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Sorption of Perfluorooctane Sulfonic
Acid Including Its Isomers to Soils:
Effects of pH, Natural Organic Matter
and Na>SO,

Jean-Noel Uwayezu, Leo W. Y. Yeung and Mattias Backstrom *

Man-Technology-Environment Research Centre (MTM), Orebro University, Orebro, Sweden

Perfluorooctane sulfonic acid (PFOS) has been produced in large quantities for the use in
various applications. As a consequence, PFOS is ubiquitous in the environment. Managing
transportation of PFOS requires a clear understanding of PFOS mobilization in soils and
their interactions with different soil components. The current study investigated a pH-
dependent sorption of PFOS isomers onto soil and the effect of dissolved humic
substances and Na,SQO,. Sorption experiments of PFOS isomers was conducted on
top and subsoils to assess their capacity to retain PFOS. Topsoil and subsoil samples were
sampled from two areas in Kvarntorp, Kumla, Sweden. Sorption experiments were
performed by shaking a mixture of soil and soil solutions spiked with PFOS isomers.
One way ANOVA showed that linear PFOS (L-PFOS) and branched PFOS (Br-PFOS)
isomers showed different sorption behavior onto soils. Calculated logarithmic partition
coefficients revealed that L-PFOS is readily sorbed onto soils sampled at area 1) at very low
pH (<4.5) whereas it was the least sorbed onto soils collected at area 2) under the studied
pH range. Electrostatic interactions governed the sorption of PFOS isomers during acidic
conditions whereas other mechanism controlled the sorption during neutral to alkaline
conditions. The presence of humic acid enhanced the sorption of all PFOS isomers
whereas fulvic acid inhibited their sorption onto soil. Sorption results revealed that the
topsoil had a high capacity to sorb all PFOS isomers compared to the subsoil from the
same area. For soils collected from an area covered by young oak trees, a high sorption on
the topsoil was attributed to a high organic content [measured as loss on ignition (LOI)] and
cation exchange capacity (CEC). However, there was no correlation between sorption
capacity and LOI or CEC content for soil collected from another area covered by spruce
forest. This suggested that the sorption on latter soils was controlled by other
physicochemical properties.

Keywords: soil, perfluorooctane sulfonate isomers, sorption, humic substances, sodium sulfate

INTRODUCTION

As a result of using materials containing per- and polyfluoroalkyl substances (PFAS), soil
contaminated by these compounds is reported globally (Nakayama et al., 2019; Kurwadkar et al.,
2021). The highest PFAS contaminations are reported at sites contaminated by point sources such as
the use of aqueous film forming foams (AFFF) for firefighting (Langberg et al., 2021; Nickerson et al.,
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2021). AFFF mainly contained PFOS that was manufactured via
electrochemical fluorination (ECF). The ECF produced a mixture
of linear (L-PFOS) and branched (Br-PFOS) isomers with up to
70% and 30% proportion respectively. Although PFOS was
banned from production and use in AFFF, these chemicals are
persistent in the environment. Hekster et al. (2002) showed that
the estimated half-life of PFOS in the environment is 41 years,
and this time can be even longer. This implies that PFOS still
exists in soil if no remediation was undertaken. PFAS existing in
soil may be mobilized and lead to the contamination of natural
waters. Consequently, several aquatic systems such as rivers and
groundwaters are reported to contain high concentration of PFOS
isomers (Schulz et al., 2020; Ali et al.,, 2021; Nickerson et al.,
2021). Numerous adverse effects associated with inhaling of
PFOS from contaminated water are reported (Andersson et al.,
2019; Zeng et al., 2019; Zeeshan et al., 2021). Toxicological studies
have shown that high exposure to PFOS may cause various health
effects including alteration to immune system, liver and kidney
diseases, adverse reproduction and developmental effects and
cancer (Fenton et al., 2021). To be able to halt these adverse effects
caused by PFOS, it is very crucial to fully understand the behavior
of PFOS isomers in different materials through which human life
could be exposed to these chemicals.

Managing bioavailability of PFAS in soil requires a clear
understanding of PFAS mobilization and their interactions
with different soil components. The authors acknowledge
previous efforts done to help understand the effect of different
parameters such as increased PFAS sorption as pH decreases
(Campos-Pereira et al., 2020; Gagliano et al., 2020; Lu et al., 2016;
Uwayezu et al,, 2019, Uwayezu et al., 2022), increasing PFAS
sorption in presence of dissolved organic carbon (Higgins and
Luthy, 2006; Uwayezu et al, 2019; Gagliano et al,, 2020),
enhancement of PFAS sorption in the presence of divalent
metal cations (Wang et al,, 2012), decreased sorption in the
presence of anions (Uwayezu et al, 2019; Schulz et al., 2020)
and the contribution of soil minerals (Milinovic et al., 2015; Li
et al.,, 2018; Liu et al., 2020; Nguyen et al., 2020).

