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equilibrium passive sampler for
the monitoring of per- and polyfluoroalkyl
substances (PFAS) in sediment pore water and
surface water†
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A simple equilibrium passive sampler, consisting of water in an inert container capped with a rate-limiting

barrier, for the monitoring of per- and polyfluoroalkyl substances (PFAS) in sediment pore water and

surface water was developed and tested through a series of laboratory and field experiments. The

objectives of the laboratory experiments were to determine (1) the membrane type that could serve as the

sampler's rate-limiting barrier, (2) the mass transfer coefficient of environmentally relevant PFAS through

the selected membrane, and (3) the performance reference compounds (PRCs) that could be used to infer

the kinetics of PFAS diffusing into the sampler. Of the membranes tested, the polycarbonate (PC)

membrane was deemed the most suitable rate-limiting barrier, given that it did not appreciably adsorb the

studied PFAS (which have #8 carbons), and that the migration of these compounds through this

membrane could be described by Fick's law of diffusion. When employed as the PRC, the isotopically

labelled PFAS M2PFOA and M4PFOS were able to predict the mass transfer coefficients of the studied PFAS

analytes. In contrast, the mass transfer coefficients were underpredicted by Br− and M3PFPeA. For

validation, the PC-based passive samplers consisting of these four PRCs, as well as two other PRCs (i.e.,

M8PFOA and C8H17SO3
−), were deployed in the sediment and water at a PFAS-impacted field site. The

concentration–time profiles of the PRCs indicated that the samplers deployed in the sediment required at

least 6 to 7 weeks to reach 90% equilibrium. If the deployment times are shorter (e.g., 2 to 4 weeks), PFAS

concentrations at equilibrium could be estimated based on the concentrations of the PRCs remaining in

the sampler at retrieval. All PFAS concentrations determined via this approach were within a factor of two

compared to those measured in the mechanically extracted sediment pore water and surface water

samples obtained adjacent to the sampler deployment locations. Neither biofouling of the rate-limiting

barrier nor any physical change to it was observed on the sampler after retrieval. The passive sampler

developed in this study could be a promising tool for the monitoring of PFAS in pore water and surface water.
Environmental signicance

There is a growing interest in the passive sampling of per- and polyuoroalkyl substances (PFAS). In this study, we successfully developed and validated an
equilibrium passive sampler for PFAS in sediment pore water and lake water. This sampler consists of a diffusion cell lled with water and a polycarbonate
membrane, which serve as the receiving phase and the rate-limiting barrier, respectively. The sampler also contains isotopically-labelled PFAS, which serve as
performance reference compounds (PRCs). We demonstrated that PFAS concentrations determined via the PRCs were within a factor of two compared to those
measured in the mechanically extracted pore-water and lake-water samples. Our passive sampler could be a promising tool for the monitoring of PFAS in pore
water and surface water.
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1 Introduction

The extensive use of per- and polyuoroalkyl substances (PFAS)
in the last several decades in products such as aqueous lm-
forming foams (AFFF), uoropolymers, cosmetics, food pack-
aging, carpets, and textiles, among others, has resulted in the
contamination of water, air, land, and biota by these uniquely
persistent and potentially toxic organic compounds.1 As
a result, PFAS have attracted a great deal of interest from the
scientic community and regulatory bodies, and are now
considered an important class of emerging contaminants. The
need to monitor PFAS in the environment to study their
occurrence, fate and transport is well established.

As with any contaminant, PFAS in an environment can be
measured by active and/or passive sampling. Active sampling
involves collecting discrete (i.e., grab) portions of the environ-
ment by exerting physical or mechanical activity such as
pumping groundwater, pumping air, scooping surface water, or
coring sediment. Although active sampling is a widely accepted
monitoring technique for regulatory compliance, its limitations
have been long recognized.2–4 Firstly, active sampling only
provides the concentration of contaminants at a specic point
in time (i.e., at the time of sample collection), and thus might
miss the polluting or discharge events because these uxes are
intermittent or unpredictable, due to frequent hydrological
changes and accidental leakages. Secondly, analysing samples
obtained by active sampling oen involves isolating the analyte
of interest from the sample matrix, which could be challenging
for complex matrices or if only a trace quantity of the analyte is
present. For example, the analysis of PFAS in sediment pore
water requires sediment coring, followed by squeezing or
centrifuging the sediment to extract pore water, and nally
preconcentrating PFAS in the pore water by solid phase extrac-
tion.5 This process is labour-intensive, generates a large quan-
tity of investigative-derived waste, and could be prone to cross-
contamination. Additionally, active sampling may result in an
overestimation of the contaminant's bioavailability.4,6 Contrary
to active sampling, passive sampling involves deploying
a sampler consisting of a receiving phase that can accumulate
the analytes of interest due to chemical potential differences.2–4

As a result, the analytes are isolated from the sampled envi-
ronment in situ, signicantly reducing investigative-derived
waste. Additionally, if only the truly dissolved analyte phase
migrates into the sampler, passive sampling data may be more
reective of the analyte's bioavailability.4,6 For these reasons,
passive sampling has become a valuable part of the monitoring
toolbox alongside active sampling.7

In passive sampling, the amount of analyte accumulated in
the sampler increases with time until a dynamic equilibrium is
established between the receiving phase and the sampled
environment.3 Sampling may be terminated during the initial
linear regime or aer equilibrium has been established. Passive
samplers that operate in the linear regime are referred to as
kinetic samplers. This sampler type provides the time-weighted
average concentration, which is calculated based on the amount
of analyte accumulated and the sampling rate over the
This journal is © The Royal Society of Chemistry 2023
deployment period. Examples of kinetic samplers include the
polar organic chemical integrative samplers (POCIS),8,9 the
Chemcatcher,10 and the diffusive gradient in thin-lm samplers
(DGT).11 Conversely, passive samplers that operate in the equi-
librium regime are referred to as equilibrium samplers. With
this sampler type, the concentration of the analyte in the
sampled medium is calculated based on the equilibrium par-
titioning of the analyte between the receiving phase and the
sampled medium. Examples of equilibrium samplers include
semi-permeable membrane devices (SPMD),12 low-density
polyethylene sheets (LDPE),13 dialysis bags,14 and dialysis
samplers, also known as peepers.15

Given the growing interest in PFAS monitoring, researchers
in recent years have put signicant efforts into adapting existing
passive samplers for PFAS.16 For example, several studies have
employed POCIS and DGT to monitor PFAS in surface water and
wastewater effluent.17–23 Since POCIS and DGT were traditionally
designed for metals, the adaptation of these kinetic samplers
for PFAS involved testing and/or developing PFAS-selective
adsorbents that can be used as the receiving phase. While the
use of POCIS and DGT for PFAS is not without success, these
samplers require in situ calibrations of the sampling rate
(especially in the case of POCIS samplers), which could be
labour-intensive and challenging for analytes with diverse
physical/chemical properties like PFAS. It also has been shown
that unexpected changes in ow rates or temperature may result
in uctuations in the sampling rate.19,20 Additionally, the
sampling rate of adsorbent-based passive samplers such as
POCIS and DGT might be difficult to predict, given the likeli-
hood of competition among PFAS and between PFAS and other
organic compounds (e.g., natural organic matter) for the
adsorptive sites in the receiving phase. Although sampler cali-
bration might be aided by performance reference compounds
(PRCs), identifying and implementing PRCs for PFAS passive
sampling have proven challenging.20 Recently, Kaserzon et al.
and Gardiner et al. showed that a kinetic passive sampler with
a thick diffusion barrier could help mitigate the effect of water
ow rate on the PFAS sampling rate.24,25 However, the issue of
competition for adsorptive sites remains to be explored.

