OH

.

Original protocol for weakly contaminated water samples

Houtz & Sedlak 2012, ES&T 46, 9342-9349

Numerous existing in-house protocols!

Endpoints (most frequently):

C4-C14-PFCAs

Seldom: C2- und C3-PFCAs 

Soil analysis: Janda et al., 2019

Environ. Sci.: Processes Impacts, 21, 1926

Dust analysis: Wang et al. 2022

Environ. Sci. Technol. 56, 6036−6045

Photo: TZW/Marc Guckert
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Comparison of molar PFCA increase

during TOP assay oxidation

TOP(Boden) TOP(Eluat)
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Distribution of PFCA homologues in 

aqueous leachates (L/S = 2)
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Low abundance of precursors, mainly leaching of PFCA as final (microbial) 

degradation products
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Distribution of PFCA homologues in 

methanolic soil extracts

Pre TOP: dominance of fluorotelomer precursors of even chain lengths!
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Comparison EOF/PFASs pre/post TOP in soil

Depth dependent organofluorine mass balance

Precursor located 

in the upper layers,

i.e. in the plough 

horizon!

EOF < LOQ (50 µg/kg)



EOF/PFASs pre/post TOP in agricultural plants

0 100 200 300 400 500 600

wheat (corn)

maize (corn)

maize leaves

ryegrass

ryegrass

sunchoke

sunchoke

Organofluorine in µg/L

Σ F (PFASs) native sample Σ F (PFASs) after TOP assay EOF

non-contaminated

non-contaminated

 EOF discriminates ultra-short chain PFASs

 No significant transfer of precursors to plants!
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Perfluoroalkyl group-specific analysis: 19F NMR
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 analysis of soil samples

(Rastatt/Baden-Baden area, SW Germany)


19F solid-state NMR spectroscopy

(Magic Angle Spinning (MAS) technique)

 qualitative confirmation of the chemical shift of 

CF2 and CF3 groups by reference compounds 

(6:2 and 8:2 diPAP)

 large fraction (>80%) of non-extractable residues

F

F

F

F F

F

F

F F

F

O

P

O

O

OH F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

CF3

CF2

Rotational side bands

PFAS contaminated soil

EOF: 7800 µg/kg

PFAS contaminated soil

EOF: 2500 µg/kg

Background soil

EOF: < BG (<10 µg/kg)

Background soil

EOF: < BG (<10 µg/kg)



Direct TOP assay (dTOP) of soil

Direct TOP

(dTOP)

“Normal” TOP, similar to Houtz et al. 2013

(after extraction) 

Urgent need for standardisation!
Göckener et al., Environ. Sci. Eur. (2022) 34, 2345
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