Though several studies reported different distribution
behavior of PFOS in soils, available literature do not provide a
clear understanding about the behavior of PFOS isomers in soils.
PFAS isomers exhibits difference in distribution behavior as a
result of their physicochemical properties such as hydrophobicity
and water solubility (Gao et al., 2019). Kdrrman et al. (2011)
reported different distribution of PFAS isomers in soil from a
training facility that used an AFFF. Schulz et al. (2020) also
mentioned the difference in distribution of PFOS isomers
between soil and water. However, soils contain dissolved
natural organic matters and other inorganic substances, which
could affect the soil capacity governing the mobility of PFOS
isomers. Our previous studies have shown that dissolved humic
substances and sulfate may affect the distribution of PFOS
isomers to goethite and hydrargillite (Uwayezu et al, 2019,
Uwayezu et al, 2022). Currently, it is not fully understood
how substances present in soils affect the transport of PFOS
isomers in soils. Thus, a systematic investigation of the sorption
of PFOS isomers to soil would add more knowledge about the
mobility and bioavailability of PFOS in the environment.

PFOS Isomer Sorption to Soils

This study was conducted to 1) investigate the distribution of
L-PFOS and Br-PFOS isomers of PFOS between soils and water
2) to evaluate the effect of soil depth on the distribution of PFOS
isomers in soil and 3) to understand the pH-dependent sorption
of PFOS isomers in soils and the effect of humic substances and
sulfate ions. We hypothesize that the PFOS isomers might exhibit
different sorption pattern due to their physical properties whereas
presence of humic substances might enhance the capacity of a soil
via hydrophobic mechanisms.

MATERIALS AND METHODS

Materials

Potassium salt of PFOS containing linear PFOS and branched
PFOS isomers was obtained from Sigma Aldrich. Sodium
hydroxide (NaOH) and hydrochloric acid (HCI) were also
obtained from VWR (>99%). Fulvic acid (Siikajoki) with an
average molecular weight around 1 400Da and an acid
capacity of 5.15meqg ' was extracted from humic substances
according to Pettersson et al. (1997). A humic acid (Aldrich soil
humic acid) (technical grade) with a molecular weight of around
3,400 Da was obtained from Sigma-Aldrich (Chemie GmbH,
Germany). Ammonjum acetate (> 99%) was purchased from
Fluka (Steinheim, Germany). Organic solvents such as LC-grade
methanol (99.9%) and acetonitrile (>99.9%) were bought from
Fisher Scientific (Leicestershire, United Kingdom) and in Fisher
Scientific, United States, respectively.

The raw water used to perform sorption experiment was
collected from Lake Vittern (south of Stora Hammarsundet).
Physicochemical properties of Lake Vittern water is provided in
our previous publications (Uwayezu et al., 2019, Uwayezu et al,,
2022). Four different soils were sampled in Kvarntorp, Kumla,
Sweden. The first two soils were collected at an area covered by
young oak trees; the first soil being collected at the surface after
removing soil covers (topsoil) and the second soil at 25 cm depth
(subsoil) using a shovel. These two soils are referred to as topsoil
(1) and subsoil (1). The other two soils referred to as topsoil (2)
and subsoil (2) were sampled at another area covered with spruce
forest, one soil at the surface and one 25 cm below the surface.

Batch Tests

Spiked solutions used in sorption experiments were prepared
following procedures published in our recent works (Uwayezu
et al,, 2019, Uwayezu et al,, 2022). Briefly, 3 mg of PFOS salt
containing linear and branched isomers was dissolved in 25 L of
Lake Vittern water and mixed using a stirrer to ensure complete
dissolution. The soils were dried at 60°C for 3 days and
homogenized using a mortar. Sieves with a screen of 0.5 mm
was used to obtain the fine particles from the soils that were being
used during the batch experiments.

Sorption experiments were carried out in 50 ml polypropylene
tubes containing 0.25 g soil. Before each batch test, solution
chemistry was modified by separate additions of humic acid
(HA), fulvic acid (FA) and Na,SO,. A final concentration of
20mg/L FA or HA solutions were used whereas final
concentration of Na,SO, was 100 or 1,000 mg/L after addition.
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pH was adjusted to between 2.5 and 11 using either HCl or
NaOH. The rationale behind the selection of levels of added
chemicals was discussed in details in our previous studies
(Uwayezu et al., 2019, Uwayezu et al., 2022). Previous studies
have shown that sorption of PFOS to soil particles reached
equilibrium in 24h (Milinovic et al,, 2015; Campos Pereira
et al., 2018). Therefore, suspensions containing PFOS isomers,
soils and added chemicals were shaken for 24 h. During each
series of sorption experiment a positive control (i.e., sorption
experiment with PFOS spiked water and without adsorbent) and
a negative control [ie., sorption experiment with only MilliQ
water (18.2 MQ)] were used to make sure that there was no PFOS
loss or contamination. After shaking, suspensions were
centrifuged at 5,432 g for 15 min, and filtered through 0.45 um
syringe filters. The supernatants were stored for PFAS and other
chemical analysis. For each batch of tests, a procedural blank
(MilliQ water) and a quality control (PFOS spiked solution) were
conducted in parallel, but no electrolyte and sorbent were
included.