Regarding PFAS sampling by equilibrium passive samplers,
there have been only four studies, namely (1) the study by
Dixon-Anderson and Lohmann on the use of LDPE sheets for
the monitoring of neutral PFAS (e.g., uorotelomer alcohols) in
wastewater treatment effluent,26 (2) the study by Becanova et al.
on the passive sampling of anionic PFAS (i.e., peruoroalkyl
acids) in surface water by a graphene-based monolith,27 (3) the
study by Kaltenberg et al. who employed a passive sampler with
carbamate polymeric adsorbents to monitor PFAS in surface
water and groundwater,28 and (4) the study by McDermett et al.
who proposed a diffusive equilibrium peeper sampler for the
monitoring of anionic PFAS in groundwater.29 Whereas the
passive samplers in the rst three studies consisted of a solid
receiving phase (i.e., the accumulation of PFAS into the sampler
is driven by adsorption), the sampler developed by McDermett
et al. employed water as the receiving phase (i.e., PFAS accu-
mulation is driven by absorption). One important feature of
adsorptive-based samplers is that the analytes of interest are
Environ. Sci.: Processes Impacts, 2023, 25, 980–995 | 981
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Fig. 1 The components of the equilibrium passive sampler developed
in this study.
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preconcentrated on the adsorbent, which could lower the
detection limit. However, given that PFAS adsorption is strongly
inuenced by the solution chemistry (e.g., pH, ionic strength,
Ca2+),30 the performance of adsorptive-based samplers could be
sensitive to the environmental condition where they are
deployed, and to competitive sorption, as mentioned above.
Conversely, little preconcentration or no preconcentration (i.e.,
if the receiving phase is water) of analytes will occur with an
absorptive-based sampler. This means that absorptive-based
samplers should consist of an adequate volume of receiving
phase to enable preconcentration by solid phase extraction
following sampler retrieval. Thus, absorptive-based samplers
tend to be more cumbersome than adsorptive-based samplers.
However, since absorptive-based samplers are less affected by
the solution chemistry and competitive sorption, their perfor-
mance might be more predictable. It is noted that of the four
studies mentioned above, the LDPE sheet, the graphene-based
monolith, and the carbamate polymeric adsorbent were tested
in the eld,26–28 whereas the diffusive equilibrium sampler has
only been tested in a laboratory environment.29

Considering the limited number of studies on passive
sampling of PFAS, particularly by equilibrium samplers, the
objective of this study was to develop and validate an equilib-
rium passive sampler for sediment pore water and surface
water. To this end, a sampler with water as the receiving phase
was constructed and tested through a series of bench-scale
experiments for its ability to monitor some key PFAS,
including peruorooctane sulfonate (PFOS) and per-
uorooctanoate (PFOA). To validate this sampler, two rounds of
eld experiments were conducted at Lake Niapenco (Ontario,
Canada), where the contamination of water, sediment, and
biota by PFAS has been previously documented.31–33 In each
round of experiment, the samplers were deployed in both the
sediment and the overlaying water, and the PFAS concentra-
tions in grab samples and those predicted by the samplers were
compared. Additionally, to determine the rate of equilibration
between the sampled medium and the sampler, the suitability
of several compounds as PRCs for PFAS was evaluated. While
the research conducted over the past decade has demonstrated
that PFAS are ubiquitously present in sediments,5,34–38 few
studies have measured PFAS in sediment pore waters. Moni-
toring PFAS in pore waters is crucial because pore waters have
been shown to be an important source that contributes to the
contamination of surface water and groundwater through pore
water exchange.39 As such, in addition to developing and vali-
dating a passive sampler for use in surface water and pore
water, this study provides important insights into the levels of
PFAS in the sediment pore water at Lake Niapenco, a water
reservoir downstream of an airport where there were historical
usages of AFFF for re-ghting training.

2 Materials and method
2.1 Chemicals

For the quantication of PFAS by liquid chromatography-
tandem mass spectrometry (LC-MS/MS), native and isotopi-
cally labelled PFAS standards were purchased from Wellington
982 | Environ. Sci.: Processes Impacts, 2023, 25, 980–995
Laboratories (Guelph, Canada). Single isotopically labelled
PFAS used as PRCs (see the next section) were also purchased
fromWellington Laboratories. Single native PFAS for laboratory
testing were purchased from Sigma Aldrich (PFOS, PFOA, per-
uorohexane sulfonate (PFHxS)) and Toronto Research Chem-
icals (2-(perfuorohexyl)ethane-1-sulfonic acid sodium salt, i.e.,
6 : 2 FTS). All other chemicals were purchased from either
Fisher Scientic or Sigma Aldrich and were used as received.

2.2 Passive sampler construction

The equilibrium passive sampler (Fig. 1) consisted of a cylin-
drical high-density polyethylene (HDPE) container lled with
65 mL of MilliQ water (i.e., the receiving solution) and spiked
with a mixture of PRCs. The PRCs used in this study were
bromide (Br−), peruoro-n-[3,4,5-13C3] pentanoate (M3PFPeA),
peruoro-[1,2-13C2] octanoate (M2PFOA), peruoro-n-[13C8]
octanoate (M8PFOA), peruoro-1-[1,2,3,4-

13C4] octanesulfonate
(M4PFOS), and 1-octanesulfonate (C8H17SO3

−). The container
was covered with a membrane lter, which functioned as the
diffusion rate-limiting barrier. The area (A = 2.27 cm2) of the
threaded lid capped over the membrane dened the sampling
window of the membrane. The membrane lters tested
included 0.45 mm and 0.22 mm polyether sulfone (PES), 0.45 mm
regenerated cellulose (RC), 0.45 mm cellulose acetate (CA), and
0.40 mm polycarbonate (PC). For eld deployment, the samplers
were inserted into a holding frame made of polyethylene tere-
phthalate glycol (PETG), which was then inserted into the
sediment or attached to a steel rebar and submerged in the lake.

2.3 Laboratory experiments

2.3.1 Adsorption of PFAS to sampler components. Two
recent studies showed that PFAS adsorb to membrane lters to
various extents.40,41 It was hypothesized in the current research
This journal is © The Royal Society of Chemistry 2023
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that the adsorption of PFAS on the rate-limiting barrier is not
desirable since this could affect the migration of the PFAS
analytes and the PRCs in and out of the sampler. To determine
the extent to which PFAS adsorb to the membranes used in this
study, three membrane disks (d = 47 mm) of each type were
submerged in a 50 mL solution containing a mixture of PFOA,
PFOS, PFHxS, and 6 : 2 FTS (3–5 mg L−1 each). The solution pH
was buffered by 1 mM NaHCO3 (pH = 7.4). Aer 7 days, the
concentration of each PFAS in the solution was measured to
determine the fraction lost due to sorption. Using a similar
approach, the adsorption of PFAS to the other sampler parts
(i.e., the 65 mL HDPE container, the cap, and the PETG holding
frame) was also evaluated. In addition, a control experiment was
conducted wherein a sampler was submerged in MiliQ water for
7 days to assess whether the sampler components contained
PFAS. The concentrations of PFAS in the solution at the end of
this experiment were below detection limits (data not shown),
indicating that all sampler components were PFAS-free.

