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• Sorption to Sphagnum peat was gener-
ally stronger than to Spodosol Oe soil. 

• Sorption pH dependency increased with 
perfluorocarbon chain length up to C10. 

• 13C NMR spectroscopy suggested sorp-
tion contributions from carbohydrates 
(O-alkyls). 

• Sorption non-linearity was more pro-
nounced onto Spodosol Oe material.  
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A B S T R A C T   

The charge- and concentration-dependent sorption behavior of a range of per- and polyfluoroalkyl substances 
(PFASs) was studied for three organic soil samples with different organic matter quality, one Spodosol Oe ho-
rizon (Mor Oe) and two Sphagnum peats with different degrees of decomposition (Peat Oi and Peat Oe). Sorption 
to the two peat materials was, on average, four times stronger compared to that onto the Mor Oe material. In 
particular, longer-chained PFASs were more strongly bound by the two peats as compared to the Mor Oe sample. 
The combined results of batch sorption experiments and 13C NMR spectroscopy suggested sorption to be posi-
tively related to the content of carbohydrates (i.e., O-alkyl carbon). Sorption of all PFAS subclasses was inversely 
related to the pH value in all soils, with the largest pH effects being observed for perfluoroalkyl carboxylates 
(PFCAs) with C10 and C11 perfluorocarbon chain lengths. Experimentally determined sorption isotherms onto the 
poorly humified Peat Oi did not deviate significantly from linearity for most substances, while for the Mor Oe 
horizon, sorption nonlinearity was generally more pronounced. This work should prove useful in assessing PFAS 
sorption and leaching in organic soil horizons within environmental risk assessment.  
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1. Introduction 

An increased mechanistic understanding of sorption of per- and 
polyfluoroalkyl substances (PFASs) to soil organic matter (SOM) is 
essential to more accurately assess their environmental binding, leach-
ing and risks. Previous research has indicated that SOM is the dominant 
sorbent of PFASs in soils, which explains why the organic matter content 
is often found to be the main factor controlling PFAS sorption (e.g. 
Higgins and Luthy, 2006; Milinovic et al., 2015; Oliver et al., 2020). 
However, not only the abundance of SOM, but also its chemical prop-
erties, such as its net charge (Campos Pereira et al., 2018; Higgins and 
Luthy, 2007; Zhi and Liu, 2019) and structural composition (Zhao et al., 
2014; Zhi and Liu, 2018) may influence PFAS sorption. Studies on iso-
lated fractions of organic matter and soils rich in organic matter show 
marked pH-dependent binding, with increasing affinity at decreasing pH 
(Zhao et al., 2014; Campos Pereira et al., 2018). This is due to proton-
ation of functional groups resulting in a decreased net negative charge of 
the organic matter, which, in turn, results in a lower repulsion between 
the negatively charged PFASs and the organic material (Higgins and 
Luthy, 2006). Also charge neutralization due to metal binding seems to 
enhance PFAS binding (Higgins and Luthy, 2006; Campos Pereira et al., 
2018). 

The quality of organic matter depends on its origin, and is further 
altered by the process of decomposition (humification). A powerful tool 
to investigate the chemical environment of the carbon atom is 13C nu-
clear magnetic resonance (13C NMR) spectroscopy, which has been 
applied widely in various aspects of environmental chemistry (e.g. 
Kögel-Knabner, 1997, 2002; Simpson et al., 2012; Prietzel et al., 2018). 
Cross-polarisation magic-angle-spinning (CP-MAS) techniques further 
enable the acquisition of high-resolution solid-state 13C NMR spectra of 
SOM (Baldock et al., 1997). Previous research that combined in-
vestigations of PFAS binding onto SOM with the application of 13C NMR 
spectroscopy includes the work of Zhao et al. (2014), who removed the 
‘humic substances’ of a Chinese peat soil using alkaline reagents prior to 
sorption experiments. The authors found sorption of perfluorooctane 
sulfonate (PFOS) and perfluorohexane sulfonate (PFHxS) onto the 
treated peat to be stronger as compared to that onto two sequentially 
isolated humic acid fractions from the same soil. Structural character-
ization using 13C NMR indicated that the PFAS binding strength seemed 
to be positively related to SOM aliphaticity and increased content of 
carbohydrates, but inversely related to the contents of aromatic C and to 
phenolic and carboxylic moieties (Zhao et al., 2014). However, Oliver 
et al. (2020) found no relationship between sorption of PFOS, per-
fluorooctanoate (PFOA) or PFHxS and any specific types of organic 
matter structures determined by 13C NMR spectroscopy in an investi-
gation of coastal sediments in Australia. The variation in sorption 
strength seemed to originate primarily from the variation in the organic 
C content itself and not from the variation in SOM quality. In addition, 
the binding of several PFAS compounds to soils is still poorly known. For 
example, as regards the PFOS precursor EtFOSA, which is still exten-
sively used as an insecticide in South America (i.e. Sulfluramid) (Zaba-
leta et al., 2018; Nascimento et al., 2018), no published sorption data for 
soils has been found in the peer-reviewed literature. Thus, further 
studies are needed to clarify the binding strength for PFASs in soils and 
the link to SOM quality. 