Perfluorooctane Sulfonic Acid
Quantification and Other Measurements

Concentration of PFOS isomers in the supernatants was
measured  using an  ultra-high-performance  liquid
chromatography coupled to tandem mass spectrometry
(UPLC-MS/MS). The used UPLC-MS/MS was Waters Acquity
Ultra-performance Liquid chromatograph coupled to a triple
quadrupole mass spectrometers XEVO-TQS (UPLC/MS/MS,
Waters Corp, Milford, MA, United States) equipped with a
100 mm x 2.1mm C18 BEH column (1.7-um particle size).
Chromatographic separation conditions were adopted from
our previous studies (Uwayezu et al, 2019, Uwayezu et al,
2022). The L-PFOS was detected as an individual isomer
whereas Br-PFOS isomers were quantified in two groups
namely 3/4/5-PFOS and 6/2-PFOS.

Equilibrium pH and electrical conductivity were measured
using a 744 PH Meter Q) Metrohm and a sensIONTM + EC7
respectively. An ICP-MS Agilent 7500 was used for the
measurement of metal concentrations in the supernatants.
Briefly, 1 ml aliquot of each solution was filtered using a
0.2 um Millipore nylon filter and diluted with 9ml of 1%
HNO;. Diluted solutions were then spiked with rhodium
(1%*Rh) internal standard before aspiration into the ICP-MS.

Loss on ignition (LOI) was performed by weighing in 5 g of
each soil sample in crucibles and employing 550°C for 1h in a
muffle furnace. A solution of ammonium acetate (1 mol L) at
pH 6.95 was used to determine the cation exchange capacity
(CEC) capacity of the soil samples (Burt, 2011). CEC was
determined by measuring the amount of extractable calcium,
magnesium, sodium and potassium.

Data Analysis

The amount of PFOS isomers sorbed to soils was determined by
subtracting the amount of PFOS isomers in the supernatant at
equilibrium from the initially spiked PFOS amount. It was
assumed that PFOS lost from the solutions was adsorbed to

PFOS Isomer Sorption to Soils

the soil in suspension. A partition coefficient of PFOS between the
aqueous phase and the soil was calculated using Eq. 1. All
determined partitioning coefficients were transformed into
their logarithmic form.

Amount of PFOS (pg)/gof soil

K, =
4~ Amount o f PFOS(pg)/mL o f water phase

(1)

The analysis of variance (one way ANOVA) computed using
Minitab 19 was used to evaluate the statistical difference in
sorption capacity of different soils and different PFOS isomers.
In this approach, duplicate sorption tests were carried out on four
unmodified soils. The averages of partition coefficients (K4) were
determined to elaborate the difference in sorption behavior at
95% confidence interval.

The evaluation of sorption behavior of PFOS isomers as a
function of pH and added chemicals was performed using scatter
charts plotted using Microsoft Excel program.

RESULTS AND DISCUSSION

Soil Characterization

The measured physicochemical properties of the four soil
samples are presented in Table 1. In general, the soils
collected from area (1) were higher in magnitude of all
measured parameters. To estimate soil organic carbon
(SOC), the LOI was measured. The LOI may be used to
determine the SOC when a rough estimate is needed
(Jensen et al.,, 2018). The current study showed that topsoil
(1) and subsoil (1) had 9% and 6% LOI respectively. The LOI
was the same (3%) for topsoil (2) and subsoil (2). Following the
expression (SOC = 0.39*LOI-0.28) found by Jensen et al.
(2018), the estimated SOC values are given in Table 1. The
EC was the same for soils (1) and was relatively higher for
subsoil (2) compared to topsoil (2). On the other hand, CEC
was higher for subsoil (1) compared to topsoil (1) and was the
same for soils (2).

Soils collected at area (2) were characterized by equal LOI
content (3%) and CEC (0.03 meq/100 g) and were both more
acidic than the soils sampled at area (1).

Despite that elemental composition analysis was not
performed on the soils, the measurement of metal
concentration in soil leachates revealed that there was a
higher leaching of metals such as Al, Ba, Ca, Fe, Mg and
Mn from topsoil (1) compared to subsoil (1) and from subsoil
(2) compared to topsoil (2). The extent of dissolved metals in
solutions are considered to be an indicator of metal oxide
content in soil (Schwertmann, 1991; Lainer et al., 2008). As
such, the aluminum and iron minerals were slightly higher in
topsoil (1) compared to subsoil (1) and in subsoil (2) compared
to topsoil (2).