2.3.2 Evaluation of the sampler performance. To investi-
gate the uptake rate of four PFAS (i.e., PFOS, PFOA, PFHxS, and
6 : 2 FTS) into the sampler and determine the time to equilib-
rium, a series of microcosm experiments were conducted
wherein each sampler was placed in a jar containing 400 mL
solution of 1 mM NaHCO3 (pH = 7.4) and 3–5 mg L−1 of each
PFAS mentioned above. In one experiment, the solution in the
jar contained 10 times less PFAS (i.e., 0.25–0.4 mg L−1 of each
PFAS) – the goal of this experiment was to assess the perfor-
mance of the sampler at a lower PFAS concentration. The
solution in the sampler (i.e., the receiving phase) consisted of
89 mg L−1 Br−, and 0.45–0.8 mg L−1 of M3PFPeA, M2PFOA, and
M4PFOS, which served as the PRCs. The jars were then placed
horizontally such that the sampling window was fully
submerged. Due to the concentration gradient between the
solutions in the sampler and the jar, the four PFAS diffused into
the sampler, whereas the PRCs migrated in the opposite
direction. At predetermined time intervals, three jars were
sacriced to analyze for PFAS and PRCs. Both the receiving
solution and the solution in the jar were analyzed to verify the
mass balance. The average concentrations along with one
standard deviation are presented.

To determine the observed mass transfer coefficient kPFAS,
experimental and kPRC, experimental (cm s−1) across the rate-limiting
barrier, the concentration–time prole of each compound was
tted to the following equations:

For PFAS analytes : CsðtÞ ¼ Cbð0Þ �
�

Vj

Vj þ Vs

�

�
 
1� exp

 
� AkPFAS; experimentalt

VsVj

��
Vj þ Vs

�
!!

(1)

For PRCs : CPRCðtÞ ¼ VsCPRCð0Þ
Vj þ Vs

þ
"�

CPRCð0Þ � VsCPRCð0Þ
Vj þ Vs

�

�
 
exp

 
� AkPRC; experimentalt

VsVj

��
Vj þ Vs

�
!!#

(2)
This journal is © The Royal Society of Chemistry 2023
where Vj = 400 mL and Vs = 65 mL respectively represent the
volumes of the solutions in the jar and the sampler, A = 2.27
cm2 is the area of the sampling window, t is time (s), Cs(t) and
CPRC(t) (mg L−1) are the measured concentrations of the analyte
and the PRC in the sampler at time t, Cb(0) is the initial
concentration of the analyte in the jar, and CPRC(0) (mg L

−1) is the
initial concentration of the PRC in the sampler. The derivation
of the equations above is presented in Section S1 in ESI.†

To assess the ability of the PRCs to predict the observedmass
transfer coefficient for PFAS analytes, kPFAS, calculated was calcu-
lated and compared to the experimental kPFAS, experimental

according to the following equation:

kPFAS; calculated ¼ kPRC; experimental � DPFAS

DPRC

(3)

where DPFAS and DPRC (cm
2 s−1) are the diffusion coefficients for

the PFAS analytes and the PRCs, respectively. The diffusion
coefficient values either came from the literature42–44 or were
measured by 19F nuclear magnetic resonance (see Section S2 in
the ESI†). All D values used in this study are presented in Table
S1 in the ESI.† Since laboratory experiments were conducted at
20 ± 1 °C, D25 measured at 25 °C was corrected for temperature
using the following equation:45

log DT ¼ 1:37� ðT � 25Þ þ 8:36� 10�4 � ðT � 25Þ2
ð109þ TÞ

þlog

�
D25 � ð273þ TÞ

298

�
(4)

where T (°C) is the experimental temperature.
2.4 Field experiments

2.4.1 Sampler deployment. The eld site for this study was
Lake Niapenco (Hamilton, Ontario), which is part of the Well-
and River watershed and is located downstream of the John C.
Munro Hamilton International Airport. Details about the
Welland River watershed can be found in the study by de Solla
et al.31 It has been documented by de Solla et al. and in a few
other studies that PFAS are present in the surface water, sedi-
ment, and biota in this area, presumably due to the use of AFFF
in re-ghting training activities at the airport.31–33 However, the
levels of PFAS in the sediment pore water at this site have not
been investigated. To conrm the presence of PFAS in Lake
Niapenco and gauge specic locations for passive sampler
deployment, in November 2020 several surface water samples
were collected along the Tyneside Trail located on the west side
of the lake (Fig. S1, ESI†). The analyses of these samples
revealed that the concentration of C4–C9 peruoro carboxylates
and C4–C8 peruoro sulfonates ranged from a few ng L−1 to tens
of ng L−1, while the concentrations of the longer chain per-
uoro compounds and the precursors were below detection
limits. These ndings were generally comparable to those re-
ported by de Solla et al.31 The concentration of each compound
in a representative surface water sample collected in November
2020 is presented in Table S2.†
Environ. Sci.: Processes Impacts, 2023, 25, 980–995 | 983
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Two rounds of sampler deployment were performed. In the
rst round, which occurred in October 2021, a total of 144
samplers were deployed at four locations along the Tyneside
trail. These locations, denoted as locations A, B, C, and D in
Fig. S1,† were within 500 m of each other. Of the 144 samplers
deployed, 80 samplers were inserted approximately 10 cm
beneath the water–sediment interface, while 64 samplers were
suspended in the lake at a depth between 80 and 120 cm below
the air–water interface. Each sampler contained four PRCs,
namely Br− (90 mg L−1), M3PFPeA (95 ng L−1), M2PFOA
(95 ng L−1), and M4PFOS (90 ng L

−1). As will be presented in the
Results and discussion session, the laboratory experiments
revealed that PC membranes could serve as the rate-limiting
barrier since they do not adsorb PFAS to an appreciable
extent. Also, based on the visual inspection of the sampling
windows, there appeared to be neither biofouling of the surface
nor any physical change to the PC membrane aer 7 weeks of
deployment in the eld. Detailed information about the type
and number of samplers deployed at each location can be found
in Table S3.†

Samplers were retrieved on day 46 and day 47. The receiving
solutions from two samplers (2 × ∼60 mL) were composited
into a 125 mL HDPE bottle, and the concentration of PFAS in
each bottle was treated as a single data point. With 6 samplers
deployed, there are triplicates at each location; thus, the average
concentrations along with one standard deviation (i.e., the error
bar) are presented.

Grab samples were collected on the sampler deployment day.
Specically, surface water samples were collected at approxi-
mately 80 cm below the air–water interface, using 125 mL HDPE
bottles that were attached to a steel rebar. Sediment was scooped
up using an HDPE scoop at approximately between 0 and 30 cm
beneath the sediment–water interface, and was poured into an
HDPE container. Approximately 5 kg of sediment was collected
from each location (i.e., locations A–D). The grab samples were
collected within 50 cm of the sampler deployment locations.

To determine the mass transfer k in the eld, extra samplers
were deployed in the sediment at location A to establish the
time–concentration proles for the PRCs. At each pre-
determined time interval (i.e., t = 2, 14, 21, 28, 35, and 47 days),
four samplers were retrieved, and the solution in each sampler
was poured into a 125 mL HDPE bottle. Thus, for each time
point, there were two 125 mL samples, which were treated as
duplicates. The average concentrations along with the range are
presented.

In the rst experimental round, the temperature of the water
and sediment at the four deployment locations varied between 7
and 15 °C throughout this eld experiment. Thus, an average
temperature of 10 °C was applied in the calculation of D.