Hence, the overall objective of the present study was to investigate 
the sorption behavior of several legacy and precursor PFASs (including 
N-ethyl perfluorooctane sulfonamide (EtFOSA/Sulfluramid) and 6:2 and 
8:2 fluorotelomer sulfonates (6:2 and 8:2 FTSAs)) in three types of 
organic soil horizons: a Spodosol Oe (Mor Oe), and two Sphagnum peats 
having different degrees of decomposition. Specific objectives were (i) 
to investigate the charge- and concentration-dependent sorption 
behavior of different PFAS subclasses, and (ii) to relate the sorption 
behavior to structural properties of the organic matter as determined by 
chemical extractions and 13C NMR spectroscopy. 

2. Materials and methods 

2.1. Soil characteristics 

Two surface horizon Sphagnum peat soils of low (Oi) and moderate 
(Oe) degree of humification, respectively, were sampled at depths of 
5–25 cm from a Sphagnofibrist (Soil Survey Staff, 2014). Photos of the 
sampling site located in central Sweden (WGS84: 59◦46′25.2′′N 
14◦58′15.4′′E) are provided in the Supplementary Materials, 
Fig. S1-Fig. S3. Sphagnum fuscum was the dominant species in both peat 
samples. The peat (Oi) exhibited a low degree of humification (decom-
position) and had a value between H2 and H3 on the von Post scale (von 
Post and Granlund, 1926), whereas the peat material with a somewhat 
more pronounced humification (Oe) had a value between H4 and H5. 
Peat soil from this site has previously been used in studies on proton 
binding to SOM (Gustafsson and Berggren Kleja, 2005). The organic mor 
(Oe) layer (10 cm thickness) was sampled from a nearby Spodosol 
developed in glacial till, which was dominated by Scots Pine (Pinus 
sylvestris) vegetation (Fig. S3 in the SI). The two peat soils and the 
Spodosol mor layer (Oe) are hereafter referred to as Peat Oi, Peat Oe, 
and Mor Oe, respectively. 

After collection, the samples were sieved (<2 mm), homogenized 
and stored at +5 ◦C in their field-moist state until further use. A portion 
of each sample was air-dried for the purpose of soil chemical charac-
terisation (Table S1, Supplementary materials), determination of total 
organic carbon (accredited method EN 13137), and 13C NMR spectros-
copy as described below. 

2.2. PFAS standards 

PFAS native standards were purchased from Sigma Aldrich. A stock 
mixture of 14 PFASs, i.e. C6–C11 and C13 PFCAs, C4, C6 and C8 per-
fluoroalkyl sulfonates (PFSAs), perfluorooctane sulfonamide (FOSA), N- 
ethyl perfluorooctane sulfonamide (EtFOSA/Sulfluramid), and 6:2 and 
8:2 FTSAs, was prepared in methanol of analytical grade (LiChrosolv, 
Merck, Germany). Mass-labeled internal standards (ISs), i.e. 13C2- 
PFHxA, 13C4-PFOA, 13C5-PFNA, 13C2-PFDA, 13C2-PFUnDA, 13C2- 
PFDoDA, 13C2-PFTeDA, 18O2-PFHxS, 13C4-PFOS, 13C8-FOSA, d3-N- 
EtFOSA, 13C2-6:2 FTSA and 13C2-8:2 FTSA (>98% purity, Wellington 
Laboratories, Guelph, ON), were included for analytical quantification 
and quality control. Native PFASs and internal standards are summa-
rized in Table S2. 

2.3. Sorption experiments 

2.3.1. pH and salt dependence of PFAS sorption 
The pH-dependent sorption of PFASs onto the three soils was eval-

uated in batch mode after additions of dissolved nitrate (NO3
− ) salts of 

Al3+, Ca2+ or Na+ (Section S1 and Table S3 in the Supplementary ma-
terials). All experiments were conducted with field-moist, sieved sam-
ples. 1.00 g dry weight (dw) soil was added to 50 mL polypropylene (PP) 
centrifuge tubes (Corning™ Falcon®) in duplicate sets and suspended in 
a total solution volume of 40 mL (Table S3). Varying volumes of sodium 
hydroxide (NaOH, prepared the same day) or nitric acid (HNO3) were 
added to reach pH values of approximately 3, 4, 5 and 6. This resulted in 
a total of 24 samples per soil, excluding duplicate negative controls for 
which no PFASs were spiked to the soil suspensions (10 mM NaNO3). 
Dissolved nitrate salts of Al3+, Ca2+ and Na+ were added to the sus-
pensions to yield initial aqueous concentrations of 2.0 mM Al3+, 5.0 mM 
Ca2+ or 10 mM Na+. Additional sodium nitrate (NaNO3) was added to 
the Na+ and Al3+ treatments to ensure similar NO3

