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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a category of persistent environmental contaminants that
have been linked to health issues in humans. In this work, we investigate the detection of
perfluorooctanesulfonate (PFOS"), one such PFAS, by ion-transfer voltammetry at an array of microinterfaces
between two immiscible electrolyte solutions (MITIES). Cyclic voltammetry, differential pulse voltammetry and
differential pulse stripping voltammetry (DPSV) indicated the ion-transfer behaviour and detection of PFOS,
with the latter enabling detection at picomolar concentrations. Using a 5 min preconcentration time, during
which PFOS™ was preconcentrated into the organic phase of the pITIES array, a limit of detection (LOD) of
46 pM in aqueous electrolyte was achieved. This performance is attributed to the enhanced mass transport
(radial diffusion) to the WITIES that occurs during preconcentration. To investigate the potentiality for
applications of this analytical approach to environmental samples, measurements in a range of water
matrices were investigated. Drinking water, laboratory tap water and seawater matrices were assessed by
spiking with PFOS- over the 0.1-1 nM range. A matrix effect was observed, with changes in sensitivity and
LOD relative to those in pure aqueous electrolyte solutions. Such matrix effects need to be considered in
designing applications of these PFOS™ measurements to environmental samples. The results presented here
indicate that DPSV at a pITIES array can form the basis for a fast and sensitive screening method for PFOS-

contamination that is suited to portable and on-site applications.



1. Introduction

Per- and polyfluoroalkyl substances (PFAS) have been widely used in industry due to their unique
physicochemical and chemical properties. Their technological applications include in paper and packaging,
as stain and water resistant coatings on carpet and clothing, as nonstick coatings on cookware, as industrial
surfactants, in fire-resistant foams and in insecticide formulations."? However, their specific properties, such
as stability, has led to the persistence of PFAS in the environment (soil, water), as well as in wildlife and
humans.3#%678 This raises environmental and human health concerns due to the toxicity and
bioaccumulation of PFAS. Taking into account this hazard, it is important to monitor the presence and
concentrations of PFAS.>"® PFAS with long alkyl chains, such as perfluorooctanoate (PFOA) and
perfluorooctanesulfonate (PFOS-), have been widely used, and as a result, these compounds represent the

largest environmental and health concerns related with PFAS."!

Currently, several detection approaches are available for PFAS monitoring, including high-performance liquid
chromatography—mass spectrometry (HPLC—-MS), gas chromatography—mass spectrometry (GC-MS), liquid
chromatography—tandem mass spectrometry (LC-MS-MS) and colourimetric detection.'213.14.15.16.17.18
Although excellent sensitivity has been achieved with these methods, they have disadvantages including
economic costs, complex instrumentation, complicated sample pretreatment, and the need for highly trained
personnel. They are also poorly suited to in-field measurements. There remains an on-going need for
analytical approaches that allow PFAS detection at the required low concentrations in real matrices and that
operate at short time with scope for in-field or in situ measurements. For example, minimum reporting levels
for PFAS in drinking water have been set at the picomolar (nanogram per litre; parts per trillion) concentration

range by the USA Environmental Protection Agency (EPA) and the Australian Department of Health.92