Several studies have reported a seasonal variation in PFAS
concentration in surface water, groundwater, and pore
water.39,46,47 To investigate if there is such a variation at Lake
Niapenco, another eld experiment was conducted at locations
A and B in June 2022 during a drier period and warmer weather
(the average temperature during this period was 10–20 °C).
Thirty-six samplers were deployed in the sediment, while 8
samplers were deployed in surface water (Table S3†). In this
984 | Environ. Sci.: Processes Impacts, 2023, 25, 980–995
experimental round, all samplers were constructed with a PC
membrane as the rate-limiting barrier, whereas M8PFOA
(110 ng L−1) and C8H17SO3

− (70 ng L−1) were employed as the
PRCs. At location A, some samplers deployed in the sediment
were retrieved at t = 2, 7, 14, 21, 28, 35, and 42 days to establish
the concentration–time proles for the PRCs. All other samplers
were retrieved on day 28. Using an approach similar to that used
in the rst experimental round, the solutions in every two
samplers were composited into a 125 mL HDPE bottle, and the
analyte concentrations in this combined solution were treated
as a single data point.

All samples were shipped on ice to Waterloo or Eurons
Environment Testing America (Sacramento) for analysis and
were stored at 4 °C upon arrival.

2.4.2 Calculation of equilibrium concentration. With an
equilibrium sampler, it is usually uncertain whether an equi-
librium between the sampler and the sampled medium has
been established at the time of sampler retrieval. Thus, having
PRC(s) is benecial, because they can be used to estimate the
equilibrium concentration Ceq via the following equations:48

KPRC ¼ 1

t
� ln

CPRC;0

CPRC;t

(5)

Kanalyte ¼ KPRC � Danalyte

DPRC

(6)

Ceq = Creceiving,t/(1 − exp(−t × Kanalyte)) (7)

where KPRC (per day) is the observed loss rate constant for the
loss of PRC from the sampler; CPRC,0 and CPRC,t are the
concentrations of the PRC in the sampler prior to deployment
and at the time of sampler retrieval, respectively; t (day) is the
time at which the sampler was retrieved; Kanalyte is the calcu-
lated uptake rate constant for the accumulation of the analyte of
interest into the sampler; Danalyte and DPRC are the temperature-
corrected diffusion coefficients of the analyte of interest and the
PRC, respectively; and Creceiving,t is the concentration of the
analyte in the sampler at retrieval.
2.5 Sample analysis

Bromide was analyzed at Waterloo on a Dionex Aquion Ion
Chromatograph. For PFAS analysis, aqueous samples generated
from the laboratory experiments were spiked with isotopically
labelled PFAS (i.e., internal standards) and diluted with meth-
anol to obtain a nal sample composition of 50/50 v/v
methanol/water. The samples were then analyzed at Waterloo
using a Shimadzu 8030 liquid chromatograph triple quadrupole
mass spectrometer (LC-MS/MS).

Field aqueous samples included grab surface water samples
and the receiving solution collected from the passive samplers.
The analysis of these samples was split between Waterloo and
Eurons Environment Testing America. At Eurons Environ-
ment Testing America, samples were analyzed using the modi-
ed US EPA 537 method (for samples collected in 2021) and US
EPA Dra Method 1633 (for samples collected in 2022).49,50

Briey, 12.5–25 ng per compound of isotopically labelled PFAS
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Adsorption of PFAS to various types of membrane filters. Three
membrane disks (d= 47mm) of each type were submerged in a 50mL
solution containing amixture of PFOA, PFOS, PFHxS, and 6 : 2 FTS (3–5
mg L−1 each). The pH of the solution (7.4) was buffered by 1 mM of
NaHCO3. After 7 days, the concentration of each PFAS in the solution
was measured to determine the fraction lost from the solution due to
sorption. Experiments were conducted in triplicate and average values
along with one standard deviation (i.e., error bar) are presented.
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were added to each sample. Aer spiking, samples were allowed
to equilibrate for at least 10 minutes prior to multi-phase solid
phase extraction (SPE) with weak-anion exchange resin coupled
with graphite carbon black (500 mg WAX/50 mg GCB SPE). SPE
elution rates were typically 8–10 mL per minute. The cartridges
were then washed with water and then dried for 10minutes. The
original sample bottle was rinsed with 8mL of 0.4% ammonium
hydroxide in methanol, capped and then briey shaken by hand
and then used to elute the WAX/GCB cartridge. Extracts were
adjusted to 10 mL with water to obtain a nal sample compo-
sition of 80/20 v/v methanol/water prior to analysis. At Waterloo,
samples were spiked with internal standards and were extracted
through an Oasis WAX cartridge (6 cm3, 150 mg, 30 mm particle
size). In particular, the cartridges were preconditioned with
3 mL of methanol, then with 3 mL of 0.1% ammonium
hydroxide in methanol, and nally with 3 mL of 0.1 M formic
acid. Subsequently, 125 mL aqueous samples were pulled
through each cartridge at an approximate ow rate of 1 drop per
second (i.e., ∼1.5 mL per minute). Aer sample extraction, the
cartridges were washed with 3 mL of 0.1 M formic acid, and
then PFAS were eluted with 5 mL of 0.1% ammonium hydroxide
in methanol followed by 5 mL of pure methanol. The eluants
were collected in a 15 mL vial and concentrated down to 500 mL
using a Dionex SE-500 nitrogen evaporator. In the nal step, the
concentrated sample was transferred to an HPLC vial and
diluted with water to obtain a nal sample composition of 50/50
v/v methanol/water.

PFAS in sediment as well as pore water grab samples were
analyzed by Eurons Environment Testing America. Pore water
was separated from each sediment sample by centrifugation at
3155 × g at 4 °C for 30 min. Subsequently, the supernatant was
decanted into a 250 mL HDPE bottle and isotopically labelled
PFAS were added. The sample was then subjected to SPE
extraction following the procedure described above. PFAS in
sediment was analyzed using modied Method 537. Briey, 5 g
of solid were weighed out in a 50 mL polypropylene tube and
12.5–25 ng of isotopically labelled PFAS were added directly to
the sample. For the extraction of PFAS, basic methanol was
added and the sample was placed in an ultrasonic bath for one
hour. The sample was then centrifuged at 3725 × g for 5 min,
and the supernatant was decanted into a new container. The
remaining solid was extracted one more time by adding another
volume of basic methanol, vortexing and placing the sample in
the ultrasonic bath, and separating the solid by centrifugation.
The supernatant was combined into the same container. The
total volume in the container was adjusted with water to 125
mL, and the entire volume was extracted through SPE following
the procedure described above. The nal samples consisting of
80/20 v/v methanol/water were analyzed on an Exion LC that was
coupled with a SCIEX 5500 tandem mass spectrometer.

3 Results and discussion
3.1 Adsorption of PFAS on the rate-limiting barrier, HDPE
container, and PTGE frame

Under the experimental condition of this study, less than 3% of
PFOS, PFHxS, 6 : 2 FTS, and PFOA were lost from the solution that
This journal is © The Royal Society of Chemistry 2023
was in contact with the HDPE container of the sampler or the
PTGE frame that holds the sampler in the eld (data not shown).
While the adsorption of shorter-chain PFAS, such as per-
uorohexanoate (PFHxA), peruoropentanoate (PFPeA), and
peruorobutane sulfonate (PFBS), was not investigated, it is
reasonable to expect that these more hydrophilic compounds
also would not adsorb to the passive sampler components. With
respect to PFAS sorption to the rate-limiting barrier, more than
half of PFOS and PFHxS were lost from the solution that was in
contact with the PES membranes (Fig. 2). PFOA and 6 : 2 FTS
appeared to have a lower affinity to the PES membranes, with the
loss fraction ranging between 5 and 12%. These results are
consistent with those reported by Sörengård et al., who observed
that the affinity of PFAS to PES membranes was in the following
order: PFOS > PFHxS > PFOA.41 Contrary to the PES membranes,
less than 2% of PFAS was adsorbed by the RC, CA and PC
membranes (Fig. 2). Lath et al. observed that 20–40% of the PFOA
in their solution was adsorbed to the RC and CA membranes.40

We note that in the study by Lath et al., the membranes were in
contact with a smaller volume (i.e., 4 mL) of a PFAS-containing
solution, which could have resulted in a greater % of PFOA
adsorption. Also, the membranes in that study were housed in
a casing made of polypropylene and acrylic resin MBS (methac-
rylate butadiene styrene). Thus, the PFOA loss might be attrib-
utable partly to adsorption to the housing materials. Lath et al.
also observed that approximately 10–30% of PFOA was lost from
an 8 mL volume of water containing 21 mg L−1 PFOA stored in
a PC tube for 7 days.40 The difference between our result and that
of Lath et al. may be due to differences in PC manufacturing of
the membrane and the tube.