− background con-
centrations (~10 mM) in all suspensions. Finally, 50 μL of a PFAS stock 
mixture dissolved in methanol was added to each suspension to yield 
initial aqueous concentrations of individual PFASs of, on average, 30 nM 
(i.e. 1.2 nmol g− 1 dw soil), with some exceptions (see Table S4). Soil 
suspensions and controls were equilibrated using an end-over-end 
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shaker at 20 ◦C for 7 days, which has been shown to be sufficient to reach 
equilibrium for PFASs in research involving organic soils (Zhao et al., 
2014; Zhi and Liu, 2018). Following equilibration, suspensions were 
centrifuged for 20 min at 2100 g prior to analysis of aqueous PFAS 
concentrations (section 2.5). The pH was measured in the supernatant of 
subsamples using a GK2401C Red-Rod combined pH electrode (Radi-
ometer Analytical). Dissolved organic carbon (DOC) was determined for 
unspiked (i.e. methanol-free) suspension replicates (Table S5) using a 
TOC-V CPH analyzer (Shimadzu). 

Addition of biocides such as sodium azide (NaN3) was avoided, to 
keep the ionic strength as close to natural as possible, while at the same 
time varying the cationic composition. Recent findings indicate that the 
PFAS precursors (i.e., EtFOSA, 6:2 FTSA and 8:2 FTSA) might degrade in 
biologically active soil systems (Zabaleta et al., 2018; Chen et al., 2019). 
Soil microcosm experiments indicated biodegradation rates of EtFOSA 
(Zabaleta et al., 2018) and 6:2 FTSA (Chen et al., 2019) corresponding to 
losses of about 10% following 7 days of incubation. However, our soils 
were all nutrient-poor (C/N > 50), low in pH (4.0–4.7) (Table S1), and 
originated from either recalcitrant Pine/Ericaceae (Mor Oe) or Sphagnum 
peat (Peat Oi and Oe) litter (Wallenstein et al., 2013; Wiedermann et al., 
2017), indicating a low potential microbial activity, and thereby also a 
low degradation potential for the PFAS precursors. 

2.3.1.1. Modeling of net surface charge of soils. For the pH-dependent 
sorption experiment, the net surface charge of the soils at equilibrium 
was modeled. For this, the Stockholm Humic Model (Gustafsson, 2001) 
was employed (software: Visual MINTEQ v.3.1; Gustafsson, 2020), as 
described previously (Campos Pereira et al., 2018). Furthermore, to 
ensure that the added Al3+ (2 mM) did not form precipitates in the 
experiment, all solution compositions in the model output were 
confirmed to be undersaturated with respect to possible Al(OH)3 soil 
phases. 

2.3.2. Sorption isotherms 
Multi-solute sorption isotherms were derived for the two soils that 

were the most different in terms of quality and the origin of their SOM, i. 
e., Peat Oi and Mor Oe. Samples were prepared in duplicate by sus-
pending 0.75 g dw soil in 30 mL solution of 10 mM NaNO3. Different 
amounts of PFAS stock mixture were added to the suspensions in order 
to produce initial concentrations of individual PFASs ranging from, on 
average, 7–200 nM (i.e., from 0.3 to 8 nmol g− 1 dw soil). The suspen-
sions were equilibrated by end-over-end shaking for 7 days prior to 
phase separation (2100 g, 20 min). The pH value was measured in the 
equilibrated supernatants after samples were taken out for analysis of 
PFASs, and was 3.5 and 3.7 for Mor Oe and Peat Oi, respectively. 

2.4. 13C NMR spectroscopy 

Air-dried, finely ground portions of all soils were subjected to 13C CP- 
MAS NMR spectroscopy (Bruker DSX 200 spectrometer, Billerica/USA). 
The samples were spun at 6.8 kHz in a 7 mm zirconium dioxide rotor, 
using a recycle delay of 1 s. 3000 scans per sample were aquired. As 
reference for the chemical shifts, tetramethylsilane was equated with 0 
ppm. Spectra were phase-adjusted and baseline-corrected prior to inte-
gration over the C regions given in Table 1. In addition, the spectra were 
integrated according to Nelson and Baldock (2005) to allow the appli-
cation of their molecular mixing model to convert the NMR spectra into 
the following compound classes: carbohydrates, protein, lignin, lipid 
and carbonyl. 

2.5. PFAS analysis 

For quantification of aqueous PFAS concentrations, sample aliquots 
of 500 μL were transferred to 1.5 mL Eppendorf tubes together with 400 
μL of methanol and 100 μL of an IS stock mixture (50 ng mL− 1 for each 

IS) prepared in methanol. Prior to analysis, the samples were vortexed 
and filtered through a 0.45 μm syringe filter (Minisart® hydrophilic 
regenerated cellulose, Sartorius™, Germany; recoveries tested by Lath 
et al., 2019, and Sörengård et al., 2020) into 1.7 mL PP analysis vials. 
PFAS concentrations were measured with direct injection into a Dionex 
UltiMate 3000 ultra-high performance liquid chromatography (UPLC) 
system (Thermo Fisher Scientific, MA, USA) coupled to a triple quad-
rupole tandem mass (MS/MS) spectrometer (TSQ Quantiva, Thermo 
Fisher Scientific). LC-MS/MS parameters and conditions for PFAS 
analysis are provided elsewhere (Franke et al., 2021). All peak in-
tegrations were checked manually. Aqueous limits of quantification 
(LoQs) ranged from 0.01 ng mL− 1 (FOSA) to 0.5 ng mL− 1 (PFHpA), with 
the majority of the LoQs being ≤0.05 ng mL− 1. For information on 
quality assurance and control, see Section S2, and Tables S6 and S7. 

