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Abstract

Salinity (S) and suspended particulate matter (SPM) are key factors influencing the sorp-
tion of micropollutants in estuaries, due to strong gradients in these ecosystems. Previous
laboratory or field-based studies have typically investigated the impact of S or SPM sepa-
rately. Thus, the combined effects of S and SPM as well as their interactions on the sorp-
tion of micropollutants such as per- and polyfluoroalkyl substances (PFAS) in estuarine
environments still remain poorly understood. We initially investigated the adsorption ki-
netics of 11 anionic and zwitterionic PFAS onto estuarine sediment under one S/SPM
combination in laboratory-controlled conditions, as well as their adsorption isotherms
under two S/SPM combinations. We also determined their distribution coefficients (Ky)
across 35 S/SPM combinations covering a wide range of estuarine conditions. The ad-
sorption kinetics of PFAS could be described by a pseudo-second-order model (equilib-
rium time <24h). Sorption isotherms were fitted by both linear and Freundlich models;
the linear sorption range was in the range 0.12-1.31 nM and K varied between 0.6 and
55271 L/kg. Based on response surface modelling, both S and SPM were significant fac-
tors, i.e. K4 was positively related to S (salting-out effect), while it was negatively related to
SPM concentration (third-phase effect). SPM had a stronger effect than S for short-chain
carboxylates, whereas S was the dominant factor for most other compounds. We also
present, for the first time, evidence of a significant negative interaction between these
two factors. This study therefore provides a new perspective to model the fate of PFAS
at the land-sea interface.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) have been widely utilized for over 70 years in
various industrial sectors, including the fluoropolymer industry, aqueous film-forming foams
(AFFFs) or household products (Evich et al., 2022). The fate of PFAS in the aquatic environment
has attracted public and scientific attention for the extreme persistence of many of these
compounds, their widespread occurrence and their toxic effects (Manojkumar et al., 2023; Zhong
et al., 2021). Due to both i) the hydrophobic/lipophobic nature of their fluoroalkyl chain and ii) the
charged state of most of these substances, PFAS are expected to interact strongly with sediment
particles in aquatic ecosystems (Munoz et al., 2017). This may influence their transport and
distribution (Ahmed et al., 2020). Estuarine sediments are considered as a major sink for PFAS
(Feng et al., 2020), and sediment-water interactions under estuarine conditions are considered a
crucial process in determining the distribution and fate of micropollutants at the land-sea interface
(Bowman et al., 2002). This is a critical issue since a recent study further confirmed the major role
of oceans in the global cycling of PFAS (Sha et al., 2022).

The sorption of PFAS onto suspended sediment plays an important role in the fate of these
chemicals under estuarine conditions; such interactions are governed by both PFAS properties
and environmental factors such as salinity (S) and suspended particulate matter (SPM)
concentration (Zhang et al., 2019). PFAS with different properties exhibit different sorption
behaviors. Previous studies reported that PFAS characteristics such as chain length (Fabregat-
Palau et al., 2021; Sérengard et al., 2020), nature of the functional group (Nguyen et al., 2020;
Sorengard et al., 2020) and charged state (Mejia-Avendario et al., 2020; Xiao et al., 2019) may
affect PFAS sorption. For instance, the sorption behavior of legacy PFAS such as perfluoroalkyl
acids (PFAAs) (including perfluorocarboxylic acids (PFCAs) and perfluoroalkyl sulfonates
(PFSAs)) has been extensively studied (Mejia-Avendano et al., 2020). For those compounds,
hydrophobicity and electrostatic interactions have been regarded as the main driving forces of
sorption (Higgins & Luthy, 2006; Du et al., 2014; Sorengard et al., 2019; Nguyen et al., 2020).
Previous studies indicated that the length of the PFAA hydrophobic fluoroalkyl chain clearly
influences the sorption process (Mejia-Avendario et al., 2020; Nguyen et al., 2020). For a similar
chain length, PFSAs, which bear a sulfonic group, possess a higher adsorptive capacity than
PFCAs due to their more hydrophobic structure (Askeland et al., 2020; Butzen et al., 2020).
Besides, electrostatic interaction between anionic PFAAs and positively charged adsorbents
facilitate sorption (Zhang et al., 2019). However, there is also electrostatic repulsion between
anionic PFAAs and negatively charged adsorbents that hinders sorption (Yin et al., 2022). Overall,
it is considered that hydrophobicity may be a more prevailing factor compared to electrostatic
interaction (Nguyen et al., 2020).