Considering the physical durability and ease of handling of
each membrane, PC and CA membranes were selected for
further testing as the rate-limiting barrier.
Environ. Sci.: Processes Impacts, 2023, 25, 980–995 | 985
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3.2 Kinetic of PFAS uptake and PRCs loss in laboratory
experiments

In the microcosm experiment with a PC-based passive sampler,
the concentrations of the PFAS analytes and the PRCs in the
receiving solution increased and decreased exponentially,
respectively (the blue and hollowed circles in Fig. 3), suggesting
that the migration of these compounds through the PC rate-
limiting barrier followed the Fick's second law of diffusion.3

Simultaneously, the PFAS concentrations in the solution
outside of the sampler decreased over time (the red triangles in
Fig. 3). At equilibrium, which occurred aer around two weeks,
the concentrations of PFAS analytes in the receiving phase and
the solution outside of the sampler were within ±5% of the
predicted equilibrium concentrations (the dotted black lines in
the PFOA, PFHxS, PFOS, and 6 : 2 FTS graphs shown in Fig. 3).
In the experiment with lower PFAS initial concentrations (0.25–
0.4 mg L−1), the concentrations of PFAS analytes in the receiving
solution, measured at t = 21 days, were also within ±5% of the
predicted concentrations (Fig. S2†). These results further
conrm that the loss of PFAS by adsorption to the jar and the
sampler walls was minimal. With a sampler constructed with
a PES rate-limiting barrier, in contrast, the concentrations of
PFOS (i.e., the compound that had the highest sorption affinity
to the PES membrane) in the receiving solution and in the
solution outside of the sampler were 17% smaller than the
predicted equilibrium concentration (Fig. S3†). Moreover, that
the concentration of PFOS in the receiving solution did not
increase exponentially, and that the equilibrium was estab-
lished at a much later time (aer about four weeks), suggest that
the migration of PFOS was retarded by the PES membrane.
Fig. 3 The concentration–time profiles of the PFAS analytes and the PR
with one standard deviation (i.e., error bar) are presented. Red triangles:
the concentrations in the receiving solution of the sampler. Experiment
dashed black line) to obtain the observedmass transfer (k) value. The dott
the theoretical equilibrium concentrations for these analytes, which wer

986 | Environ. Sci.: Processes Impacts, 2023, 25, 980–995
Collectively, the results obtained with the PC- and PES-based
samplers highlight the importance of having a rate-limiting
barrier that interacts minimally with the analytes of interest.

The observed mass transfer values k of the PFAS analytes and
the PRCs through the PC rate-limiting barrier were within a 1.6-
fold difference, ranging from (1.14 ± 0.08) × 10−4 cm s−1 to
(1.84 ± 0.20) × 10−4 cm s−1. In agreement with when analyte
migration is controlled by diffusion, 6 : 2 FTS, whose diffusion
coefficient is the smallest among the studied PFAS (D = 4.16 ×

10−6 cm2 s−1), was the compound that migrated through the PC
rate-limiting barrier at the slowest rate (k = (1.14 ± 0.08) ×
10−4 cm s−1). For the other native and mass-labelled PFAS, the
trend between D and k could not be deduced, due to large
uncertainties associated with the k values (e.g., the k for
M3PFPeA and PFOS were (1.84 ± 0.20) × 10−4 cm s−1 and (1.63
± 0.36) × 10−4 cm s−1, respectively). Compared with those of
the PFAS analytes and PRCs, k of Br− (3.66 ± 0.03 × 10−4 cm
s−1) was 2–3.2 folds higher. Due to this faster migration, an
equilibrium for Br− was established earlier, i.e., aer about
a week (Fig. 3).

The k value of PFOA was (1.30 ± 0.07)× 10−4 cm s−1, whereas
that of M2PFOA was (1.55 ± 0.16) × 10−4 cm s−1. The relative
percent difference (RPD) between the average k values of PFOA
and M2PFOA is 18%. Similarly, the RPD between the average k
values of PFOS and M4PFOS is small (<25%). Note that there is
a relatively big uncertainty associated with the k values for PFOS
and M4PFOS. These results suggest that the mass transfer resis-
tance was the same on either side of the membrane.

The appropriateness of each PRC as a proxy for the studied
PFAS analytes was further evaluated by comparing the
Cs. Experiments were conducted in triplicate and average values along
the concentrations in the solution in the jar. Blue and hollowed circles:
al results were fitted to eqn (3) and (4) (the dashed blue lines and the
ed black lines in the PFOA, PFHxS, PFOS, and 6 : 2 FTS figures represent
e calculated based on mass balance.

This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2em00483f


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
E

su
so

w
 A

ke
ts

ea
ba

-K
tn

im
ba

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

6/
02

/1
3 

10
:0

3:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
kexperimental and kcalculated (Fig. 4). Both Br− and M3PFPeA
underpredict the mass transfer coefficient of PFAS analytes. The
% difference between the average values kcalculated and
kexperimental ranged between −32% and −56%. This result is not
entirely surprising considering that the physical/chemical
properties of Br− and M3PFPeA are different from those of the
studied PFAS analytes (e.g., both Br− and M3PFPeA are more
hydrophilic), and thus Br− andM3PFPeAmight interact with the
rate-limiting barrier differently. In contrast, the kcalculated
calculated based on M4PFOS and M2PFOA are within #30% of
the kexperimental (Fig. 4). That M4PFOS and M2PFOA are reason-
able PRCs for PFOS, PFHxS, 6 : 2 FTS, and PFOA is consistent
with these compounds' relative similarities in peruoroalkyl
chain length and/or functional group. This result also suggests
that different types of PRCs might be needed to monitor PFAS
with diverse physical/chemical properties. As such, Br− and
M3PFPeA were included as PRCs in the samplers deployed in
Fig. 4 Comparison of the observed mass transfer coefficient of PFOA,
presented in Fig. 3) and the mass transfer coefficient (kcalculated) calculated
lines represent the ±30% relative percent difference between kexperiment

This journal is © The Royal Society of Chemistry 2023
the eld to further assess their ability to predict the concen-
trations of the more hydrophilic PFAS such as per-
uorobutanoate (PFBA), PFPeA, and PFBS.
3.3 Time–concentration prole in the eld experiments

In each experimental round, 16 samplers were deployed in the
sediment at location A to collect time series data (2–47 days) to
determine the rates of PRC loss and PFAS uptake. As can be
expected if the samplers function properly, the concentrations
of the PFAS analytes (Fig. S4 and S5†) increased over time. In the
rst experimental round (October 2021), the uptake of the
analytes appeared to follow rst-order kinetics; see Fig. S4 and
Table S5† for the experimental data and the associated tting
parameters, i.e., the observedmass transfer coefficient k and the
equilibrium concentration Ceq. (The Ceq values obtained from
the tting of the time-series data will be compared with the Ceq
PFHxS, PFOS, and 6 : 2 FTS (kexperimental, measured in the experiments
based on eqn (3). The solid lines are the 1 : 1 lines, whereas the dashed

al and kcalculated.