2.6. Data treatment 

The sorption of PFAS to SOM can be expressed by: 

Kd =
Cs

Cw
(1)  

where CS is the concentration of the individual PFAS sorbed to the soil 
(nmol kg− 1 dw) and CW its concentration in the aqueous phase (nmol 
L− 1) upon equilibration, while Kd is the solid-solution distribution co-
efficient (L kg− 1 dw). CS was obtained from the difference between 
added concentrations and concentrations found in the solution phase. 
Commonly, the distribution coefficient is normalized to the fraction of 
organic carbon (fOC): 

KOC =
Kd

fOC
(2)  

where KOC has the unit L kg− 1 OC. As all three soils consisted essentially 
of pure organic matter (fOC = 0.45–0.54, ash contents ≤2.9%), all 
measured sorption was attributed to the organic carbon content (fOC) of 
the soils, and any binding to mineral phases was hence assumed to be 
negligible. The logarithms of the KOC values (i.e. log KOC) were in gen-
eral normally distributed, as confirmed with the Shapiro-Wilk test (α =
0.05). Thus, whenever the average sorption is referred to henceforth, 
this should be interpreted as the arithmetic average of the log KOC value. 
For the analysis of the data of the pH-dependent sorption experiment, a 
generalized linear mixed model (GLMM) was derived, see Section S3, 
Supplementary materials. 

Table 1 
13C NMR-derived soil carbon characteristics.  

Integrated C domains Chemical shift region 
(ppm) 

Peat 
Oi 

Peat 
Oe 

Mor 
Oe 

Alkyl C [%] − 10–45 2.9 15 25 
O-alkyl C [%] 45–119 78 68 52 
Aromatic C [%] 110–160 13 12 16 
Carboxyl/carbonyl/amide 

C [%] 
160–220 6.3 6.2 6.9 

Alkyl C to O-alkyl C ratioa  0.04 0.22 0.48 

C chemistry from molecular mixing modelb 

Carbohydrate [%]  72 61 42 
Protein [%]  2.4 5.1 4.6 
Lignin [%]  20 22 30 
Lipid [%]  0.0 9.6 21 
Carbonyl [%]  5.3 3.3 2.9  

a Alkyl C to O-alkyl C ratio = Alkyl (0–45 ppm)/O-alkyl (45–110 ppm) (Bal-
dock et al., 1997). 

b Model and associated integrations of chemical shifts: Baldock et al. (2004) 
and Nelson and Baldock (2005). 
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2.7. Fitting of sorption isotherms 

The sorption isotherms were fitted to the linear (Eq. (1)) as well as to 
the Freundlich equation (Eq. (3)): 

CS =KF⋅CW
n (3)  

where the empirical n value indicates the degree of nonlinearity (n ≈ 1 
corresponds to a linear isotherm) and KF is the specific Freundlich 
sorption coefficient [nmol1–n Ln kg− 1 soil]. The KF and n parameters 
were fitted to the isotherm data using the Microsoft Excel™ Solver 

function (nonlinear generalized reduced gradient method) to minimize 
the residual root-mean-square error (RMSE) of the fit (Kinniburgh, 
1986). 

Finally, to enable comparisons between isotherms, KF values were 
converted to concentration-specific KOC values (KOC*) using Eq. (4) 
(Mejia-Avendaño et al., 2020): 

KOC
∗ =

KF⋅CW
n− 1

fOC
(4)  

Fig. 1. pH-dependent sorption (log10 KOC) of selected PFASs as affected by additions Al3+ or Ca2+. Error bars represent the standard deviation (n = 2). **p ≤ 0.01, 
***p ≤ 0.001, n.s.: non-significant relationship (α = 0.05). Data for the other analyzed PFASs are provided in Fig. S6 and Table S8, Supplementary Materials. 
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3. Results and discussion 

3.1. pH- and charge dependent sorption to the different organic soils 

For all three soils, sorption was inversely related to the pH value (p <
0.05) for all PFASs except for the short-chained PFBS (Fig. 1, Table S8, 
Table S9). Calculated across all PFASs, the log KOC value decreased with, 
on average, 0.38 ± 0.20 log units per unit pH. This value is in agreement 
with the value obtained in our previous work (Campos Pereira et al., 
2018) for a Spodosol mor layer similar to Mor Oe (Δlog KOC per pH unit 
= − 0.32 ± 0.11 L kg− 1 OC) and with that reported by Higgins and Luthy 
(2006) for sorption of PFASs onto a sediment material (Δlog KOC per pH 
unit = − 0.37 L kg− 1 OC). As none of the analyzed PFASs change their 
aqueous speciation within the studied pH range of 3–6 (Rayne and 
Forest, 2009a, 2010; Barzen-Hanson et al., 2017), the pH-dependent 
sorption was attributed to a decreasing SOM net negative charge upon 
a decrease in pH (Table S10, Figs. S4–S5). 