Apart from legacy PFAS, emerging cationic or zwitterionic PFAS such as 8:2 fluorotelomer
sulfonamidoalkyl betaines (FTABs) have been detected widely, although reports still remain scarce
(Munoz et al., 2016; Meng et al., 2021; Macorps et al., 2023). The sorption of these chemicals
appears more complex and difficult to predict, based on the bulk sorbent properties. Meanwhile,
there is still a lack of information on the sorption of co-occurring legacy and emerging PFAS with
contrasting properties (Yin et al., 2022). Some studies found that the co-occurrence of PFAS
species as well as their initial concentrations could influence PFAS sorption (Liu et al., 2022; You
et al., 2010). At lower concentration (i.e. <200 nM), the influence of competitive adsorption on
isotherms was generally negligible and PFAS isotherms were linear (Liu et al., 2022). At higher
concentration, however, competitive adsorption exists between long-chain and short-chain PFAS,
i.e. short-chain PFAS are indeed prone to be displaced by long-chain PFAS (Zhang et al., 2023).
Thus, estimating the effect of the PFAS initial concentration on sorption isotherms is critical for
investigating the sorption behavior of co-occurring PFAS. This clearly contributes to providing more
reliable information for evaluating and simulating the fate of PFAS in the environment.

In addition, S and SPM are two prevalent factors affecting the adsorption process in estuaries,
due to the large contrasting S and SPM gradients from fresh to seawater (Munoz et al., 2017).
Laboratory experiments showed that S had a favorable impact on PFAS sorption, which is partly
related to the salting-out effect: an increasing salt concentration decreases the solubility of neutral
solutes in water (You et al., 2010). Besides, the linearity of PFAS adsorption isotherm may be
affected by salinity because the increase of salt concentration reduces the electrostatic repulsion
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between adsorbents and sorbates (Chen et al., 2020). As regards the effect of SPM on sorption,
a few experimental studies have shown a decrease of Kd with increasing SPM concentration,
owing to the particle-concentration effect (Bowman et al., 2002; Munoz et al., 2017). For instance,
a sharp decrease in Kd in the SPM range <0.02-0.5 g L-1 was observed in a field-study by (Munoz
et al., 2017). It was hypothesized that such particle-concentration effect might be due to the
enhanced aggregation of SPM particles at high concentrations. This causes a drastic decrease of
SPM specific surface area, thereby reducing the amount of available sorption sites (Munoz et al.,
2017) and causing nonlinear sorption of PFAS (Chen et al., 2020). However, owing to the complex
dynamics of S and SPM in estuarine areas, understanding the combined influence of these factors
on PFAS sorption remains intricate and data on the particle-water distribution of PFAS under
contrasted conditions is still limited. Previous attempts to address this issue primarily relied on
field-based data, which, while useful, can sometimes be complex to interpret due to potentially
overlooked confounding factors (Munoz et al., 2017). To date, the combined effects of S and SPM,
as well as their interactions, on PFAS sorption in estuarine environments have not been
investigated under controlled laboratory conditions — an essential requirement for accurately
assessing the relative influence of these factors.

Therefore, the main objective of this work was to study the effect of major drivers of PFAS Kd
under estuarine conditions, using experiments performed in a laboratory-controlled setting. More
precisely, the specific objectives of this work were 1) to determine the sorption kinetics of 11
anionic and zwitterionic PFAS onto a model estuarine sediment; 2) to investigate their sorption
isotherms and their linear sorption range; 3) to use response surface methodology (RSM) modeling
to investigate the combined influence of S and SPM on PFAS sorption and their interaction effects.

Materials and methods

Chemicals

As regards quantitative analysis, certified PFAS native standards (n = 11) and isotope-labeled
internal standards (I1Ss) (n = 10) were all obtained from Wellington Laboratories (BCP Instruments,
Irigny, France) (chemical purity >98% and isotopic purity >94%). Native PFAS included seven
perfluoroalkyl carboxylic acids (PFCAs: PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnNnDA,
PFDoDA), three perfluoroalkyl sulfonic acids (PFCAs: PFHxA, PFHpA, PFOA, PFNA, PFDA,
PFUNDA, PFDoDA), three perfluoroalkyl sulfonic acids (PFSAs: PFHxS, Br-PFOS, L-PFOS) and
one polyfluoroalkyl zwitterionic compound (8:2 FTAB). Besides, '*C2-PFHXxA, '*Cs-PFHpA, 3Cs-
PFOA, ¥Cs-PFNA, 3C2-PFDA, 3Cs-PFUNDA, '0.-PFHxS, and *C4-PFOS were used as ISs.
Note that herein L-PFOS refers to the linear PFOS isomer and Br-PFOS to the sum of branched
PFOS isomers. The concentrations of Br-PFOS were calculated from the calibration curve used
for L-PFOS (Munoz et al.,, 2015, 2017). Please refer to Table S1 and Table S2 in the
Supplementary information for more information on the standards and internal standards.

To perform sorption experiments, we used a different set of standards. Pure PFAS (> 98%)
standards were supplied by Sigma-Aldrich (St Quentin Fallavier, France) while 8:2 FTAB (>95%)
was synthesized by Innovorga (Reims, France). Note that the PFOS standard was actually a
technical mixture containing both L- and Br-PFOS (7:3). For these standards, working solutions
were prepared in MeOH at 70 ng/mL.