Other soil properties such as texture and zero point of charge
(pHp,c) were not measured in the current study. However, based
on previous studies, we believed that the present soils were of
glacial till type, with the pH,,. in the range 7.0 + 2.5 (Olsson,
1999; Al-Hamdan and Reddy, 2006).
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PFOS Isomer Sorption to Soils

TABLE 1 | Physicochemical characteristics of the used soils. EC, electrical conductivity; LOI, loss on ignition, CEC (cation exchange capacity) and pH.

Soil LOI (%) Estimated SOC EC (us/cm) CEC (meq/100 g) pH
Topsoail (1) 9 3 23.5 0.18 4.82
Subsoil (1) 6 2 24.8 0.24 4.94
Topsoail (2) 3 1 8.27 0.03 4.25
Subsoail (2) 3 1 16.4 0.03 4.44
—e—TopSoil (1) —e—TopSoil (2)
2,0 —a—Subsoil (1) 2,0 ——Subsoil (2)
—~ 1,8 =18
o bo
- )
E L6 E16
kel kel
4
w 1,4 w 1,4
S K]
1,2 1,2
1,0 1,0
L7 6 8 L2 L% Lp
7 2, P % 2p %
e, p"bs Qs DN %0 Os
FIGURE 1 | Logarithmic partitioning coefficients for PFOS isomers on soils. The dots represent the minimum and maximum values (1 = 2). The pH in solutions were
5.5+ 04.

Distribution of Perfluorooctane Sulfonic

Acid Isomers on Soils

The PFOS isomeric profile in the spiked solutions was 78.8%
L-PFOS, 8.6% 3/4/5-PFOS and 10.6% 6/2-PFOS based on 19-F
NMR analysis provided in the certificate of analysis, which was
similar to PFOS manufactured using ECF process. The
concentration of PFOS isomers in solutions that were in
contact with unmodified soils (no added chemicals) showed
that the proportion of linear and branched PFOS slightly
changed (i.e, 84% L-PFOS, 6% 3/4/5-PFOS and 11% 6/2-
PFOS). This was probably due to the L-PFOS and Br-PFOS
which exhibited different sorption behavior on the investigated
soils. The distribution behavior of PFOS isomers on the four
studied soils is shown in Figure 1. The results showed that the
logarithmic values of partition coefficients of PFOS isomers
varied from log K4 = 1 to log K4 = 2.

In general, the vertical spread of PFOS isomers in soils showed
that the sorption of all PFOS isomers were higher onto the
topsoils compared to the soils sampled at 25cm below the
ground. A drop in log Ky from topsoil to subsoil (1) was 1.5
to 1.1, 1.5 to 1.4, and 2.0 to 1.5 for L-PFOS, 6/2-PFOS and 3/4/5-
PFOS, respectively. The corresponding variation in partition
coefficient in soils collected at area (2) was 1.4 to 1.1, 1.6 to
14, and 1.8 to 1.3 for L-PFOS, 6/2-PFOS and 3/4/5-PFOS,
respectively.

The soils collected from the area covered with young oak trees
(area 1) had different composition with respect to LOI, EC and
CEC (Table 1). For these soils, there was an observable
correlation between the partitioning coefficients of PFOS
isomers and soil content in SOC or CEC. For instance, the

average sorption ability of topsoil (1) (high SOC and low
CEC) was about 1.4 (log Ky) higher that the sorption capacity
of subsoil (1). The observed PFOS partitioning behavior
regarding CEC was expected as the CEC measures soil ability
to exchange cations. Given that PFOS are anionic during the
studied pH values, the soil ability to hold PFOS is inversely
proportional to the CEC (Li et al., 2018).

The soils sampled from the area covered with spruce forest did
not display any differences in SOC and CEC. Even though the
topsoil (2) and subsoil (2) were equivalent in SOC and CEC
composition, they displayed differences in sorption capacity of
PFOS isomers. The current behavior may indicate that the
sorption may be controlled by other factors besides
electrostatic  and  hydrophobic  mechanisms. It was
demonstrated that not only the organic matter of soil
adequately explains the partitioning of PFOS on soil but also
other physicochemical properties of soil have influence on the
sorption behavior (Milinovic et al., 2015). Previous studies have
shown a positive correlation between the distribution of PFOS
and soil mineral content (Hellsing et al., 2016; Li et al., 2019; Liu
et al.,, 2020). In the current study, metal concentration in the
solutions that were in contact with the soils was measured as
indicators of Fe and Al mineral content of the soils (Table 2).
However, these indicators could not help to understand the
observed sorption pattern. The sorption of PFOS isomers was
higher onto topsoil (2) which showed lower levels of Fe and Al in
solution. The lack of consistency in the PFOS isomers distribution
onto soils (2) could indicate that the soils contained significant
amounts of other components not measured in our study and
which may have affected the sorption.
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5k (a)! --#--3/4/5/-PFOS (Top 1) 2,5 |(b) --4-- 3/4/5/-PFOS (Top 2)
g S8 ---A---6/2-PFOS (Top 1) ---A—-- 6/2-PFOS (Top 2)
NN --@---L-PFOS (Top 1) ---@--- L-PFOS (Top 2)
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pH pH
FIGURE 2 | Logarithmic sorption coefficients of PFOS isomers onto soils as a function of pH: (A) sub and top soils taken at the area (1) and (B) sub and top soils
taken at the area (2).