Although a wide range of electrochemical techniques have applied to determination of environmental
pollutants,?' 22 2% 24 it s difficult to detect PFAS by direct redox electrochemistry because of the chemical
stability of the carbon-fluorine bond. This problem might be resolved by employing electrochemistry at the
interface between two immiscible electrolyte solutions (ITIES), which relies on the transfer of ionised species
across the interface to generate the electrochemical signal. In other words, this approach can be used for
analytical purposes without the need for analyte-based redox reactions. Several target analytes has been
detected by ion transfer electrochemistry at the ITIES.?® 26 27. 28 However, traditional electrochemical cells
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with a millmetre- or centimetre-scale interface are limited in their analytical usefulness due to linear diffusion
and mechanical instability of the interface. These limitations can be overcome by miniaturization of the ITIES
to microscale (uITIES),?® 3% 3! which enhances mass transport to the interface and improves the detection
capabilities, while the mechanical stability can be improved by the use of a porous membrane to support the
ITIES.32 33 There are a number of reports of the electrochemical characterisation and detection of pollutants,*
proteins,3® 3¢ 37 jonizable drugs,®® 3% 4° macromolecules,*'" 4> and inorganic species** 4 at the uITIES.
Combination with differential pulse voltammetry (DPV) improved the LODs and the sensitivities compared to
cyclic voltammetry (CV), due to discrimination against the capacitive current*> 46, Notably, the
electrochemistry of some PFAS at the ITIES was investigated by Amemiya and co-workers, in which ion-
transfer electrochemistry was employed as a basis to measure their lipophilic properties, which may be a
factor in the bioaccumulation and toxicity of these surfactants. Subsequently, this group also proposed a
method for PFAS determination based on stripping voltammetry at the ITIES formed between an aqueous
sample and a thin plasticized polymeric film supported on a gold disc electrode. Using a rotated electrode to
improve mass transport to this ITIES and a preconcentration time of 30 min, they reported a LOD of 50 pM
PFOS- ion in the presence of millimolar background electrolyte.?® Based on these antecedents, here we
propose an electroanalytical approach for PFOS employing a ulTIES array: by exploiting the enhanced
(radial) diffusion at microinterfaces, the need for electrode rotation and long preconcentration times is

removed, resulting in a simpler analytical strategy.*’:4¢

In this work, the voltammetric transfer and detection of perfluorooctanesulfonate (PFOS-), the most
commonly-used PFAS, at an array of ulTIES formed between water and 1,2-dichloroethane (DCE) is
reported. Investigations into combination of stripping and pulse voltammetric techniques (i.e. differential pulse
stripping voltammetry (DPSV)) were undertaken. Preconcentration into the organic phase held within inverted
truncated cone-shaped pores provided the capability for direct detection at environmentally-relevant
concentrations. Based on this approach, it was possible to detect concentrations lower than the reporting

levels for PFOS" in drinking water set by the USA EPA'® and Australia’s Department of Health.?°



2. Experimental

Reagents

All reagents were purchased from Sigma-Aldrich Australia, unless indicated otherwise. The electrolyte
solutions were 10 mM LiCl (p.a. grade) in ultrapure water and 10 mM
bis(triphenylphosphoranylidine)ammonium tetrakis (4-chlorophenylborate) (BTPPATPBCI) in 1,2-
dichloroethane (DCE). BTPPATPBCI was prepared by metathesis of
bis(triphenylphosphoranlidene)ammonium chloride (BTPPACI) and potassium tetrakis(4-chlorophenyl)borate

(KTPBCI).

The surfactant perfluorooctanesulphonic acid (PFOS, purity: 97%) was purchased from Strem Chemicals
Inc. (USA) and used as received. This compound was added to the aqueous phase of the electrochemical
cell at different concentrations. At the natural pH of the 10 mM LiCl aqueous electrolyte solution (pH = 6), the
surfactant was ionised and present in its anionic form, PFOS". For studies of matrix effects on the
electroanalytical signal, a range of natural and treated waters were examined, specifically drinking water
(filtered, on-tap in Building 500 at Curtin University), laboratory tap water (not filtered for drinking purposes),
and seawater (sampled from the Indian Ocean at Cottesloe Beach, Western Australia). These water samples
were used, either as sampled or with added 10 mM LiCl, as the aqueous phase of the PITIES array cell. In
control experiments for the seawater matrix, the aqueous phase was artificial sea water (ASW), composed
of sodium chloride (28.32 g/L), potassium chloride (0.77 g/L), magnesium chloride (5.48 g/L), magnesium

sulfate (7.39 g/L) and calcium chloride (1.1 g/L).*®

Electrochemical Measurements

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and differential pulse stripping voltammetry
(DPSV) were performed with an AUTOLAB PGSTAT302N potentiostat (Metrohm Autolab B.V., The
Netherlands) controlled by NOVA software (version 2.1.2). Waveform parameters for DPV were as follows:

step potential 5 mV, modulation amplitude 25 mV, modulation time 5 ms, interval time 0.5 s, scan rate 10
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mVs™"; for DPSV, a preconcentration step at 0.1 V was implemented, for different times, as discussed below.