Similar to our previous work (Campos Pereira et al., 2018), we varied 
the solution composition, with some suspensions containing Al3+ or 
Ca2+ rather than Na+, to investigate the extent to which the net charge 
of the SOM governs the pH dependency. The Al3+ and Ca2+ ions form 
complexes with organic matter, thus decreasing its net negative charge. 
However, under the conditions of the experiments the cation-induced 
effects on SOM net charge obtained were relatively minor, as 
compared to the pH-induced effect on the net charge (Figs. S4–S5), i.e., 
the relationships between calculated log SOM net charge and log KOC 
were very similar to the ones between pH and log KOC (Figs. S6 and S7). 
Accordingly, based on the current data set it was difficult to draw any 
conclusions on the effect of cationic composition on PFAS binding. 

As regards the magnitude of the effect of pH on sorption, the pH 
dependence (i.e. the regressed slope Δlog KOC per unit pH) varied 
depending on the substance in question (Fig. 2). For the C4, C6 and C8 
PFSAs and for the C7 and C10 PFCAs, the pH dependence became more 
pronounced (i.e. the slope became more negative) as the perfluoro-
carbon chain length increased. Previous studies reported similar obser-
vations of an increased pH dependency of PFAS sorption with increasing 

chain length (e.g. Campos Pereira et al., 2018; Campos-Pereira et al., 
2020). This is consistent with the presence of charge interactions be-
tween the perfluorocarbon backbone and the sorbent (c.f. Johnson et al., 
2007; Xiao et al., 2011), which may be explained by the excess negative 
charge (δ–) present on the electronegative fluorine atoms. For PFOS, this 
excess charge has been calculated to be − 0.11 ± 0.02 to − 0.27 ± 0.01 
elementary charge units per fluorine atom (Erkoç and Erkoç, 2001; Xiao 
et al., 2011; Johnson et al., 2007). However, the PFCAs with the longest 
chain lengths reached a maximum pH dependency for C10 PFUnDA in all 
three soils (average Δlog KOC per unit pH ± SD = − 0.72 ± 19 log units, 
n = 3 soils), which then decreased again for the more long-chained C11 
PFDoDA and C13 PFTeDA. A possible explanation for the observed 
maxima in the sorption pH dependence of the PFCAs is that the larger 
hydrophobicity of PFDoDA, and in particular PFTeDA, stabilized the 
sorption to some extent, which may have made it less sensitive to 
changes in pH as compared to that of shorter-chained PFCAs and other 
PFASs. 

For a few of the analyzed PFASs in the present study, i.e. 6:2 FTSA, 
8:2 FTSA and EtFOSA, the pH-dependent sorption behavior has previ-
ously been described only to a limited extent in the literature. Here, the 
binding of 6:2 FTSA and 8:2 FTSA decreased with, on average, 0.46 and 
0.39 log units per unit pH, respectively. These decreases were larger as 
compared to those previously reported, i.e. 0.08–0.17 log units per pH 
unit (Nguyen et al., 2020; Barzen-Hanson et al., 2017; Zhi and Liu, 
2019). As for EtFOSA, its average sorption decrease across soils was 0.20 
log KOC units per pH unit (Figs. 1 and 2), which was essentially identical 
to that of the other investigated non-ionized PFAS (i.e., FOSA) (Fig. 2 
and Fig. S6b), having the same number of fluorinated carbons. This 
suggests that, for the C8 fluoroalkyl sulfonamides (FASAs), the pH de-
pendency was governed by charge interactions between the perfluoro-
carbon backbone and the sorbent. 

3.2. Sorption isotherms 

The Mor Oe soil exhibited more or less nonlinear sorption isotherms 
for 8 out of 13 analyzed PFASs with fitted Freundlich exponent n values 
lower than 0.75 (Fig. 3, Table S11, Figs. S8–S9). For the Peat Oi soil, the 
exponent n ± SD of the fitted Freundlich isotherm was, on average, 0.85 
± 0.21 across 12 analyzed PFAS. Thus, sorption onto Peat Oi was 
generally linear or close to linear, as for this soil, the 95% confidence 
interval of the exponent n included the value 1.0 for all PFASs except 
PFDoDA. Only a few studies with sorption isotherm data for organic soils 
have been published up to date (i.e., Zhi and Liu, 2018; Zhi and Liu, 
2019; Milinovic et al., 2015). The data for the peat soil DUBLIN (Mil-
inovic et al., 2015) and Pahokee peat IHSS standard (Zhi and Liu, 2018, 
2019) showed linear sorption isotherms for PFOS as well as for PFOA 
(Freundlich n values for PFOS: 0.82–0.9; n values for PFOA 0.83–1.05), 
which agrees with our observation that there is a more or less linear 
sorption behaviour for these PFASs onto peat. As for the binding 
strength, the calculated concentration-specific log KOC* values (mL g− 1 