Environ. Sci.: Processes Impacts, 2023, 25, 980–995 | 987
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calculated based on the PRCs in Section 3.4.2 below). In the
second experimental round (June 2022), the concentration of
the analytes appeared to increase linearly with deployment time
(Fig. S5†). While it is not entirely clear why the analyte uptake
trend was linear, it is noted that unlike in the laboratory
microcosm experiments, it was not possible to assume that all
samplers for the various time points were exposed to the same
concentration of PFAS in pore water. Even though these
samplers were deployed at one location (i.e., location A), the
heterogeneity of chemicals in sediment can be high, even over
a distance of a few cm. The experimental design used in the
eld work (one replicate per time period) was not sufficient in
terms of replication to account for this possible source of vari-
ation and uncertainty.

In both experimental rounds, the loss of the PRCs from the
receiving solution appeared to obey the rst-order rate expres-
sion (Fig. 5). The fractions of the PRCs lost from the samplers
were 25–55%, 40–70%, and 70–90% aer 14 days, 28 days, and
46 days respectively. These loss fractions at these time points
were deemed reasonable for using PRC data to evaluate the
degree of equilibration attained by a deployed sampler, such
that the data can be used to calculate the expected concentra-
tion of target PFAS analytes in a sampler at equilibrium. In
other words, optimal deployment durations for the sampler in
sediment range approximately between 2 to 7 weeks. Regarding
Fig. 5 The concentration–time profile of the PRCs in the samplers dep
M2PFOA, and M4PFOS) and June 2022 (M8PFOA and C8H17SO3

−).

988 | Environ. Sci.: Processes Impacts, 2023, 25, 980–995
the samplers that were deployed in the water column, the PRCs
quickly depleted from the receiving solution and thus
a concentration–time prole could not be established (see
Section 3.4.2 below for additional discussion).

The observed mass transfer coefficient values for PRCs in
sediment-deployed samplers ranged between k = (7.95 ± 1.43)
× 10−6 cm s−1 and (1.86 ± 0.38) × 10−5 cm s−1. Five notable
observations emerge out of these k values. Firstly, the k values
measured in samplers deployed in the eld sediment were 6–20
fold less than those measured in aqueous solutions in the lab.
This could be attributable to the slower diffusion of the analytes
in the sediment and pore water matrix and/or the lower temper-
ature in the eld versus that of the laboratory (i.e., 10–15 °C versus
20 ± 1 °C). Because the PRCs were fully depleted from the
samplers deployed in the water column, it is most likely that the
sediment and pore water matrix physically impedes the diffusive
process. Secondly, the k of M2PFOA ((9.98 ± 0.14) × 10−6 cm s−1)
was comparable to that of M8PFOA ((9.15 ± 0.09) × 10−6 cm s−1),
which is consistent with the fact that these two compounds are
nearly identical. This also suggests that M8PFOA could be
employed as a PRC in lieu of M2PFOA. Thirdly, the k of M4PFOS
((1.78 ± 0.3) × 10−5 cm s−1) and that of C8H17SO3

− ((1.86 ± 0.38)
× 10−5 cm s−1) were also comparable, consistent with the fact that
these molecules consisted of the same functional group and
carbon chain length. Thus, C8H17SO3

− could potentially be used
loyed in the sediment at Lake Niapenco in October 2021 (M3PFPeA,

This journal is © The Royal Society of Chemistry 2023
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as a PRC in lieu of M4PFOS. Given that M4PFOS and M2PFOA are
used as a non-extracted internal standard in several PFAS analyt-
ical methods, such as US EPA Method 533 (M2PFOA and M4PFOS)
and Dra Method 1633 (M4PFOS),50,52 swapping M4PFOS with
C8H17SO3

− will enable the analysis of the receiving solution by
these methods. The utility of C8H17SO3

− as a PRC is further dis-
cussed in Section 3.5. Fourthly, the k of M3PFPeA ((7.95 ± 1.43) ×
10−6 cm s−1) was the smallest among the measured values for
PRCs for the eld sediment deployed samplers. This is contrary to
what was seen in the laboratory experiment in water (see the
discussion in Section 3.2), as the k of M3PFPeA was the largest.
One possible explanation for this discrepancy could be measure-
ment variation. Note that the R2 associated with the regression of
the M3PFPeA experimental data was the second lowest among the
R2 values (Fig. 5). Finally, the k values (Table S5†) of PFOA ((3.8 ±

1.0) × 10−5 cm s−1), PFOS ((3.4 ± 0.9) × 10−5 cm s−1), and PFPeA
((3.0 ± 1.3) × 10−5 cm s−1) were 2–3.5 times higher than the k
values of M2PFOA, M4PFOS, and M2PFPeA. This is rather
surprising, given that the migration of the analytes into the
sampler is expected to be slower than themigration of the PRC out
of the sampler, due to the adsorption exchanges with the sedi-
ments outside of the sampler and the diffusion within the sedi-
ment pore being slower than the diffusion in the bulk solution.51
Fig. 6 The concentration of PFAS in mechanically extracted sediment po
to: (a) the concentration of PFAS measured in the receiving solution (Cr

concentration (Ceq) predicted based on the time-series data from the sam
time-series data and Table S5† for the Ceq values); and (c–f) the equilibriu
PRCs. The solid lines are the 1 : 1 line, whereas the dashed lines represen
used to generate this figure are presented in Table S6.† All passive samp
data for locations B, C and D is presented in the ESI (Fig. S6–S8†).

This journal is © The Royal Society of Chemistry 2023
3.4 PFAS in sediment, sediment pore water, and lake water
in October 2021

3.4.1. Sediment. The compounds detected in the sediment
grab samples included PFBA, PFPeA, PFHxA, PFOA, PFNA,
PFHxS and PFOS (Table S4†). There are compounds that either
were not detected (<MDL = 50–100 ng kg−1) in the sediment at
all locations (e.g., PFBS) or were detected at only a few locations
(e.g., PFBA was only present at location A and location B at
deployment), but were always detected in the aqueous phase
(Table S3† and Fig. 5–7).