Prior to each DPSV experiment, a preconditioning step of 0.5V for 40 s was applied.

All experiments were performed using a glass membrane micropore array, consisting of 100 pores machined
in 130 um thick borosilicate glass substrates by laser ablation.*® The fabrication process produced truncated
cone-shaped pores, with a radius of 11.5 ym at the laser exit side of the membrane, and a radius of 26.5 um
at the laser entry side of the membrane. The laser exit side of the glass membrane and the internal pore
walls were functionalized with trichloro-(1H,1H,2H,2H-perfluorooctyl)silane to make them hydrophobic, so
that the organic phase filled the pores. In these experiments, the aqueous phase was placed on the
membrane side with wider pore openings (laser entry side), and the organic phase was placed on the
membrane side with the narrower pore openings (laser exit side), to favour analyte accumulation within the
pores during stripping voltammetry experiments.® The glass membrane was glued to a glass tube with
silicone sealant (Selley, Australia and New Zealand) with the hydrophobic side facing the glass cylinder. The
silicone was allowed to cure for 24 h and the assembly was subsequently rinsed with acetone/methanol and
dried in air before electrochemical experiments. Then, the organic phase was placed into the glass tube and
the organic reference solution was placed on top of the organic phase. The membrane and tube assembly
was then inserted into the aqueous phase. Two Ag|AgCl reference electrodes electrodes completed the

electrochemical cell, as depicted in Scheme 1.

1 mM BTPPACI, ‘ aqueous phase
10 mM LiCl(aq) | 10 mM BTPPATPBCIlin DCE(org) || + PFOS | AgCl | Ag

Ag | AgCl |
Scheme 1. Electrochemical cell employed in investigating PFOS™ detection at the pITIES array. The aqueous
phase was 10 mM LiCl, a water sample matrix or artificial seawater, all spiked with PFOS- at different

concentrations. The double vertical bar indicates the polarisable ITIES.



3. Results and discussion

Voltammetric analysis at the pITIES array. The transfer of PFOS- across the ITIES has been studied at
micropipette-based ITIES by CV.%" In that work, it was observed that this surfactant gave well-defined CVs
with no voltammetric indication of adsorption, emulsification or instability of the interface. A sigmoidal
voltammetric wave corresponding to transfer of the analyte from aqueous to organic phase coupled with
nonlinear diffusion to the micrometer-sized interface was observed on the forward scan, and on the reverse
scan, linear diffusion occurred when the transfer process was controlled by the species leaving the

micropipette. Similar responses, but at pITIES arrays, were observed in this work.

Figure 1 shows CVs employing a uITIES array. The CV of the blank shows the background response,
obtained when both phases contain only the background electrolyte species. The increased current at the
negative end of the voltammogram is indicative of background electrolyte ion transfer across the ITIES.
Moreover, when the aqueous phase contained 40 yM PFOS- (Figure 1), an asymmetric CV was obtained
with an apparent steady-state curve on the forward (negative-going) scan and a peak-shaped response on
the reverse (positive-going) sweep. In comparison to Fig. S-1A, Fig. 1 indicates that PFOS™ does not have an
ideal response at the WITIES array. As was already reported for PFOS-*' it shows quasi-reversible ion-
transfer behavior at the ITIES as confirmed by simulations for a simple, one step ion transfer process.
Nevertheless, the differences between CVs in the presence and absence of PFOS- (Fig. 1) indicate that this
surfactant can be easily detected by voltammetry at the YITIES array. For comparative purposes, CVs for
perchlorate and perfluorooctanoate (PFOA") were recorded in order to corroborate the response of this
system with anions (Figure S-1, supporting information). Nevertheless, given the well-known limitations of
CV for the detection of low concentrations of analytes, more sensitive voltammetric techniques are needed

to achieve concentrations that are required for environmental monitoring.
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Figure 1. Cyclic voltammograms in the absence or presence of PFOS- transfer at the water/ DCE micro-interface

array. Aqueous phase composition: 40 yM PFOS + 10 mM LiCl. Organic phase composition: 10 mM BTPPATPBCI.
v=0.010V s