Ammonium acetate (CH3COONH4) (7.5 mM aqueous solution), hydrochloric acid (HCI),
methanol (MeOH, Ultra gradient HPLC gradient grade) and acetonitrile (ACN, Ultra gradient HPLC
gradient grade) were from J.T. Baker (Atlantic Labo, Bruges, France). Supelclean ENVI Carb
cartridges (250 mg/3 mL), ammonium hydroxide (NH4OH) (28.0-30.0 % NH3 basis), sodium
hydroxide (NaOH, >98.5%) and ammonium acetate (Fluka) for HPLC (= 99.0 %) were obtained
from Sigma-Aldrich (St Quentin Fallavier, France). Ultrapure water was obtained using a Millipore
Elix 10 system fitted with an EDS Pak polisher. Instant Ocean synthetic sea salt was purchased
from Aquarium Systems (France). Nitrogen gas (99.999 %) was from Linde (St Priest, France).
Polypropylene (PP) centrifuge tubes (50mL/225 mL) were obtained from Corning, Tewksbury,
USA.
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Sediment and salt solutions

A composite sediment sample (1 kg) was collected from tidal mudflats at Cadaujac, in the
upstream area of the Gironde estuary (South West France, 44°45°23”N / 0°31’44”W). Samples
were then air-dried, ground to a fine powder with a ball mill, sieved at 63um, homogenized and
stored at room temperature in an amber glass jar. The background concentration of PFAS in this
sediment sample was analyzed. The results showed that most PFAS targeted in this study were
present, albeit at low levels (< limit of detection—0.37 ng/g dry weight). Details on the sediment
properties and the background PFAS concentrations are provided in Tables S3 and S4.

To perform sorption experiments under contrasting salinities, a series of solutions was
prepared by adding different amounts of synthetic sea salt into Milli-Q water, and the salinity was
measured by a salinometer and recorded. The pH of each experimental solution was adjusted to
7.8 with 0.1M HCIl and 0.1M NaOH solutions. The selected pH reflects the natural conditions in the
studied estuarine environment (Munoz et al., 2017) and is commonly employed in PFAS sorption
studies to ensure consistent anionic speciation of PFAS as well as stable sediment surface
properties (Nguyen et al., 2020; Yin et al., 2022). Please see Table S6 in the Supplementary
information for additional details on pH and salinity.

Batch sorption experiments

Batch sorption experiments were performed in either 50 or 225 mL polypropylene (PP)
centrifuge tubes, depending on the SPM concentration. A mixed solution containing eight PFCAs,
two PFSAs and one polyfluoroalkyl betaine was prepared in MeOH at 0.3-2.2 ug/L. PFAS with
different properties were studied as a mixture, in order to mimic environmental conditions (i.e. co-
occurrence of PFAS).

In order to determine the sorption equilibrium time, preliminary sorption kinetic experiments
were carried out. Specifically, 25 mg of sediment was weighed into each 50 mL polypropylene (PP)
centrifuge tube (i.e. SPM level = 1 g/L), then 50 mL of water (17.5 %0) was added, and the pH of
the experimental solution was adjusted to 7.8. The sediment/water mixtures were equilibrated
overnight in a horizontal shaker at 250 rpm and 20 °C. Then, the target PFAS were added to the
sample, so that the initial concentration of each PFAS reached 1 nM. At each time interval (2h, 8h,
24h, 48h and 72h), aqueous and sediment phases were separated by centrifugation at 5000 x g
for 5 min, then stored at -20°C in polyethylene containers until further analysis. Experiments were
run in triplicates.

To investigate the linear range of PFAS sorption isotherms, sorption was first studied under
two representative conditions that are prone to exhibit nonlinear isotherms: #1) low S and high
SPM concentration (0.15 % and 3000 mg/L, respectively), and #2) high S and low SPM
concentration (35 %o, and 150 mg/L, respectively). The initial PFAS concentrations were in the
range 0.17-20 nM (i.e. approximately 0.17 nM, 0.33 nM, 0.83 nM, 1.67 nM, 5 nM, 10 nM and 20
nM). Based on the sorption kinetic study, 24 h was sufficient to reach sorption equilibrium (see
below). The sorption isotherm experiments therefore lasted for 24 h, then samples were
centrifuged to separate the dissolved and particulate phases as described above.

Based on the results of the preliminary sorption isotherm experiments, we concluded that, when
considering the whole PFAS mixture, PFAS sorption was linear over the concentration range of
0.12-1.31 nM (see section 3.2). The combined effects of S and SPM concentration on PFAS
sorption were studied within that range, through a 5x7 full factorial experimental design. S varied
from 0.15 to 35 %o (5 levels: 0.15, 9, 17.5, 26.5, and 35 %.,) while SPM ranged between 37.5 and
3000 mg/L (7 levels: 37.5, 80, 150, 350, 750, 1500, and 3000 mg/L). It is noteworthy that tests
were performed at PFAS concentrations at least two orders of magnitude lower than those
commonly found in the literature, aligning more closely with realistic environmental conditions Full
details on S/SPM combinations are provided in Table S8. Experiments were conducted in
duplicates with an aqueous PFAS concentration of 0.12—1.31 nM (depending on the compound)
and an equilibration time of 24 h; samples were then processed as described above. The order of
the experiments was generated randomly using a full factorial design in Minitab software.