Moreover, comparing soils (1) and soils (2), the order of their
sorption capacity toward the sorption of PFOS was topsoil (1) >
topsoil (2) > subsoil (2) and subsoil (1). Obviously, the relatively
higher sorption capacity of topsoil (1) could be associated to the
higher SOC (or LOI) content. The lower capacity of subsoil (1) in
comparison to other soils was probably due to its higher CEC.

In order to evaluate the difference or similarity in sorption
behavior between L-PFOS and Br-PFOS isomers, one way
ANOVA using Tukey comparison was used to test the
difference of means. The ANOVA outputs showed that there
is a statistical difference in means of logarithmic partition
coefficients between the two groups of Br-PFOS isomers
(i.e, 6/2-PFOS and 3/4/5/-PFOS) or Br-PFOS and L-PFOS
(except for a few cases (Supplementary Table S1). The results
in Figure 1 indicate that the group of 3/4/5-PFOS isomers has the
highest sorption whereas the L-PFOS was the least sorbed. The
order in sorption was 3/4/5-PFOS > 6/2-PFOS > L-PFOS. It is
known that PFOS isomers exhibit differences in hydrophobicity
properties that lead to variation in their distribution behavior
(Schulz et al., 2020). The current PFOS distribution behavior
reveals that the Br-PFOS isomers are more readily sorbed onto
soil compared to the linear PFOS, which is consistent with their
distribution onto goethite or hydrargillite sorbents during the
same pH ranges (Uwayezu et al., 2019, Uwayezu et al., 2022).
Notably, the current distribution of PFOS isomers was dissimilar
to observations from a previous study, which reported that the
Br-PFOS are likely to be enriched in the water phase (Kirrman
etal, 2011). As the pH in the study performed by Kirrman et al.
(2011) was not measured, it can be speculated that difference in
soil pH could lead to differences in the distribution of L-PFOS
and Br-PFOS isomers. In our previous studies, the sorption of
L-PFOS dominated at very acidic conditions (pH < 4.5)
(Uwayezu et al.,, 2019, Uwayezu et al., 2022).

The partition coefficients of PFOS isomers as a function of pH
revealed that coefficients for L-PFOS were only slightly higher

than those for Br-PFOS during acidic conditions (pH < 4.5) on
the soil collected from area (1). At pH > 4.5, the coefficients for
Br-PFOS became slightly higher (Figure 2). This indicates that
acidic conditions disfavored the leaching of linear PFOS whereas
neutral to alkaline conditions favored sorption of Br-PFOS
isomers on this type of soil. Soil organic matter gets more
protonated at low pH, which enhances the sorption via
electrostatic and hydrophobic mechanisms (Nguyen et al,
2020). Thus, we can speculate that one likely reason for the
observed higher sorption of L-PFOS during acidic conditions was
stronger  hydrophobic interactions caused by higher
hydrophobicity character of L-FOS. L-PFOS was the least
sorbed onto soil (2) under all investigated pH. This is the
opposite distribution behavior compared to soils (1) and that
previously reported onto hydrargillite/goethite (Uwayezu et al,,
2019, Uwayezu et al., 2022). The reason for this is not known;
however, if the observed behavior of L-PFOS onto soils (1)
(higher sorption at pH < 4.5) was caused by the high SOC
content, one of the reasons that could explain the distribution
of L-PFOS onto soils (2) could be the low SOC content.

In summary, the current PFOS isomeric profile on the four
investigated soils is consistent with several other studies, which
showed that structural isomers of PFOS display different
distribution on soil and other environmental matrices
(Kdrrman et al,, 2011; Gao et al., 2019; Schulz et al., 2020).

Effect of pH and Chemical Additives on the
Sorption of Linear Perfluorooctane Sulfonic