Differential pulse voltammetry at the PJITIES array. Although CV is capable of detecting PFOS-, DPV is
generally employed to obtain an improved detection limit and sensitivity,%? as already applied for the detection
of ionized organic molecules at pITIES arrays.%** Figure 2 shows background-subtracted DPVs for PFOS-
at different concentrations, either in forward-direction scans (Fig. 2A) or reverse-direction scans (Fig. 2B).
(Fig. S-2 shows an example of a DPV scan before and after background subtraction). As for CV, forward or
reverse scan directions correspond to PFOS- ion transfer from aqueous phase to organic phase or vice versa,
respectively. As can be seen (Fig. 2), the PFOS in the concentration range 0.1-1.0 yuM were detected n both
scan directions. The peak currents increased linearly with the concentration of PFOS" in this range, yielding
LODs (30/m) of 0.06 uM and 0.07 pM, for forward and reverse scan directions, respectively, and sensitivities
(calibration line slopes) of 0.7 nA/uM and 0.8 nA/uM for forward and reverse scans, respectively. Thus, similar
analytical figures of merit were possible by using a forward scan or a reverse scan, indicating that any
preconcentration of PFOS" into the organic phase upon application of the initial potential for the reverse scan
DPV, at which potential immediate PFOS- transfer into the organic phase occurs, was insufficient to provide

a detection enhancement. Although DPV was able to detect nanomolar concentrations, lower concentrations



were not attempted with this method. Instead, it is important to note that an improvement in the LOD could
be achieved by application of a systematic preconcentration step, so as to enable detection at or below the
drinking water limits established by the USA EPA (0.04 ug/L; 80 pM)'® and the Australian Department of
Health (0.07 pg/L; 140 pM).2° This approach, called stripping voltammetry, constitutes a powerful tool in

electroanalytical strategies due to its high sensitivity.4647
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Figure 2. Differential pulse voltammetry (DPV) of increasing PFOS- concentrations at the yITIES array for forward
scan (a) and reverse scan (b). DPVs are background-subtracted. PFOS- concentrations: 0.1, 0.2, 0.3 0.5, 0.7, 1 uM
(black) in the aqueous phase (10 mMLICl). Organic phase composition: 10 mM BTPPATPBCI.

Differential pulse stripping voltammetry at the pITIES Array. Improved detection of PFOS™ was achieved
by combination of stripping and pulse voltammetric techniques (i.e. differential pulse stripping voltammetry
(DPSV)). This technique consisted of a preconcentration step at a fixed potential and a subsequent
voltammetric detection step. The selection of the potential is crucial in DPSV because it is this factor which
enables the preconcentration of the analyte into the organic phase so that the local concentration is elevated
prior to detection in the subsequent stripping voltammetric step. This leads to lower LODs. Here, the potential
selected for the preconcentration step was 0.1 V, based on the CV for PFOS" at the pITIES array (Fig. 1). At
this potential, the transfer of PFOS- from the aqueous to the organic phase occurs, increasing the
concentration of this compound in the organic phase. Furthermore, the design of the micropores selected to
support the YITIES array, namely an inverted truncated cone, serves to keep the transferred analyte in the
organic phase within the pores, due to the sloped pore walls slowing down diffusion from the pores into the
bulk organic phase*3°% After the preconcentration step, the analyte was stripped back into the aqueous phase

using DPV (voltammetric step) by scanning from the preconcentration potential to higher potentials. Following



selection of the applied potential, the influence of the preconcentration time on the DPSV response was

investigated.