PFAS analysis

Aqueous samples were diluted with MeOH (1:1, v/v), then spiked with 0.8 ng IS standard
mixture. Freeze-dried sediment samples (0.0075-0.15 g) with 0.2—8 ng internal standard mixture
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were subjected to sonication-assisted extraction with 2 mL of MeOH containing 50 mM ammonium
acetate (10 min, 70 °C) before ENVI-Carb cleanup. Extracts were concentrated to 200—700 uL at
45°C under a gentle nitrogen flow.

The quantitative analysis was carried out on a 1290 liquid chromatography system combined
with a 6460 triple quadrupole mass spectrometer, both from Agilent Technologies (Massy, France).
The system was operated in multi-reaction monitoring mode (MRM) with positive and negative
electrospray ionization. The chromatographic separation was completed on Eclipse plus C18
column (1.8m, 2.1mmx100mm; Agilent Technologies, USA). The mobile phase consisted of 2 mM
ammonium acetate in water and 95% ACN / 5% water containing 2 mM ammonium acetate (v/v),
and the flow rate was set at 0.4 mL/min. Please see Table S2 and Table S6 for full details on MRM
mass transitions and instrumental conditions. Internal calibration curves were used to quantify
PFAS and R? values of all curves were greater than 0.99.

Quality assurance and quality control

Kinetic experiments were carried out in triplicates and isotherm experiments were carried out
in duplicates. Control experiments (sediment-free) were carried out to investigate the PFAS loss
due to sorption onto PP tube walls, which accounted for 0.3-31 % of the mass initially added,
depending on the compound (see Figure S1 and Table S7). In addition, recovery experiments were
carried out for both water and sediment samples, to assess the efficiency and reliability of the
pretreatment method (Table S7). Limits of detection (LODs) and limits of quantification (LOQs)
were defined as the concentration with a signal-to-noise ratio of 3 and 10, respectively (Table S7).

Sorption models

In order to figure out the sorption mechanism of PFAS on clay sediment, the sorption kinetics
data was fitted by pseudo-second-order model, and the model could be expressed as follows (Miao
et al., 2017):

t 1 t
—=— +—
qr  kagz e

(1)

Where q,is the amount of PFAS adsorbed on the sediments at time t (h) (ng/mg); q, is the

amount of PFAS adsorbed on the sediments at equilibrium (ng/mg); k2 is the sorption rate constant
(mg/ng/h).

The linearity of sorption isotherms is mainly related to the initial aqueous PFAS concentration,
sediment properties and solution characteristics (Chen et al., 2020). Isotherm models, including
both nonlinear and linear models, are commonly used for complete information on sorption affinity.

At low initial PFAS aqueous concentrations, PFAS sorption isotherms tend to be linear. It is
expressed as (Guo et al., 2016; Miao et al., 2017):

(2) qedeCe

Where K, (mL/g) is the distribution coefficient of PFAS between sediments and water. At given
equilibrium concentrations, the single-point distribution coefficient (K;) could provide information
on specific-concentration distribution, which is commonly used for comparing the sorption capacity
under different conditions in many studies (Chen et al., 2020).

At higher aqueous PFAS concentrations, however, sorption may deviate from linearity. Hence,
more complex models are required to describe PFAS-sediment interactions. The Freundlich
isotherm model is frequently used in such cases and can account for the nonlinearity of sorption
isotherms by concave and convex patterns (Chen et al., 2020). It is defined as follows (Guo et al.,
2016; Miao et al., 2017):

(3) qe=KgC¢
Where q, (ng/mg) and C, (ng/mL) are the equilibrium concentrations of PFAS in the solid and

aqueous phases, respectively; Ky (ng/mg)/(ng/mL)n is the capacity affinity parameter; n
(dimensionless) is the exponential parameter. When n<1, the nonlinear isotherm exhibits a convex
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pattern, which can be explained by the heterogeneity of the sediment and the occurrence of
competition for the sorbent (Chen et al., 2020); When n>1, sorption isotherm exhibits a concave
pattern, which is induced by solute interactions through the vertical stacking of PFAS alkyl chains.
This may lead to cooperative sorption, in addition to interactions with sorption sites of different
nature (Chen et al., 2020).

Response surface methodology

Response surface methodology (RSM) is an effective experimental design method widely used
for investigating the effects and potential interactions between various variables associated with
the response (Malyuta et al., 2023).

As described above, a full factorial design was implemented to investigate the combined effects
of SPM and S on PFAS sorption (Table S8) The experimental data were evaluated in Minitab 16
software and fitted to the second-order polynomial equation model to determine the influence of
these two factors on the Kd of individual PFAS.