OC) for PFOS and PFOA were slightly lower than those determined 
previously for PFAS sorption to peat. For example, the log KOC values for 
PFOS at pH:s between 4.6 and 5.3 ranged from 2.59 to 2.88 in three 
previous studies (Milinovic et al., 2015; Zhao et al., 2014; Zhi and Liu, 
2018), while in the current study, a log KOC* value of 2.58 was obtained 
for Peat Oi at pH 3.7 (Table S11), at similar concentrations (i.e., CW ~ 
10 nmol L− 1). For PFOA, the corresponding log KOC values were 1.99 
and 2.23 in the studies of Milinovic et al. (2015) and Zhi and Liu (2018), 
respectively, while the log KOC* was 1.80 for Peat Oi in the current 
study. Also in comparison with our previous study (Campos Pereira 
et al., 2018), the log KOC values were generally lower. The reasons for 
this are unclear, although both structural differences between samples 
as well as differences in the methodological approach may be involved. 
The more or less linear sorption onto Peat Oi suggests that this material 
was fairly homogeneous in terms of “binding sites” for PFASs, which 
may be due to the fact that the substrate was made up entirely of 

Fig. 2. Regressed slopes of Δlog10 KOC (mL g− 1 OC) per unit pH as a function of 
the length of the perfluorinated carbon chain for various PFAS subclasses. Error 
bars represent the standard error of the mean (n = 3 soils). 
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Fig. 3. Sorption isotherms for soils Peat Oi and Mor Oe. n is the fitted exponent of the Freundlich sorption isotherm. The dashed line indicates 50% binding. Each 
data point corresponds to duplicate samples. Experimental conditions: background electrolyte 10 mM NaNO3, pH 3.5–3.7. Data for the other analyzed PFASs are 
given in the Supplementary data section (Figs. S10–S11 and Table S12). 
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Sphagnum fuscum with a low degree of alteration through decomposi-
tion. It also suggests that these binding sites were far from being satu-
rated with PFAS. The more pronounced sorption nonlinearity in Mor Oe 
suggested that factors such as sorbate–sorbate (i.e. PFAS–PFAS) in-
teractions and/or binding site heterogeneity influenced the sorption 
behaviour in this soil. The SOM of Mor Oe was derived from multiple 
litter sources and had been subjected to a more pronounced decompo-
sition. Notably, the higher general affinity for PFASs of the Peat Oi 
sample compared to the Mor Oe sample was consistent over the studied 
concentration range (Fig. 3 and Figs. S8–S9). The log KOC* values for the 
Peat Oi and Mor Oe samples normalized at CW = 10 nmol L− 1 (Fig. S10) 
largely agree with the data from the pH-dependent sorption test (Fig. 4). 
Across all analyzed PFASs, KOC values were between − 0.27 (PFHxS) and 
1.70 (PFDoDA) log units larger in Peat Oi as compared to those in Mor 
Oe, with an average difference of 0.59 log units in sorption strength 
between the soils. 

3.3. Effect of PFAS structural features on sorption to SOM 

In agreement with previous studies, the average sorption onto SOM 
increased with increasing length of the perfluorocarbon chain within the 
homologue groups of PFCAs, PFSAs and FTSAs (Fig. 4) (e.g. Higgins and 
Luthy, 2006; Milinovic et al., 2015; Campos Pereira et al., 2018). For the 
partitioning shown in Fig. 4, the aqueous concentration CW after 
equilibration was, on average, 17 ± 15 nM, i.e. CW ranged from 0.61 nM 
(PFTeDA) to 52 nM (PFBS). Exceptions (* in Fig. 3) are the partitioning 
coefficients for PFHpA, PFNA and PFDA, which, because of incorrect 
mass balances in the pH-dependent sorption experiment, were calcu-
lated from their respective sorption isotherm at a CW of 10 nM (pH =
3.5–3.7). For the PFCA and PFSA subclasses, the increase in sorption per 
additional CF2 moiety were 0.13 ± 0.12 and 0.30 ± 0.06 log KOC units, 
respectively, which is slightly lower as compared to previously reported 
values for PFCAs (Guelfo and Higgins, 2013; Higgins and Luthy, 2006) 
and PFSAs (Milinovic et al., 2015; Higgins and Luthy, 2006). These 
differences may be due both to differences in the studied substrates, and 
in the compounds included in the regressions. For example, we covered 
most PFCAs having chain lengths between C6 and C13, while, e.g. 