Acid Isomers

The sorption behavior of L-PFOS as a function of pH and in the
presence of humic substances or sulfate is plotted in Figure 3. It is
noteworthy that the soils collected from area (1) which display
differences in measured physicochemical properties are the only
one taken into consideration during the paragraph presented
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FIGURE 3| Logarithmic sorption coefficients of L-PFOS on (A) topsoil (1) and (B) subsoil (1) as a function of pH and effect of dissolved humic substances or sodium
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here. The analysis of partitioning coefficients showed that the
sorption of L-PFOS on the two soils (1) was high during acidic
conditions and become less during neutral to alkaline conditions
(Figures 3A,B). To easily illustrate the trending, averaged
partitioning coefficient were plotted versus acidic [pH 2.5-5.5],
neutral [pH 6.0-7.0] and alkaline conditions [pH 7.0-10.5]
(Supplementary Figure S1). pH excluded in the intervals were
not measured in any of the performed tests. The current sorption
behavior of L-PFOS as a function of pH is consistent with the
behavior of other PFAS compounds (Du et al,, 2014; Nguyen
et al., 2020). Based on the study by Al-Hamdan and Reddy,
(2006), it is estimated that the pH,,. of the current soils is in the
7.0 = 2.5 range. Thus, at pH < 7.0 + 2.5, the soils bear positive
charges which attract L-PFOS carrying negative charges. A
decrease in sorption during an increase in pH is attributed to
a decrease in net positive charges on the soil surface. Though the
soil surface is expected to be negatively charged at pH > 7.0 + 2.5,
sorption of L-PFOS was still observed. This is probably due to
other mechanisms such as hydrophobicity, ligand exchange, or a
metal bridging effect which control the sorption of PFAS in the
absence of electrostatic interactions (Milinovic et al., 2015; Wei
et al., 2017).

The effect of pH on the sorption of PFOS varies among added
analytes (Du et al., 2014). Humic substances, which are abundant
substances of soil organic matter influence the transport of PFAS
in soils (Campos Pereira et al., 2018). In the present study, the
presence of HA and FA has affected the sorption capacity of
L-PFOS to topsoil (Figures 3A,B). HA enhanced the sorption of
L-PFOS on topsoil. The observed results were expected since HA
has larger molecular weight (3,400 Da) compared to FA (average
molecular weight around 1,400 Da). The current sorption
behavior of L-PFOS onto soil and in the presence of HA was
consistent with its sorption behavior reported onto goethite and
hydrargillite under similar conditions (Uwayezu et al, 2019,

Uwayezu et al.,, 2022). The observed sorption enhancement in
the presence of HA during acidic conditions could be linked to
added hydrophic interactions besides existing -electrostatic
interactions.

Nevertheless, the presence of HA enhanced the sorption of
L-PFOS during neutral to alkaline conditions. As previous
discussed in our previous study (Uwayezu et al, 2019), the
presence of divalent metal cations (e.g, Ca** or Mg™")
leaching from the soil (or initially present in Lake Vittern
water) could induce the sorption of HA on soil and ultimately
enhance the sorption of L-PFOS via hydrophobic mechanisms.
Note that the presence of HA reduced the sorption of L-PFOS on
subsoil for unknown reasons. On the other hand, the presence of
FA reduced the sorption in the entire pH range. One possible
explanation is that the FA has a low molecular weight and thus
might have competed with the sorption of L-PFOS on soil. The
current behavior of L-PFOS distribution on soil in the presence of
FA was similar to the distribution on hydrargillite (Uwayezu
et al., 2022).

Sorption of L-PFOS was influenced by addition of Na,SO,.
The presence of Na,SO, increased the ionic strength of the
solution (Supplementary Table S2). It was demonstrated that
changes in ionic strength affects the sorbent properties by
reducing effective charges on the surface (Cai et al., 2022). In
the current study the presence of Na,SO, in the solutions
decreased the sorption of L-PFOS at about pH < 5. This could
be explained by decreased positive charges during acidic
conditions which wultimately decreased the -electrostatic
attraction between the anionic L-PFOS and a positively
charged surface. At increased pH (>5), an increased
sorption was observed in 1g L' Na,SO, solutions. This
could be due to a reduction in negative charges on the soil
surface, which ultimately reduces a repulsion between the
surface and PFOS molecules. Alternatively, similar to the
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TABLE 2 | Metal concentration in solutions that were in contact with the four
studied soils at different pH. BDL, below detection limit.

pH 3 4 5 6 7 8 10
Soil Topsoil (1)
Fe (ug L™ 106 16 11 3.0 7.0 357 87
Mn (ug L) 23 10 5.0 2.0 BDL 15 3.0
Al (ug L™ 634 74 16 7.0 4.0 272 388
Ca (g L™ 2,310 1,760 1,350 1,230 980 895 353
Mg (ug L™ 305 252 211 213 190 158 27
Ba (ugL™") 12 5.0 2.0 1.0 1.0 1.0 BDL
Soil Subsail (1)
Fe (ug L™ 72 12 7.0 1.0 7.0 6.0 36
Mn (ug L7 53 17 9.0 BDL BDL BDL 2.0
Al (ug L™ 499 53 15 4.0 3.0 23 200
Ca(gl™ 2560 1,960 1,570 1,080 1,140 658 456
Mg (ugL™") 326 251 219 156 173 74 18
Ba (ugL™") 16 6.0 2.0 1.0 1.0 BDL  BDL
Soil Topsail (2)
Fe (g L™ 5.0 5.0 4.0 BDL 1.0 1.0 2.0
Mn (ug L7 1.0 1.0 1.0 1.0 BDL BDL  BDL
Al (g L™ 111 56 13 3.0 4.0 9.0 87
Ca(gl™ 1540 1,550 1,480 1,270 1250 1,110 764