The response function, modeled as a second order polynominal function, was determined using
regression analysis. The quadratic model was as follows (Hasan et al., 2010):

(4) Y =By +XBiXi + X BuX] + X BiiXiX; + €

where Y is the response, B, is the constant, B; is the slope or linear effect of the input factor X;,
Bi; is the quadratic effect of input factor X;, B;; is the linear-by-linear interaction effect between the

input factor X; and ¢ is the residual term. Statistical significance was set at p <0.05.

Results and discussion

Sorption kinetics

The sorption kinetics of eleven PFAS onto sediments are shown in Figure 1. It was observed
that significant PFAS sorption occurred within the initial 8 h. Then, sorption increased slowly and
there were no significant changes in the PFAS concentration in the sediment after 24 h, suggesting
that sorption equilibrium was achieved at 24 h. Such results are consistent with previous studies
that reported equilibrium times in the range 0.5-24 h (Askeland et al., 2020; Mejia-Avendafio et
al., 2020; Miao et al., 2017; Pan et al., 2009; Yin et al., 2022; You et al., 2010). Studies on similar
sorbate-sorbent systems have shown that changes in environmental parameters such as salinity
may shift the equilibrium sorption amount but do not extend the time required to reach equilibrium
(Yin et al., 2022).To ensure the equilibrium sorption of PFAS on sediments at different salinities (0
- 35 %o0) and different SPM concentrations (37.5-3000 mg/L), the subsequent adsorption
experiments were therefore carried out using 24h equilibration time.

The pseudo-second-order model fitted the data well: all R? values determined for the kinetics
curves were higher than 0.95 (Table S9), suggesting that chemical interaction was possibly
involved in the sorption of PFAS on sediment (e.g., anion exchange interaction) (Yu et al., 2009;
Maimaiti et al., 2018). Besides, the molecular structure of PFAS may also affect their adsorption
kinetics. The concentration of the eleven PFAS in the sediment at equilibrium followed this order:
8:2FTAB>PFDoDA>PFUnDA>PFDA>L-PFOS>PFNA>Br-PFOS>PFOA>PFHpA>PFHxA>PFHxS
(Table S9). As expected, longer-chain PFAS exhibited stronger sorption onto sediment compared
with shorter-chain PFAS, indicating that hydrophobic interactions were an important driving force
for PFAS sorption (Yin et al., 2022). This was especially evident in the carboxylate group (Figure
1a). Besides, PFSAs (i.e., L-PFOS) had higher concentrations in the sediment than PFCAs (PFNA)
with the same perfluorocarbon chain length, which could be attributed to the fact that sulfonates
are more hydrophobic than carboxylates (Askeland et al., 2020). In addition, the concentration of
the zwitterionic 8:2 FTAB was higher than that of anions (i.e., PFNA, L-PFOS and Br-PFOS) with
the same perfluorocarbon chain length. This can be attributed to the fact that 8:2 FTAB exhibits
both positive and negative charges, which may result in higher affinity for the negatively charged
sediment surface, through electrostatic attraction with cation exchange sites (Xiao et al., 2019;
Barzen-Hanson et al., 2017).
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Figure 1 - Kinetics of PFAS sorption onto sediment: (1a) and (1b) show the
relationships between the sampling time and the PFAS concentrations in the
sediment, while (1c) and (1d) show the pseudo-second-order curves.

Sorption isotherms

The sorption isotherms of the target PFAS onto sediment were studied using linear and
Freundlich models under two conditions (i.e. condition #1: low S + high SPM vs condition #2: high
S + low SPM). These contrasting conditions are typical of those found upstream in the fluvial
estuary and downstream near the open ocean, respectively. It was hypothesized that lower SPM-
water partitioning (i.e. Kd or KF values) were expected under condition #1 compared to condition
#2 (Munoz et al.,, 2017). This phenomenon may be attributed to the fact that elevated SPM
concentrations promote particle aggregation, thereby decreasing the specific surface area
available for PFAS sorption and ultimately resulting in reduced equilibrium distribution coefficients

(Munoz et al., 2017).

For both conditions, it was found that the sorption isotherms of PFAS exhibited both a linear