Higgins and Luthy (2006) covered PFCAs with chain lengths between C7 
and C10. However, for the FTSAs, the Δlog KOC values per additional CF2 
moiety observed in the present study (0.49 ± 0.13) were similar to those 
of Barzen-Hanson et al. (2017) for soils with lower organic carbon 
contents (0.10–7.7%). As for the role of PFAS head group type in the 
sorption behavior, the overall binding of the C8 analogs onto SOM 
decreased in the order of EtFOSA > FOSA >8:2 FTSA ≈ PFOS > PFNA 
(Table S12). Hence, the presence of an uncharged (N-ethyl) sulfonamide 
functional group (Rayne and Forest, 2009b) favored sorption over the 
presence of an anionic sulfonate or carboxylate head group, in agree-
ment with previous work on sorption of anionic and neutral chemicals 
including PFASs (e.g. Nguyen et al., 2020). The similar binding strengths 
of 8:2 FTSA and its perfluorinated analog PFOS indicated that the hy-
drogenated spacer group (–CH2CH2–) of 8:2 FTSA did not contribute to 
its sorption behavior in any of the soils (Fig. 3, Fig. S11). This agrees 
with previous reports on the similarity of FTSA and PFSA mobility and 
changes in sorption upon changes in solution chemistry (Zhi and Liu, 
2019). However, 6:2 FTSA was generally bound somewhat less strongly 
as compared to its perfluorinated analog PFHxS (Fig. S11). 

The binding strength of EtFOSA was similar (Mor Oe and Peat Oe) or 
higher (Peat Oi) than that of FOSA (Fig. 3). Hence, the addition of an 
ethyl group to the –SO2-NH- head group appeared to have enhanced the 
binding strength in some soils. However, more research is needed to 
more accurately assess the fate and transport of EtFOSA in the terrestrial 
environment. 

3.4. Sorption of PFASs to the different organic soil materials 

The overall sorption by the peat materials was stronger as compared 
to that of the mor layer for the majority of the PFASs, i.e. for PFCAs with 
a perfluorocarbon chain length of C6, C8–C11 and C13, the FASAs (i.e. 
FOSA and EtFOSA), and 8:2 FTSA (Figs. 3 and 4, Fig. S10 in SI). For these 
PFASs, the overall sorption tended to decrease in the order of Peat Oi >
Peat Oe > Mor Oe (p < 0.05, generalized linear mixed model). Gener-
ally, the difference in sorption of a specific PFAS between peat and mor 
layer material increased with the length of the perfluorocarbon chain 
within the PFCA subclass, and with the size of the functional head group 
(EtFOSA > FOSA) among the FASAs (Fig. 4, Fig. S10). 

The overall larger sorption of PFASs to Peat Oi and Peat Oe as 
compared to that of the Mor Oe may be due to several factors. One 
possible explanation could be that the surface charge density differed 
between the three soil materials. However, the surface charge properties 
of the soils were similar according to its respective titration curve 
(Fig. S4) and its calculated surface net charge (Fig. S5). This indicates 
that the overall quality of SOM was the soil property that caused the 
difference in sorption behavior (Table 1 and Fig. S12). The quality 
among the soils reflected the origin and the pedogenic alteration of their 
SOM. For example, as compared to the two peat soils, Mor Oe was 
characterized by larger amounts of phenolic moieties (142–160 ppm of 
chemical shift), lignin and lipid compounds, and by a higher alkyl C to 
O-alkyl C ratio, indicating a stronger decomposition of its SOM (Baldock 
et al., 1997; Prietzel et al., 2018) and/or a higher contribution of 
lignin-like or woody substrates (Hedges and Oades, 1997; Normand 
et al., 2017). Furthermore, the abundance of carbohydrates decreased 
distinctively in the order of Peat Oi (72%) > Peat Oe (61%) > Mor Oe 
(42%), which is in accordance with the overall order of sorption affinity 
of the soils. Thus, although our study was limited to a small number of 
soils, our results suggested that the overall sorption of the majority of 
PFASs (i.e., C6, C8–C11 and C13 PFCAs, FASAs and 8:2 FTSA) was posi-
tively related to carbohydrate (O-alkyl) content and inversely related to 
phenolic (aromatic) moieties. This is in agreement with the findings of 
Zhao et al. (2014), who found that the binding of PFOS and PFHxS to 
three organic fractions was positively related to their aliphatic content 
and inversely related to their aromatic content. 

Fig. 4. Partitioning coefficients log10 KOC (mL g− 1 OC) at pH 4.2 ± 0.2, i.e. at 
pH values similar to the pH(H2O) of the respective soil. See text for the meaning 
of the asterisk (*). Background electrolyte: 0.01 mol L− 1 NaNO3. Error bars 
represent the standard deviation (n = 2). 
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4. Conclusions 

The pH-dependent binding of PFASs to the three organic soil mate-
rials could be related to changes in surface charge, assessed by 
geochemical modelling, which mainly was due to protonation of acidic 
functional groups. The pH/charge dependency increased as a function of 
perfluorocarbon chain length up to C10 (PFUnDA), probably due to 
increased charge interactions between the perfluorocarbon backbone 
and the substrate resulting from the negative charge (δ–) present on the 
electronegative fluorine atoms. For more long-chained PFCAs, the hy-
drophobic effect caused by the perfluorocarbon chain possibly overrides 
this phenomenon, as a smaller pH/charge dependency was observed. 