Time dependence. Figure 3 shows the results for DPSV of 10 nM PFOS-following preconcentration times
in the range between 0.5 and 30 minutes; the inset shows the dependence of the stripping peak current on
the preconcentration time. As can be seen, the stripping peak current increased with the preconcentration
time, but the rate is lower after 20 minutes, indicating a saturation effect. This type of saturation behavior was
also observed for the stripping voltammetric detection of choline,?® oligopeptides,**drugs* and proteins.3%
Based on the results in Fig. 3, selection of the preconcentration time is a compromise between the peak
current response and the time required for the analysis. In this case, one possible explanation for the
saturation effect is that longer times result in a higher concentration of PFOS" in the organic phase, which
might lead to formation of micellar aggregates (e.g. micelles, hemi-micelles).®® This could explain the loss of
linearity with time (Fig. 3, inset), since an increase in surfactant concentration is not reflected in an increase
in current because of PFOS"aggregation. Such behaviour has been reported for PFOS®’ and other PFAS.?°
Considering that the analyte transferred to the organic phase is solvated in DCE, the critical micelle
concentration (CMC) will be different from that in water. However, although formation of PFAS reverse
micelles in organic phases has been discussed,® no CMC values were reported. Nevertheless, it can be
surmised that reverse micelles of PFOS™ might form in the organic phase during the preconcentration step,

and lead to the observed non-linear behavior (Fig. 3).

10



4 ] 4.0,

3.5 L]

3.01_ ]
T < 257 o
< 3 =1 °
[ 1.“'_
= - o050
E 2 _| 003 sti1r':ef1':1inzo 25 30
5 |
(&
1 -
0
0,1 0,2 0,3 0,4 0,5
Potential /V

Figure 3. Influence of the preconcentration time on the DPSV (background-subtracted) of 10 nM PFOS- at the pITIES
array. Preconcentration times: 0.5, 5, 10, 15, 20, 30 min. Inset: plot of stripping peak current vs preconcentration
time. Data points are averages of three measurements and error bars are £ 1 standard deviation.

From an analytical perspective, longer times (10-15 min) yield larger stripping peak currents, but such time
might be impractical from the point of view of a rapid analytical approach for applications in the field.
Accordingly, in order to keep a short time for the analysis, 5 min was selected for the preconcentration time,
as it provides a good signal intensity with a relatively short time. All subsequent experiments employed a

preconcentration time of 5 min.

Concentration range for PFOS- detection by DPSV. DPSV responses to PFOS™ were measured after 5
min preconcentration from unstirred solutions in the concentration range of 0.1-1.0 nM. The background-
subtracted stripping voltammograms (Fig. 4) show clear stripping peaks that increase with PFOS
concentration. There was a linear relationship between the peak current and the concentration in the studied
concentration range (0.1-1.0 nM), (equation of straightline I, = 1.755 (nA/nM)(concentration) - 0.013 (nA), R?
= 0.9964, n = 10). Remarkably, the LOD was 46 pM (0.023 ug/L). This value is at a similar picomolar level
as reported using ion transfer stripping voltammetry at an aqueous-membrane interface supported on a
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modified gold electrode®® and is ~1 order of magnitude lower than reported for potentiometry at a fluoruous
membrane electrode.? In the aqueous-membrane interface supported on a modified gold working electrode,
the preconcentration time was 30 min and the electrode was rotated to enhance the mass transport of analyte
to the interface. In contrast, in the present work, the preconcentration time was 5 min without rotation or
stirring, presenting an important practical advantage. The relatively short preconcentration time was attributed
to the increased mass-transport flux arising from radial diffusion at the PITIES array.2%-32 43.50.51. Additionally,
DPV minimizes the contribution of the non-faradaic current to the differential current output, leading to the
ability to detect lower concentrations of analyte.*’°2 On the other hand, conventional chromatographic
methods including HPLC-MS, GC-MS and LC-MS-MS can achieve LODs of ~30 ng/L (similar magnitude
as presented here),**®%%put these established methods require expensive and complex instruments and are
often unsuitable for applications outside the laboratory. Taking into account these inconveniences, the
detection of PFOS™ using DPSV at a MITIES array at picomolar concentrations opens up an interesting