and a non-linear range (Figure 2 and 3).
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Figure 2 - Sorption isotherms of individual PFAS onto SPM under condition #1 and
modeling using the Linear and Freundlich models (S: 0.15 %o; SPM: 3000 mg/L).
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As regards condition #1, the linear range is shown in Table 1. At low aqueous equilibrium
concentrations, PFAS exhibited linear isotherms that were fitted by the linear model (R? > 0.93);
the Kd values obtained from the slope of the linear isotherms for all PFAS in the concentration
ranged from 0.71 to 965 L/kg. At higher aqueous equilibrium concentrations, however, PFAS
sorption isotherms reflected nonlinear sorption and they were fitted by the Freundlich model
(R?>0.99); KF values were in the range of 0.66 to 582 (ng/g)/(ng/mL)" (Table 1). Here, the convex
pattern of the isotherm curve was attributed to the limited number of sorption sites provided by the
sediments even under high SPM concentration, which was also reported by other studies (Chen
et al., 2020; Pan et al., 2009; Xiao et al., 2019; You et al., 2010). Results from both the linear and
Freundlich models indicated that PFAS structure had an impact on their sorption behavior. Longer-
chain PFCAs or PFSAs indeed showed greater sorption than their shorter-chain counterparts (i.e.,
PFDoDA > PFUnDoA > PFDA > PFNA > PFOA > PFHpA > PFHxA and L-PFOS > Br-PFOS >
PFHxS). For PFAS of equal fluoroalkyl chain length, sulfonates exhibited stronger sorption than
carboxylates (e.g., L-PFOS > PFNA, and PFHxS > PFHpA), and the only zwitterion considered in
this study showed greater sorption than anions with a similar number of perfluorinated carbon
atoms (e.g., 8:2FTAB > L-PFOS and PFNA). In addition, linear PFAS demonstrated significantly
stronger sorption to sediment than their branched counterparts (e.g., L-PFOS vs. Br-PFOS). This
difference is attributed to the linear isomers’ rod-like conformation, which facilitates extensive van
der Waals interactions with the sorbent surface and has been observed previously (e.g., Munoz et
al., 2017). Overall, these sorption trends are consistent with previous studies (Xiao et al., 2011;
Barzen-Hanson et al., 2017; Nguyen et al., 2020; Mejia-Avendafo et al., 2020; Sharifan et al.,
2021).

As expected, results showed that PFAS with higher Kd values were more prone to exhibit non-
linear isotherms at lower equilibrium aqueous concentrations compared to those with lower Kd
values. PFAS with weaker sorption (i.e. PFHxA, PFHpA and PFHxS) displayed an extended linear
range. For these compounds, the results obtained from linear and Freundlich models were close.
Indeed, the Kd values were within 107-121 % of the KF values, and the values of n were very
close to 1 (0.80-0.90) (Table 1). The isotherms of those PFAS exhibiting stronger sorption at
higher concentrations showed larger deviation from linearity, i.e. n values in the range 0.52-0.79.
The Kd of these PFAS, as determined in the linear concentration range, were 2.5-4.5 times higher
than KF calculated for the whole concentration range.

As regards condition #2, PFAS also exhibited isotherms that could be fitted with a linear model
at lower aqueous concentrations (R? > 0.95). At higher concentrations, however, sorption deviated
from linearity and data was fitted well with the Freundlich model for most PFAS (R?>0.91). Under
condition #2, the linear range spanned from 0.18 to 15.22 nM (Table 1). However, compared with
condition #1 and as expected, the sorption of all PFAS was facilitated under condition #2: Kd
values ranged between 1.60 and 6526 L/kg, i.e. 2.5-6 times higher than those obtained under
condition #1. Similarly, the KF values for all PFAS were in the range 1.62-3135 (ng/g)/(ng/mL)",
i.e. 2.5-43 times higher than those obtained under condition #1. A previous study investigating
PFAS sorption on sediment under different S reported somewhat smaller KF, in the range 0.88—
209 (ng/g)/(ng/mL)" for S values between 0 and 30 %o (Yin et al., 2022). It is worth noting that the
SPM concentration reported in the latter study (125 mg/mL) was much higher than in the present
work; higher SPM concentration may provide smaller sorption surface to PFAS due to flocculation
and result in lower KF value (Yin et al., 2022). In addition, salting-out is also suspected for PFAS
(Hong et al., 2013; Munoz et al., 2017; Yin et al., 2022). This increase in Kd and KF could be
attributed to the fact that increased salinity levels are anticipated to lower the electrostatic repulsion
between negative charges on PFAS and the overall negatively charged sediment surfaces, such
as iron oxides and natural organic matter (i.e. bridging with divalent cations like Ca**or Mg?*).

Hence, based on the results obtained under two contrasting representative conditions, the
upper limit of the linear sorption range for the studied PFAS was estimated between 0.12 and 1.31
nM depending on the compound. Thus, subsequent tests were performed with PFAS
concentrations within this range, so that sorption could be simply assessed through Kd
determination.
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Figure 3 - Sorption isotherms of individual PFAS on the sediment under condition
#2 (S: 35 %o; SPM: 150 mg/L) and modeling using the Linear and Freundlich
equations

Influence of S and SPM on the Kq of PFAS

First, we investigated the combined effect of S and SPM on the Kd of PFAS via regression
analysis. The response Kd and the parameter SPM had log-normal distribution, so data was In-
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converted prior to multiple regression analysis. A summary of the model coefficients/parameters
and regression model equations are presented in Table S10 and Table S11, respectively.