Sorption to the peat soils (Oi and Oe) was generally stronger as 
compared to that onto mor layer (Spodosol Oe) material. The three soils 
all had similar charge density properties, suggesting that the quality of 
SOM was the principal soil property explaining the different sorption 
behaviors of PFASs in this study. The carbohydrate content (O-alkyl C) 
was positively related to the overall binding. However, only three soils 
were included in our study and more research is needed to clarify the 
link between the quality of organic matter and its binding affinity for 
PFASs. 

The two PFAS precursors 6:2 FTSA and 8:2 FTSA exhibited the same 
pH-dependent binding as their perfluorinated analogs PFHxS and PFOS, 
supporting the hypothesis that the perfluorocarbon chain length played 
an important role for the pH dependency. The binding strength was the 
same for 8:2 FTSA and PFOS, indicating that the hydrogenated spacer 
group (–CH2CH2–) of 8:2 FTSA did not contribute to its sorption 
behavior in any of the soils. For the shorter-chained 6:2 FTSA, inclusion 
of this group resulted in a slightly weaker sorption compared to PFHxS. 
Accordingly, the environmental behaviour of the two fluorotelomer 
sulfonates can be expected to be similar to that of their perfluorinated 
analogs. 
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price of really clean water: combining nanofiltration with granular activated carbon 
and anion exchange resins for the removal of per- and polyfluoralkyl substances 
(PFASs) in drinking water production. ACS ES&T Water 1, 782–795. https://doi.org/ 
10.1021/acsestwater.0c00141. 

Guelfo, J.L., Higgins, C.P., 2013. Subsurface transport potential of perfluoroalkyl acids at 
aqueous film-forming foam (AFFF)-impacted sites. Environ. Sci. Technol. 47, 
4164–4171. https://doi.org/10.1021/es3048043. 

Gustafsson, J.P., 2001. Modeling the acid–base properties and metal complexation of 
humic substances with the Stockholm Humic Model. J. Colloid Interface Sci. 244, 
102–112. https://doi.org/10.1006/jcis.2001.7871. 

Gustafsson, J.P., 2020. Visual MINTEQ – a free equilibrium speciation model. accessed 
3.18.21, URL. https://vminteq.lwr.kth.se/. 

Gustafsson, J.P., Berggren Kleja, D., 2005. Modeling salt-dependent proton binding by 
organic soils with the NICA-Donnan and Stockholm Humic Models. Environ. Sci. 
Technol. 39, 5372–5377. https://doi.org/10.1021/es0503332. 

Hedges, J.I., Oades, J.M., 1997. Comparative organic geochemistries of soils and marine 
sediments. Org. Geochem. 27, 319–361. https://doi.org/10.1016/S0146-6380(97) 
00056-9. 

Higgins, C.P., Luthy, R.G., 2006. Sorption of perfluorinated surfactants on sediments. 
Environ. Sci. Technol. 40, 7251–7256. https://doi.org/10.1021/es061000n. 

Higgins, C.P., Luthy, R.G., 2007. Modeling sorption of anionic surfactants onto sediment 
materials: an a priori approach for perfluoroalkyl surfactants and linear 
alkylbenzene sulfonates. Environ. Sci. Technol. 41, 3254–3261. https://doi.org/ 
10.1021/es062449j. 

Johnson, R.L., Anschutz, A.J., Smolen, J.M., Simcik, M.F., Penn, R.L., 2007. The 
adsorption of perfluoroodctane sulfonate onto sand, clay, and iron oxide surfaces. 
J. Chem. Eng. Data 52, 1165–1170. https://doi.org/10.1021/je060285g. 

Kinniburgh, D.G., 1986. General purpose adsorption isotherms. Environ. Sci. Technol. 
20, 895–904. https://doi.org/10.1021/es00151a008. 
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Kögel-Knabner, I., 2002. The macromolecular organic composition of plant and 
microbial residues as inputs to soil organic matter. Soil Biol. Biochem. 34, 139–162. 
https://doi.org/10.1016/S0038-0717(01)00158-4. 

Lath, S., Knight, E.R., Navarro, D.A., Kookana, R.S., McLaughlin, M.J., 2019. Sorption of 
PFOA onto different laboratory materials: filter membranes and centrifuge tubes. 
Chemosphere 222, 671–678. https://doi.org/10.1016/j.chemosphere.2019.01.096. 

Mejia-Avendaño, S., Zhi, Y., Yan, B., Liu, J., 2020. Sorption of polyfluoroalkyl surfactants 
on surface soils: effect of molecular structures, soil properties, and solution 
chemistry. Environ. Sci. Technol. 54, 1513–1521. https://doi.org/10.1021/acs. 
est.9b04989. 

Milinovic, J., Lacorte, S., Vidal, M., Rigol, A., 2015. Sorption behaviour of perfluoroalkyl 
substances in soils. Sci. Total Environ. 511, 63–71. https://doi.org/10.1016/j. 
scitotenv.2014.12.017. 

Nascimento, R.A., Nunoo, D.B.O., Bizkarguenaga, E., Schultes, L., Zabaleta, I., Benskin, J. 
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