alternative to the established methods.
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Figure 4. Electrochemistry of increasing concentrations of PFOS at the pITIES array using DPSV (background
subtracted). Concentration range 0.1 to 1.0 nM PFOS. Inset: calibration curve of current vs concentration. Data points
are averages of three measurements and error bars are + 1 standard deviation.
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Assessment of matrix effects. In order to examine the possibility to apply ion-transfer DPSV to
environmental analysis, its performance in a range of water samples was assessed. Laboratory tap water,
drinking water and seawater were selected to assess the possible applicability of this analytical approach.
These liquids were collected from the local water supply network at Curtin University, Perth, Australia or from
the Indian Ocean on the coast of Perth, Australia. Before experiments, LiCl (10 mM) was added to all
samples, in order to serve as a background electrolyte and to reduce any ohmic drop in the aqueous phase.®?
For these experiments, the stock solution of PFOS™ used in spiking experiments was also prepared in the
same water matrix; i.e. three different PFOS- stock solutions were prepared, depending on whether laboratory
tap water, drinking water or seawater was being studied. This series of experiments was carried out with the
objective of evaluating matrix effects on the analytical approach, specifically whether the sample matrix has
an impact on the analytical performance. Matrix effects often cause the alteration of the analytical signal of
target analytes in the presence of substances present in samples,®® and can affect parameters of the
measurements to cause erroneous quantification via either a decrease or an increase in the response.® The
first case is observed when there are interactions between the analyte and other components of the sample
that may cause the detection of the analyte at a different potential than observed in standard solutions. On
the other hand, an increase in response might occur when a component of the sample is detected at the
same potential as the target analyte and results in a larger current. Both effects can alter analytical
performance and, as a result, matrix effects must be characterised in order to evaluate the applicability of the
proposed approach. To assess if substances commonly present in these waters, such as natural organic
matter, interfere with the response, spiking with PFOS- was performed. Increasing concentrations of PFOS-
were added to the three water types, from 0.1 nM to 1.0 nM. Figure 5 shows the results of the DPSV

experiments.
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Figure 5. DPSV (background subtracted) at the YITIES array where the aqueous phase is different water sample
matrices. Response from 0.1 to 1.0 nM PFOS:-. a) for drinking water, b) for laboratory tap water, c) for seawater. Note

that all water matrices also contained 10 mM LiCl.
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For all three water types, the peak current increased with PFOS- concentration over the studied range.
Nevertheless, changes in response in terms of the transfer potential observed or the magnitude of the current
were observed. The transfer potential of PFOS- was altered in these matrices relative to the response in
simple electrolyte solutions. This is attributed to the presence of different ions in these waters that can alter
the Ag/AgCl reference electrode potential. These reference electrodes are dependent on the CI
concentration in the solution; any shift in the reference electrode potential will cause an apparent shift in the
observed analyte transfer potential. Additionally the presence of different ions can also affect the transfer of
PFOS- directly, as will be discussed later. On the other hand, all water types showed a lower maximum
current compared to the experiments conducted in electrolyte solutions prepared from ultrapure water. This
signal decrease is attributed to the interaction of PFOS- with components of the matrix. For example,
adsorption of the spiked PFOS- to the surfaces of any particulate matter®* in the waters would result in a drop
in the peak current, since the adsorbed compound is not available for transfer across the ITIES, or it transfers
at a different applied potential. Adsorption of PFOS™ onto surfaces of materials such as sand, clay, and
minerals is a major factor in the fate and transport of these compounds in the environment.®5¢ One possible
solution to this problem is the filtration of samples prior to electrochemical analysis, although this could result
in removal of PFOS- from the samples, causing a false negative result. Note that in the seawater sample,

there is an increase in current at potential above 0.4 V (Fig. 5¢) that appears to be PFOS™ dependent.

In addition to water matrices fortified with LiCl (10 mM), measurements were also undertaken in drinking
water and seawater without added supporting electrolyte (Figure 6). This constitutes an operational
advantage since if the addition of supporting electrolytes is not necessary, samples may be measured
directly. This approach is based on taking advantage of the ions naturally present in the samples to provide
adequate supporting electrolytes as well as taking advantage of the ability of the yITIES to minimise the
Ohmic drop in the electrochemical cell.’” As seen in Fig. 6, the peak current increases with PFOS-
concentration over the studied range but the maximum current was lower when compared to the same
matrices with supporting electrolyte (Fig. 5a,c). In order to perform a more rigorous comparison of the matrix

effects, several analytical characteristics were determined.
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Figure 6. DPSV (background subtracted) at the WITIES array in different sample matrices without additional
electrolyte. Response from 0.1 to 1.0 nM PFOS- a) for drinking water, b) for seawater.