The linear terms of S and In SPM were found significant for all PFAS (p<0.001). In addition, we
found that In Kd was positively related to S while it was negatively related to In SPM (Table S11).
This confirms that S has a positive effect on Kd due to both salting-out and the reduction of
electrostatic repulsion (Hong et al., 2013; Munoz et al., 2017; You et al., 2010) while the decrease
of Kd with SPM may be attributed to third phase (i.e. colloid) partitioning which lowers the apparent
Kd (see below) (Bowman et al., 2002).

Kd was related to S by a “salting-out” constant (cads*, L-g™") using the following model:

(5) K40 = K40 x e2303 cads«S

with Kd being the relative solubility in saline water and Kd0 being the extrapolated value in
freshwater (Turner & Rawling, 2001). The conversion to a molar-based salting-out constant (5,
L/mol) was performed. The & values were in the range 0.31-3.96 (Table S12), which is consistent
with the in situ values derived by Hong et al (Hong et al., 2013) at Youngsan and Nakdong river
estuaries (South Korea) (SPM =8.1-130 mg/L; S = 0.12—-29 %o; & = 1.34—-2.57 L/mol) and by Munoz
et al., 2017 in the Gironde estuary (France) (SPM=100-2500 mg/L; S = 2.5-28 %o; 0 = 1.79-2.61
L/mol). Considering the different conditions encountered across these studies and the present
work (i.e. field vs laboratory-controlled conditions), the difference in & seems reasonable.

The reduction of Kd with increasing SPM was attributed to the particle-concentration effect in
previous studies (Bowman et al., 2002; Zhou & Liu, 2000). Interactions between PFAS and colloids
could enhance the actual dissolved PFAS concentrations, which may lead to the reduction of
apparent Kd (Zhang et al., 2019). Indeed, when sediment concentrations increase, flocculation
(i.e. aggregation of particles) may also increase to a certain extent, resulting in a sharp decline in
the specific surface area of particles and organic matter available for sorptive interaction (Munoz
et al.,, 2017). In this study, we attempted to assess the colloid mass formed under each
experimental condition, using the dry weight method (i.e. oven drying). However, such masses
were actually hardly measurable and could not be used as a proxy of colloid concentration in our
study (data not shown). Above SPM concentrations of 1.5 g/L, Kd remained relatively constant
(Figure 4), suggesting that it is not significantly affected by SPM in high-turbidity environments,
such as bottom water (i.e., just above bed sediment).

Overall, In Kd appeared to follow a quadratic model. Coefficients of determination (R?) are
presented in Table S10 and regression equations are shown in Table S11. High R? values (0.93—
0.96, except for PFHxS: 0.85) and adjusted R? values (0.92—0.96 except for PFHxS: 0.83) indicate
that the model Kd prediction was accurate. Apart from R?, the low standard deviation of the
residuals (0.14—0.52) further indicates that the model may be used to predict PFAS Kd values
based on S and SPM data. Plotting predicted vs. actual values (Figure S4 and Table S14) helped
interpreting the model adequacy, since the diagnostic plots showed that the data obtained from
the model agree well with the experimental data. The actual difference between predicted and
actual In Kd values was in the range of 0.85—-1.20 L/kg (Table S13).

To further assess the performance of this model, an ANOVA was applied to the dataset (Table
S14). The ANOVA confirmed that the two factors (S and SPM) were highly significant (P < 0.05).
Pareto charts displayed the standardized effects of variable terms on In Kd in descending order of
significance (Figure S2). For PFHxA and PFHpA, SPM exerted a stronger influence on Kd than S.
This may be attributed to the relatively high water solubility of short-chain carboxylates and their
lower sensitivity to the salting-out effect (Jeon et al., 2011; Munoz et al., 2017). Consequently, their
partitioning appears to be more dependent on the available sorption surface than on ionic strength.
In contrast, for most other compounds, S emerged as the dominant factor governing Kd values
relative to SPM, consistent with their stronger hydrophobicity and greater susceptibility to salting-
out (Munoz et al., 2019). Notably, the longer-chain compounds PFUNnDA and 8:2 FTAB exhibited
nearly equivalent contributions of S and SPM to Kd, a result that remains unexplained and merits
further investigation.

To the best of our knowledge, this is the first study that addressed the relative influence of S
and SPM and their interaction effect on PFAS sorption onto estuarine sediment, which is crucial
for future modeling efforts. In our Kd model, the quadratic terms of S (see equation 4) were positive
and significant for the vast majority of PFAS except PFHpA, Br-PFOS and PFDoDA. It was
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therefore concluded that S also showed nonlinear effect on Kd for most of the investigated
compounds. Conversely, the quadratic terms of In SPM were found to be insignificant (p > 0.05).
In addition, the interaction term of S and In SPM was significant or all PFAS except PFUnDA,
PFHpA, and 8:2 FTAB, although a p-values close to significance was observed for the latter two
compounds. When significant, this interaction term was systematically negative. Figure 4 and
figure S3 provide a graphical illustration of this phenomenon: contour lines curve inwards,
indicating that increasing one factor reduces the effect of the other. In other words, the effect of
SPM on Kd was stronger at high S values, while it was weaker at low S values for most compounds.
Such interactions were never evidenced through previous field studies, and our laboratory-based
study therefore provides insightful data on this issue.
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Figure 4 - Contour plots showing the influence of salinity (%) and log-transformed
suspended particulate matter (In SPM, mg/L) on the logarithm of partition
coefficients (In Kd, L/kg) for 11 native PFAS (including 7 PFCAs and 3 PFSAs and
8:2 FTAB). The plot highlights regions of higher Kd (figured in green) and illustrates
how salinity-induced ionic competition and SPM-mediated aggregation affect PFAS
partitioning.
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Environmental Implications