3.4.2. Sediment pore water. In Fig. 6 (location A) and
Fig. S6–S8† (locations B, C, and D), the concentrations of PFAS
in the grab samples (Cgrab) are compared to the PFAS analytes
found in the passive sampler at retrieval (Creceiving), and to the
equilibrium concentrations (Ceq), which were calculated based
on the concentrations of the PRCs and Creceiving. (Refer to eqn
(5) through (7) and the associated text in Section 2.4.2 for the
calculation of Ceq). As mentioned earlier, extra samplers were
deployed at location A to collect time-series data. Thus, the Ceq

predicted by the time series data (Fig. S4 and Table S5†) and
Creceiving are also compared. The subsequent paragraphs of this
section will focus mainly on the results obtained from location
re water obtained adjacent to each passive sampler (x axis), compared

eceiving) of the sampler that was retrieved at day 47; (b) the equilibrium
plers that were retrieved at days 2, 14, 21, 35, and 47 (see Fig. S4† for the
m concentration (Ceq), calculated based on Creceiving and four different
t the ±30% relative percent difference between the C values. All values
lers were deployed in the sediment at location A in October 2021. The

Environ. Sci.: Processes Impacts, 2023, 25, 980–995 | 989
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Fig. 7 The concentration of detected PFAS in lake water in October
2021. At each location, four samplers were deployed for 47 days. At
retrieval, the solution in each sampler was poured into a 125 mL HDPE
bottle. Thus, there were two 125 mL samples, which were treated as
duplicates. Since PRCs in the samplers were fully depleted, the
concentrations of PFAS in the receiving phase of the sampler were
compared directly with the concentrations in the grab sample. The
average concentrations along with the range are presented. The solid
line is the 1 : 1 line, whereas the dashed lines represent the ±30%
relative percent difference.
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A. Because the observations made at locations B, C, and D were
similar to those made a location A, the discussion of the results
at these three locations is not presented herein but can be
found in the caption of Fig. S6–S8.†

At location A, RPD between Creceiving and Cgrab is # ±30%
except for a few compounds (i.e., PFOA, PFHpA, PFBA) (Fig. 6a),
whereas RPD between Creceiving and Ceq based on time-series
data is # ±30% for all compounds (Fig. 6b; note that the data
points in this gure are clustered around the 1 : 1 line). These
results suggest that equilibrium had been established at the
time of sampler retrievals (i.e., t = 47 days).

Time-series data is usually not collected in passive sampling
practice. Instead, Ceq is estimated based on PRCs (as discussed
in Section 2.4.2). As can be seen from Fig. 6c, the Ceq calculated
based on Br− as the PRC was 1.4–3.7 times greater than Cgrab.
This is in agreement with the laboratory observation, that is,
Br− underpredicts the mass transfer coefficient of the PFAS
analytes. That Br− predicts reasonably well the Ceq of PFBA,
PFPeA, and PFBS (RPD = ±35%) of the PFBA concentration in
the grab samples, which are the more hydrophilic PFAS, high-
light the importance of selecting PRCs that are of similar
physical/chemical properties to the analytes of interest. Based
on this same argument, it is not surprising that the Ceq of PFBA,
PFPeA, PFBS, PFPeS PFHxA, and PFHpA calculated based on
M3PFPeA were # ±35% of the concentrations measured in the
grab samples, and that the RPD for the longer chain
990 | Environ. Sci.: Processes Impacts, 2023, 25, 980–995
compounds were greater than 35% (Fig. 6d). The discrepancy
between Ceq and Cgrab tends to be higher with the longer-chain
analytes. For example, at location B the M3PFPeA-based Ceq was
higher than Cgrab by 30% for PFHxA, 88% for PFOA, 50% for
PFBS, and 164% for PFHxS, and 65% for PFOS.

With M2PFOA and M4PFOS as the PRCs (Fig. 6e and f), the
Ceq values for C4–C7 peruoro carboxylates were 15–55%
smaller than the Cgrab values. This is also consistent with
M2PFOA and M4PFOS being more hydrophobic than the C4–C7

peruoro carboxylates. For the other compounds, Ceq was
within ±30% of Cgrab, with a few exceptions: (1) at location D,
Ceq for PFOA and PFOS were approximately 45% lower than
Cgrab; (2) at location B, Ceq for PFHxS calculated based on
M2PFOA was 40% greater than Cgrab; and (3) at location C, Ceq

for PFHxS calculated based on M2PFOA was 85% greater than
Cgrab, and Ceq for PFOS calculated based on M4PFOS was 67%
greater than Cgrab. It is noted that while grab samples were
collected at the places as closely as possible (i.e., within 50 cm)
to where the passive samplers were deployed, the analyte
concentrations in the grab and passive samples are not ex-
pected to be identical because sediment environments are
generally highly heterogeneous. As such, some discrepancies
between Ceq and Cgrab are likely. Overall, the results of this eld
study indicate that the equilibrium passive sampler with
isotopically labelled PFAS as PRCs has the potential to be an
effective tool for the monitoring of PFAS in sediment pore
waters.

The time-series data collected at location A provides an
opportunity to evaluate the variation in PRC-based Ceq among
the samplers retrieved at different times. The Creceiving and the
PRC-based Ceq values for each time point are presented in Table
S7–S9.† The RPD values between Cgrab (in the grab sample
collected on day 0) and PRC-based Ceq can be found in these
same tables. Overall, there are some variations in Ceq among the
samplers. Taking M4PFOS and PFOS as an example (Table S8†),
the M4PFOS-based Ceq values for PFOS were 78 ng L−1 (with the
sample retrieved on day 14, at which point [M4PFOS]/[M4PFOS]0
= 0.30), 101 ng L−1 (with the sample retrieved on day 21;
[M4PFOS]/[M4PFOS]0 = 0.36), 109 ng L−1 (with the sample
retrieved on day 21; [M4PFOS]/[M4PFOS]0 = 0.36), 106 ng L−1

(with the sample retrieved on day 35; [M4PFOS]/[M4PFOS]0 =

0.19), and 88 ng L−1 (with the sample retrieved on day 47;
[M4PFOS]/[M4PFOS]0 = 0.16). With the Cgrab for PFOS being
110 ng L−1, the RPD varied between 1% (day 28) and 41% (day
14). A similar analysis was performed on M3PFPeA-based Ceq

values for PFPeA, which reveals that the RPD values were 7%
(day 14), 10% (day 21), 27% (day 28), 7% (day 35), and 33% (day
47). It is noted that these variations could be due to the
heterogeneity of chemicals in sediments. As mentioned above,
it was not possible to assume that all samplers for the various
time points were exposed to the same concentration of PFAS in
pore water. Therefore, the time-series results presented above
should not be used as a basis for determining what the
“optimum” deployment duration should be. Rather, it can be
concluded that the sampler deployment period could range
between 2 and 7 weeks.
This journal is © The Royal Society of Chemistry 2023
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3.4.3 Surface water. Unlike in the laboratory microcosms or
in the sediment where there was only a small water volume
adjacent to the sampler, when the sampler was deployed in the
lake, the analytes were exchanged between the receiving solu-
tion and a much larger aqueous volume that was in motion due
to wind waves and currents. As such, the loss of PRCs from the
receiving solution took place at a rapid rate, resulting in the
depletion of the PRCs to below the detection limits by the time
the samplers were retrieved. Thus, the concentrations of PFAS
in the receiving solution are compared directly to those in the
grab surface water samples. As can be seen from Fig. 7, the two
types of concentration are generally comparable (RDP#±30%),
except in the case of PFHxS (Cgrab was approximately 1.5 to 2
times smaller than C in the sampler) and PFOS (Cgrab was
approximately 1.2 to 1.3 times greater than C in the sampler).
Note that surface water is a dynamic environment, and a single
point grab sample of water would be unlikely to correspond
exactly to the concentration indicated by the passive sampler, as
the passive sampler provides an integrative measure of
concentrations over several days. However, the results indicate
that surface water concentrations were fairly constant for the
time period assessed and that the two measurement
approaches (i.e., grab sampling and passive sampling) are in
reasonable agreement. Given the correspondence of the results
and the assumption that analytes diffusing through the 0.4 mm
PC membrane of the passive sampler are freely available/
Fig. 8 The concentration of detected PFAS in sediment pore water (lef
measurements. At the time of sampler retrieval from the sediment (t = 2
solution were 35–50% and 30–35% of the initial concentrations, res
concentrations of M8PFOA and C8H17SO3

− in the receiving solution wer
2022.

This journal is © The Royal Society of Chemistry 2023
dissolved, these results also suggest that the PFAS in surface
water were present in a dissolved form.