Analytical performance. Table 1 summarises the analytical characteristics for PFOS- detection using ion-
transfer DPSV in all matrices studied (see Figure S3, supporting information, for the calibration plots). As can
be seen, the pure aqueous electrolyte (electrolyte solution prepared in ultrapure water) provided the greatest
calibration graph slope (sensitivity) and the lowest calculated LOD (based on 3c/m). For the real water
matrices, the detection signal was attenuated and this is reflected in the analytical characteristics for these
experiments (slope, LOD, etc). Surprisingly, the slope and LOD for the seawater was better than these
parameters for laboratory tap water and drinking water. This unexpected result could be explained by the
high concentration of ions in seawater. These ions interact with PFOS™ and decrease its adsorption onto any
particulate matter present. In this way, the PFOS- detection signal in the seawater matrix was not as affected
as in the other matrices. There are several reports of this effect,®*8 which concluded that the adsorption of
PFOS- decreased with an increase in ionic strength, due to compression of the electrical double layer. Based
on this, the response to PFOS" in seawater is better than in drinking water and tap water, since the latter do
not have sufficient ions to produce the afore mentioned effect. The switch from pure electrolyte solution to
water matrices resulted in changes in slopes of the calibration graphs for all matrices (Table 1, Slope
difference (%)). In the absence of a matrix effect, the slopes of the calibration curves constructed in different
matrices would be the same as in the pure electrolyte solution. However, the differences in slopes indicate a
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matrix effect that alters the analytical performance for PFOS- detection. This indicates that it is necessary to
implement a strategy to minimize the matrix effect in order to use ion-transfer stripping voltammetry for the
detection of PFOS" in waters. Standard addition calibration is one such method to compensate the matrix
effect.®® However, it has the disadvantage of being laborious and time consuming because calibration needs
to be implemented for each sample. Taking these observations into account, future studies will be targeted

to minimize the matrix effect.

Calibration Calibration Linear range / Limit of detection R? % Slope
graph graph nM (LOD)* / pM difference

Slope® / Intercept® /

nM.nA! nA
Ultrapure Water 1.75+0.03 -0.01 £ 0.02 0.1-1.0 46 0.99 100
Drinking water 0.48 £ 0.02 0.09+ 0.01 0.1-1.0 125 0.99 27
Tap Water 0.43+ 0.03 0.04 £ 0.02 0.1-1.0 146 0.97 24
Sea Water 0.91+0.03 0.01£0.01 0.1-1.0 96 0.98 52
Drinking water 0.34+£0.28 0.02 £ 0.02 0.1-1.0 140 0.99 19
(without LiCl)
Sea water 0.81+ 0.08 -0.02 £ 0.05 0.1-1.0 180 0.96 46
(without LiCl)
Artificial sea water 0.95+0.05 0.02 + 0.1-1.0 142 0.96 54
(ASW) 0.020

Table 1. Analytical performance for PFOS- in purified water and different water sample matrices.
a values quoted are * one standard deviation. ® LOD calculated from 3.0/m, where ¢ is standard deviation of the
blank (intercept); m is the calibration line slope.

The differences between the calibration slopes for laboratory tap water and drinking water were insignificant
and suggest that the effect on the transfer of PFOS" is the same for both water types. This is expected, since
the compositions of these waters are similar. Furthermore, for the drinking water and seawater
measurements without added supporting electrolyte, the results were different for each sample type. As might
be expected for seawater samples, the difference between the calibration slopes with and without added
supporting electrolyte was insignificant, due to the already high ionic strength of the seawater.”® In other
words, the addition of supporting electrolyte to the seawater matrix did not alter the analytical performance
for the detection of PFOS- using the approach investigated here. With respect to the drinking water matrix,

there is a difference between the calibration slopes with and without added supporting electrolyte. This is

17



because drinking water does not have sufficient concentration of ions to obviate the addition of LiCI”' and the
addition of supporting electrolyte is necessary in drinking water in order to achieve a better sensitivity. Another
important parameter is the LOD; for all matrices studied, the LODs were greater than achieved in pure
electrolyte solutions and greater than the minimum reporting level set by the U.S.A. EPA (80 pM'®) but mostly
lower than the level set by the Department of Health, Australia (140 pM?°). Nevertheless, the LOD obtained
for all samples using DPSV at the UITIES array reinforces the above comment on the need to minimize the

matrix effect in a manner that enables a better analytical performance for the detection of PFOS- in real water

samples.