Mg (g L) 241 251 242 219 230 209 24
Ba(ug L™ 3.0 2.0 2.0 1.0 BDL BDL  BDL

Soil Subsail (2)
Fe (ug L™ 93 31 8.0 5.0 17 16 24
Mn (ug L™ 1.0 1.0 2.0 1.0 6.0 9.0 2.0
Al (g L™ 373 69 8.0 6.0 17 108 288
Ca(glL™ 1570 1510 1,300 1,210 1,120 1,020 816
Mg (ugL™") 246 242 228 216 211 160 20
Ba(ugL™) 4.0 3.0 1.0 1.0 BDL 1.0 BDL

PFOS sorption behavior in the presence of sulfate salts
observed in previous studies (Zhang et al,, 2011; Uwayezu
et al, 2019, Uwayezu et al, 2022), the current decreased
sorption of L-PFOS at pH < 5 could be due to a
competition for binding sites on soil between L-PFOS and
SO,4>” during acidic conditions. However, as observed for the
sorption of L-PFOS on subsoil and in the presence of humic
substances, the sorption behavior of L-PFOS on subsoil and in
the presence of Na,SO, was dissimilar to the sorption behavior
on the topsoil and other studies for unclear reasons. The
present results showed that the presence of SO4°~
(i.e., 1gL’1 Na,SO, solution) decreased the sorption of
L-PFOS during acidic conditions (pH < 5) by 0.8 order of
magnitude. A such inhibition of PFOS sorption by the
presence of SO4>~ was also found in sorption studies carried
out onto goethite and hydrargillite (Uwayezu et al., 2019,
Uwayezu et al., 2022).

To better describe the vertical mobility of L-PFOS from the
topsoil to the soil at 25 cm below the surface, ratios of logarithmic
coefficient between the two soils were determined (Table 3). A
ratio higher than one unit (>1) implied that L-PFOS was less
mobile in the topsoil.

PFOS Isomer Sorption to Soils

Based upon the determined ratios, the L-PFOS was more
retained in the topsoil during nearly all environmental pH
conditions. When any chemical additive was made, the
L-PFOS isomer was always higher than unit and was the
highest in the presence of humic acid.

Effects of pH and Chemical Additives on the
Sorption of Branched Perfluorooctane

Sulfonic Acid Isomers

As observed from the sorption behavior of L-PFOS, the sorption
of Br-PFOS was higher during acidic conditions and decreased
after shifting experimental conditions from acidic to alkaline. The
curves for logarithmic coefficients of 6/2-PFOS isomers as a
function of pH are plotted in Figures 4A,B. Similarly, in
Figure 5 the sorption logarithmic coefficients of 3/4/5-PFOS
as function of pH are plotted. Average values of logarithmic
coefficients for 6/2-PFOS and 3/4/5-PFOS isomers in in acidic,
neutral and alkaline conditions are shown in Supplementary
Figure S1.

In comparison with the L-PFOS, the Br-PFOS was sorbed to a
lower degree during acidic conditions (Figures 2A,B). For
instance, for tests carried out on topsoil (1), the respective
averaged logarithmic coefficients were 2.29, 2.18 and 2.34 for
3/4/5-PFOS, 6/2-PFOS and L-PFOS in the pH range 2.5-4.5. On
the other hand, at increased pH, the sorption of Br-PFOS became
higher than that of L-PFOS (e.g., averaged log K4 were 1.89, 1.50
and 1.29 for 3/4/5-PFOS, 6/2-PFOS and L-PFOS respectively in
the 5.0-7.0 pH range).

Similar to the sorption of L-PFOS or other PFAS compounds,
the electrostatic interactions were the most important
mechanisms through which the Br-PFOS were sorbed to the
soils during acidic conditions (Uwayezu et al., 2019, Uwayezu
et al, 2022). As mentioned in earlier paragraphs, other
mechanisms resulting from the soil properties might have
controlled the observed sorption of Br-PFOS during alkaline
conditions. Besides electrostatic interactions, Br-PFOS could
sorb to soils via hydrophobicity, ligand exchange, or metal
bridging effect mechanisms, which as described in prior
studies (Milinovic et al., 2015; Wei et al., 2017).

The presence of HA enhanced the sorption of both 3/4/5-
PFOS and 6/2-PFOS groups of isomers on the topsoil (1)
whereas the FA decreased the sorption. Regarding the
sorption behavior on subsoil (1), the presence of both HA
and FA decreased the sorption of Br-PFOS under the entire
investigated pH range. In general, the presence of humic acids
in the solutions containing PFOS and soil exhibited the same
effect on the sorption of Br-PFOS as it was observed for
L-PFOS. However, the magnitude in sorption enhancement
was slightly higher for the L-PFOS. The average log K4 was
increased by 1.08, 1.14 and 1.16 for 3/4/5-PFOS, 6/2-PFOS and
L-PFOS respectively when 20 mg L' HA solutions containing
PFOS isomers were used under natural pH of the current
studied soils (approximately pH 4.5).