As in the sediment pore water, PFOS, PFHxS and PFPeA were
the predominant PFAS in the surface water at all four locations
(Fig. 7). These three compounds were also the most abundant
ones in the surface water samples collected in November 2020
(Table S1†). The concentrations of PFPeA and PFHxS ranged
from 60–80 ng L−1 and 35–60 ng L−1, respectively, which are
comparable to those in the sediment pore water (70–95 ng L−1

for PFPeA, and 45–65 ng L−1 for PFHxS). In contrast, the
concentration of PFOS (60–80 ng L−1) in the surface water was
slightly lower than that in the sediment pore water (75–
130 ng L−1). PFOS is more hydrophobic than PFPeA and PFHxS
and, therefore, is expected to have a higher affinity to sediments
than the latter two compounds. It is interesting to note that the
concentration of PFOS in October 2021 was over two times
higher than that in November 2020 (∼65–80 ng L−1 vs.
32 ng L−1), while the concentrations of other compounds were
relatively similar.
3.5 PFAS in sediment pore water and lake water in June 2022

Similar to the rst eld experimental round, the PRC concen-
trations in the samplers deployed in the lake water in June 2022
were below the detection limits at retrieval. As such, whereas
Ceq, calculated based on the PRCs, are presented for pore water
t panels) and lake water (right panels) in June 2022. Values are single
8 day), the concentrations of M8PFOA and C8H17SO3

− in the receiving
pectively. For the samplers that were deployed in lake water, the
e below the detection limit. Grab samples were not collected in June

Environ. Sci.: Processes Impacts, 2023, 25, 980–995 | 991
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samples, only the PFAS concentrations in the receiving solution
are presented for the samplers deployed in the lake water
(Fig. 8).

In the sediment pore water, the Ceq of the PFAS calculated
based on C8H17SO3

− was 0–35% smaller than those calculated
based on M8PFOA. The highest discrepancy (35% difference)
between the Ceq predicted by C8H17SO3

− and the Ceq predicted
by M8PFOA was for PFHxS in sampler deployed at location A. On
average among the PFAS and samples (Fig. 8), the difference in
Ceq values estimated by the two PRCs was 22%. In the rst eld
experiment (October 2021), the M4PFOS-based Ceq were also
smaller than the M2PFOA-based Ceq, although to a lesser extent
(0–15%). While the discrepancy between M8PFOA-based Ceq

and C8H17SO3
− based Ceq is slightly greater, considering

general levels of measurement variability, together with the fact
that the k values were comparable (as was discussed in Section
3.3), it is reasonable to conclude that C8H17SO3

− could be used
as a PRC.

Similar to what was seen in October 2021, PFOS, PFHxS,
PFPeA were also the most abundant PFAS species. It is inter-
esting to note that peruorodecanoate (PFDA) and 5 : 3 uo-
rotelomer carboxylate (5 : 3 FTCA), which were not detected
previously, were present in some samples (2–5 ng L−1) collected
in June 2022. To the best of our knowledge, the presence of 5 : 3
FTCA, a PFAS precursor, at Lake Niapenco has not been docu-
mented previously. Given the historical use of AFFF in re-
ghting training activities upstream of Lake Niapenco, it is
possible that other PFAS that were not measured in our and
other studies might also be present in this area. In fact, the
presence of a wide variety of PFAS precursors in the Welland
River has been recently documented.53 Additional non-targeted
analysis work to investigate the presence of other PFAS in Lake
Niapenco, as well as which compounds can be detected by the
passive sampler developed herein, is currently underway.

Whereas the PFAS compositions in the two eld experiments
were not appreciably different, the total PFAS concentrations in
the surface water samples collected in June 2022 were higher by
as much as three times (

P
PFAS = 643 ng L−1 (location A) and

565 ng L−1 (location B) in June 2022, versus 299 ng L−1 (location
A) and 310 ng L−1 (location B) in November 2021). In contrast,
there was less variation in the sediment pore water between the
two seasons: the total concentrations (calculated based on
M8PFOA) in the pore waters at locations A and B in June 2022
were 666 and 580 ng L−1, respectively, whereas the total
concentrations (calculated based on M2PFOA) at these locations
were 563 and 574 ng L−1 in November 2021. While determining
the factors that drive the seasonal concentration change at Lake
Niapenco was beyond the scope of this study, a possible
explanation for the lower PFAS concentration in the lake in
November 2021 might be that there was a dilution effect during
this period, owing to the higher precipitation and water level in
the lake. The total precipitations in the area around Lake Nia-
penco in October 2021 and June 2022 were approximately
170 mm and 80mm, respectively. The water level in the lake was
1–2 feet higher in October 2021 than in June 2022.
992 | Environ. Sci.: Processes Impacts, 2023, 25, 980–995
4 Conclusion

In this work, we successfully developed and validated a simple
and robust equilibrium passive sampler for the monitoring of
PFAS in sediment pore water and surface water. This equilib-
rium passive sampler consists of a diffusion cell lled with
water and a polycarbonate membrane, which serves as the
receiving phase and the rate-limiting barrier, respectively. We
demonstrated that sampler materials (i.e., the container,
membrane, and sampler support materials) were inert with
regards to the adsorption of PFAS that have #8, and that the
uptake rate of the studied PFAS by this sampler can be
described by Fick's law of diffusion. Therefore, the concentra-
tion of PFAS in the sampled medium can be readily calculated
based on the PFAS concentration in the receiving phase and the
mass transfer coefficient, which could be calculated by
measuring the concentrations of the PRCs in the sampler prior
to deployment and aer retrieval. The use of PRCs allows pre-
equilibrium sampling in sediment over a 14- to 28 day deploy-
ment period, which is much less than the approximately 42–49
days needed to attain 80% of equilibrium in the eld sediment
we evaluated. We demonstrated that the compounds with
physical/chemical properties similar to those of the PFAS ana-
lytes of interest, such as isotopically labelled PFAS and 1-octa-
nesulfonate, can be suitable as PRCs. Overall, the results for
passive samplers deployed in surface water and sediment in the
eld site were in close agreement with grab surface water
samples and grab samples of mechanically extracted pore
water. This suggests that the passive sampling method corre-
sponds to more conventional sampling methods, and, in the
case of this site, PFAS in surface water and sediment were
present in the dissolved/freely available phase. However, even in
cases in which PFAS are present in the dissolved phase in
surface water and sediment matrices (which should be evalu-
ated at other sites), passive sampling may offer several advan-
tages compared to conventional sampling methods. For
example, passive sampling in sediment can also resolve diffi-
culties and uncertainties associated withmechanical pore water
extraction methods, which can be logistically impossible for
some sediment types. Lastly, while this research focused
specically on PFAS in sediment pore water and surface water,
we hypothesize that the developed equilibrium passive sampler
could potentially be used to monitor PFAS in other low-ow
environments, such as groundwater. Thus, additional
research is needed to further assess the utility of this passive
sampler. Additional research is also needed to assess if this
passive sampler could be used for the monitoring of longer-
chain compounds (i.e., compounds that have more than 10
carbons), which have been shown by McDermett et al. to have
high adsorption affinity to the sampler components in their
study.29 In regards to PFAS adsorption to surfaces, studies have
shown that the tendency of PFAS to partition to surfaces
increases as the ionic strength of the solution increases.54–56

Thus, additional study is needed to evaluate the adsorption of
PFAS to the sampler components as well as the migration of
PFAS into the sampler in solutions containing elevated
This journal is © The Royal Society of Chemistry 2023
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concentrations of salts, as such a study would provide insights
into the performance of the sampler in coastal areas.
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