PFOS- response in artificial seawater matrix. Finally, as can be seen in Fig. 5C and Fig. 6B, there is an
increase in current at potentials more positive than the transfer potential of PFOS- for measurements in the
seawater matrix. In order to determine if any of the matrix components were responsible for this increase in
current, PFOS- detection was performed in a synthetic matrix that mimics seawater, in a similar manner to
previous studies that assessed performance in artificial urine’ and saliva.*® Initial experiments to characterize
the influence of an artificial sea water (ASW) matrix on ion-transfer DPSV showed that the components
present in this mixture decreased the available potential window relative to that achieved when the aqueous
phase consisted of supporting electrolyte (LiCl, 10 mM). The transfer of ions present in the ASW matrix
significantly reduced the potential window, therefore limiting the working range. Figure 7 shows the DPSV of

PFOS- in the ASW matrix, and can be directly compared with the response in real seawater.
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Figure 7. DPSV (background subtracted) of increasing concentrations of PFOS- in artificial seawater at the pITIES
array. Response from 0.1 to 1.0 nM PFOS:-. Inset: calibration curve of current vs concentration. Data points are
averages of three measurements and error bars are + 1 standard deviation.
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As can be seen, the background-subtracted stripping voltammograms show that the stripping peak currents
increase with PFOS™ concentration and a linear fit was obtained in the studied concentration range (0.1-1.0
nM). The equation of the linear fit was: I, = 1.21 (nA/nM)(concentration) - 0.02 (nA), R?=0.9973, n = 10. The
analytical characteristics calculated for the detection of PFOS in ASW are listed in Table 1. The sensitivity
was lower compared to that in pure aqueous electrolyte due to the influence of the ASW matrix ions, as
discussed above for the real seawater matrix. Notably, there is no practical difference between the real
seawater samples (with and without LiCl) and the ASW matrix, indicating that the importance of high ion
concentration in the transfer of PFOS" in the studied system. Nevertheless the increase in current above 0.4
V is present in the ASW matrix as well as the seawater samples: this might be a feature of the high ion

concentration and and will require additional experiemnts to understand it.
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4. Conclusions

In this work, it was demonstrated that PFOS-, an important environmental contaminant, can be detected by
voltammetry at liquid-liquid interfaces supported on a microporous glass membrane. By combination of
stripping and pulse voltammetric techniques (DPSV), an ultrasensitive analytical approach based on a
constant-potential preconcentration step of five minutes, followed by a voltammetric detection step, was
investigated. This approach enabled the detection of picomolar concentrations of PFOS - in aqueous
solutions. A calculated LOD of 46 pM was obtained, which is lower than the reference levels for PFOS in
drinking water set by the U.S.A. EPA' and the Department of Health,?° Australia. Furthermore, the impact of
real sample matrices on the analytical performance was evaluated, and has shown that matrix components
of the studied water types (laboratory tap water, drinking water and seawater) affect the analytical
performance (sensitivities and LODs). Therefore, strategies to minimize the matrix effect for analysis of
multiple samples, like standards addition calibration, are needed for practical applications of these findings.
Finally, this work is based on electrochemical measurements at liquid-liquid interfaces, which can be
implemented with any suitable electrochemical instrumentation. As a result, this work opens up a strategy to
detecting PFOS" in the field with a fast and uncomplicated method implemented with portable instrumentation.
In the future, this approach will enable the screening of samples or rapid on-site analysis, prior to further
analysis of positive samples by conventional laboratory methods (e.g. HPLC-MS, GC-MS), considerably
reducing the analysis time of a large number of samples. Finally, strategies to improve the detection limit to
lower concentrations, e.g. by increasing the preconcentration time or altering the mass transport regime
during the preconcentration step, mean that the results presented here provide a basis for further

improvement in PFOS" detection in a simple and low-cost manner.
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