In contrast to the L-PFOS, which only sorbed less during
acidic conditions when Na,SO, was added in solutions, the
sorption of two groups of identified Br-PFOS isomers was
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PFOS Isomer Sorption to Soils
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FIGURE 4 | Logarithmic sorption coefficients of 6/2-PFOS on (A) topsoil (1) and (B)
sodium sulfate. Control without adding any additives.
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FIGURE 5 | Logarithmic sorption coefficients of 3/4/5-PFOS on (A) topsoil (1) and (B) subsoil (1) as function of pH and effect of dissolved humic substances or
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TABLE 3 | Ratio of logarithmic coefficients of L-PFOS between topsoil and subsoil.

Ratio (log Control 20 mg L' FA
K4 topsoil

(1)/log K4

subsoil (1)

pH range

[2.5-5.5] 1.07 1.06
[6.0-7.0] 1.19 1.11
[7.0-10.5] 0.93 1.21

20 mg L' HA 0.1 g L™! Na:SO. 1gL™" Na:SO.
1.24 1.15 0.78
3.50 1.31 1.15
273 1.20 1.12
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TABLE 4 | Ratio of logarithmic coefficients of Br-PFOS between topsoil and subsail.

Ratio (log Control 20mg L' FA

K4 topsoil

(1)/1og K4

subsoil (1)

pH range

[2.5-5.5] 3/4/5-PFOS 6/2-PFOS 1.21 1.01
1.04 1.98

[6.0-7.0] 3/4/5-PFOS 6/2-PFOS 1.24 0.84
1.14 0.87

[7.0-10.5] 3/4/5-PFOS 6/2-PFOS 1.24 0.78
1.00 0.68

decreased under the entire range of investigated pH in the
presence of Na,SO,. The reason for decreased sorption for Br-
PFOS in neutral to alkaline conditions is not well known. The
current behavior may indicate that the presence of Na,SO, or
increasing ionic strength disfavored the sorption of Br-PFOS,
however, this phenomenon should be further investigated for
better understanding.

To further investigate the mobility of Br-PFOS from the
topsoil to subsoil and assess their transport to groundwater,
ratios between log K4 were again determined (Table 4). The
results showed that the ratios were higher than a unit (>1)
when no substance was added in the solutions and the ratios
for 3,4,5-PFOS were higher than those for the 6/2-PFOS group.
This may again indicate that the Br-PFOS are more retained in
the topsoil whereas the 3,4,5-PFOS group is more readily
sorbed on topsoil than the 6/2-PFOS group. Here again, the
presence of HA increased the ratio for the two groups of
isomers in the entire investigated pH range.

CONCLUSION

The present study investigated the sorption behavior of PFOS
isomers onto natural soils. The results indicated that L-PFOS
and Br-PFOS display differences in sorption onto soils. The
L-PFOS was readily sorbed at low pH whereas the Br-PFOS
isomers sorbed more during nearly neutral and alkaline
conditions. The soil content of LOI and CEC influenced the
sorption of PFOS isomers onto soil collected from one area (1)
while no correlation between sorption behavior and the same
parameters for soil collected from another sampling area (2)
was found. This suggested that besides hydrophobic
interactions caused by LOI contents of soil, other
physicochemical properties of soils influence the sorption
behavior. The partition coefficients of PFOS isomers on
soils varied among added chemicals. Our study showed that
the presence of HA decreased the leaching of PFOS isomers
from the topsoil (1) whereas, the FA increased it. In the
presence of SO,% the sorption of PFOS isomers was
decreased under the whole studied pH range.

PFOS Isomer Sorption to Soils

20 mg L' HA 0.1 gL' Na:SO. 1gL" Na:SO,
1.67 1.00 0.83
1.42 1.06 0.80
1.89 1.07 0.69
2.67 0.77 0.77
1.68 0.91 0.70
2.77 0.66 0.89

A comparison of sorption capacity between the topsoil and
subsoil showed that all investigated PFOS isomers were more
retained on the topsoil than on the subsoil. Difference in soil
properties was found to be one of the reasons of the difference in
sorption capacity. Indeed, the results showed that the presence of HA
enhances the sorption of PFOS isomers on the topsoils. The current
study highlighted that the sorption of PFOS isomers onto the subsoil
was inconsistent from that of PFOS isomers on the topsoil for
unknown reasons. Thus, additional work is needed to further
investigate the role of components of subsoils on the sorption of
PFOS. Of particular importance would be to test the sorption/
desorption kinetic of PFOS isomers onto all soil layers to explore
the mechanisms and assess their transport to groundwater.
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