The comparison of field data from the Gironde estuary (Munoz et al., 2017) and laboratory-
based data (present work) (Table 2) showed that mean log Kq values for 11 PFAS in the estuarine
sediment-water systems were 1.3-8.0 times higher than lab-derived model values. This is
consistent with Li et al. (2018), who reported field-derived log Kq values for PFOS, PFOA, PFNA
and PFDA to be 1.6—4.0 times higher than laboratory results. (Zareitalabad et al., 2013) also
reported similar discrepancies for short-chain PFAS in coastal systems. This may be explained by
several factors, including but not limited to differences in grain size and specific surface. In addition,
sorption hysteresis could also be involved. In the Gironde Estuary, decades of PFAS inputs may
induce this phenomenon, in which desorption often proves less efficient than adsorption (Xiao et
al., 2019). However, many modeling approaches assume reversible sorption, potentially
overlooking these hysteresis-related complexities and, as a result, underestimating field-scale
PFAS retention (Xiao et al., 2019). Overall, this discrepancy between model-predicted and field-
measured Kg highlights environmental implications for PFAS transport and estuarine risk
assessment.

Table 2 - Field- versus laboratory-based mean log Kd values of PFAS in the Gironde
estuary, with field data from Munoz et al. (2017) and laboratory data from the
present study

PFAS Mean log Kd mean(L/kg) Kd ratio
(Field vs lab)
Field Lab
PFHxA 24 0.30 7.95
PFHpA 241 0.48 5.69
PFOA 3.3 1.15 2.85
PFNA 3.7 1.86 1.99
PFDA 3.9 241 1.61
PFUnDA 3.8 2.89 1.33
PFDoDA - 3.40
PFHxS 23 0.48 4.84
Br-PFOS 3.5 1.36 2.59
L-PFOS 3.8 1.82 210
8:2FTAB - 293 7.95

Our results provide experimental evidence that PFAS Kd values can be influenced by both S
and SPM. Consistent with the hypothesis of Munoz et al., (2017), Kd is therefore likely to vary with
the seasonal dynamics of the estuarine maximum turbidity zone (MTZ). For instance, PFAS
sequestration in estuarine sediments will likely be higher when the MTZ is located near the
seaward end of the estuary due to salting-out and intermediate SPM levels. Furthermore, our
findings indicate that, for most PFAS, the interaction between S and SPM is negative. This
suggests that the salting-out effect is most pronounced at low to intermediate SPM concentrations
— typically either upstream or downstream of the MTZ rather than within it.

Finally, this study has several potential limitations that should be acknowledged. First, the
model assumes PFAS sorption is fully reversible, ignoring hysteresis and desorption kinetics in
estuarine sediments, which could result in underestimating PFAS retention at the field scale .
Second, the model was developed using only one sediment (representative of the upper stretch of
the Gironde estuary), and our findings should be confirmed for varied estuarine sediment types.
Third, although the study covers 7 PFCAs, 3 PFSAs, and 8:2 FTAB, the extrapolation to other
PFAS homologues (e.g., fluorinated telomers) requires further validation.

Conclusions

This study investigated the sorption kinetics of PFAS onto estuarine sediment; this process
could be described by a pseudo-second-order model and the equilibrium time for the targeted
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PFAS was <24h. Besides, the linear concentration range of PFAS sorption was studied under two
representative contrasting conditions: high S and low SPM as well as low S and high SPM. PFAS
sorption could be well fitted by linear model for a restricted concentration range (0.12 to 1.31nM at
equilibrium) while the Freundlich model proved pivotal for modeling PFAS sorption under an
extended concentration range for both conditions. Moreover, a full factorial design was used to
investigate the influence of S and SPM on PFAS sorption and their interaction effect. The results
showed that both S and SPM were significant factors: Kd was positively related to S due to salting-
out effect and decrease of electrostatic repulsion, while it was negatively related to SPM, likely due
to flocculation. Additionally, SPM had a stronger effect than S for PFHxA and PFHpA, whereas S
was the more dominant factor for most other compounds. For PFUnDA and 8:2 FTAB, S and SPM
displayed nearly equivalent weights as drivers of Kd. For the first time, we report on the interaction
between S and SPM, which was found to be negative. Through the modelling of PFAS sorption
onto estuarine sediment, based on RSM approach, this work definitely provides novel insights into
the fate of PFAS at the land-sea interface.
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