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Abstract

Simple, fast and low cost methods for the detection of sulfate are required for different applications.
Electrochemistry at water/o-nitrophenyloctylether (W/NPOE) interfaces was employed to evaluate
sulfate detection by ionophore-facilitated ion-transfer at an array of micro-interfaces. With ionophore
1,3-[Bis(3-phenylthioureidomethyl)]benzene present in the NPOE phase, the transfer of sulfate across the
interface was determined by voltammetry at ca. - 0.35 V for 0.01 M Na;S04 on the Galvani potential scale.
The potentiometric detection limit for sulfate was 0.6 x 10® M, based on the shift in the half-wave transfer
potential with concentration. Amperometric detection limits for forward and reverse ion transfer currents

were determined to be 14 x 10 M and 0.8 x 10® M, respectively. Electrochemical analysis of the half-
w
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spectrometry (ESI-HRMS) analysis of W/NPOE emulsions indicated interfacial complexation via the

wave potential versus logC and the corresponding electrospray ionisation — high resolution mass

formation of 1:1 sulfate:ionophore complexes. ESI-HRMS analysis of W/NPOE emulsions formed with
water samples from an advanced water treatment plant revealed the binding of the ionophore to
potential interferences from this environment, thus providing a guide to sensor development.
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1. INTRODUCTION

The design of ionophores for anion recognition via ‘host-guest’ interactions is an expanding field of
research in inorganic and supramolecular chemistry [1] driven by the ubiquitous role of anions in various
chemical and biological processes. The main disadvantage for anion recognition compared with cation
recognition is that anions are larger, can vary in geometry, and can be sensitive to changes in pH [2]. For
example, ionophores for sulfate are of interest as this double negatively charged oxoanion is challenging
to extract from water due to its large hydration energy. The ability to monitor and detect sulfate is of
relevance in water and soil pollution, particularly in the mining [3] and nuclear waste remediation [4]
sectors. Nevertheless, biomedical applications are also important, as high levels of sulfate in urine can
indicate renal failure [5].

The widely-used method for the determination of sulfate in aqueous samples is ion chromatography (IC),
which is used to detect sulfate concentrations >1.5 x 10°® M (144 ng ml?) [6]. However, IC is expensive
and time consuming, which consequently drives interest towards lower-cost methods such as sulfate
sensors. Recent sensor studies have focused on colorimetry [7] and fluorimetry [8,9], in some cases
coupled to catalytic reactions (e.g., with cysteine-modified gold nanoparticles) [10]. Similarly, polystyrene
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microspheres have been used to support ionophores for optical measurements in the presence of pH-
sensitive chromoionophores [11].

Traditionally, ion selective electrode (ISE) sensors have been an attractive alternative to
optical/spectroscopic methods because of their lower cost and versatility to accommodate ionophores
for either anions or cations. ISEs consist of an ionophore and an organic electrolyte in a polymeric
membrane (usually polyvinyl chloride) prepared with a plasticizer (organic solvent).The ionophore can
interact selectively with the analyte of interest, while the response is measured as the electromotive force
(EMF) relative to the activity of the ion of interest. A variety of ionophores have been designed for sulfate
recognition in ISE membranes, e.g. based on guanidinium [12], ferroceneamide [13], polyazacycloalkane
[14], tris-urea [15], bis-thiourea [16,17], and squaramide [18,19] recognition groups. The main feature of
these materials is the multiple (>2) binding sites available to interact with sulfate via H-bonding. Amongst
these publications, the limits of detection (LOD) reported are in the micromolar (10® M) range. For
example, in a potentiometric sensor the bis-thiourea ionophore N-[4-[4-[(anilinocarbothioyl)
amino]benzyl]phenyl]-N-phenylthiourea gave a LOD of 0.2 x 10® M (19 ng ml?) [16], but selectivity over
other anions was an issue. Receptors based on a tripodal squaramide structure presented a reasonable
LOD (1 x 10® M; 96 ng ml!) with the advantage of improved affinity towards sulfate over chloride
(logarithm of selectivity coefficient: -3.4) [18].

There have been few investigations of anion detection by dynamic electrochemistry at the interface
formed between two immiscible electrolyte solutions (ITIES). lon transfer (IT) and facilitated ion transfer
(FIT) processes can be implemented at the ITIES via the imposition of a potential difference across the
interface. FIT is achieved by using a receptor in one of the phases in a similar manner to ISEs. For instance,
Shao’s group [20] employed a calix-pyrrole ligand at water/dichloroethane microinterfaces to assist the
transfer of monovalent anions. FIT of halides using cholapod receptors was investigated by Dryfe’s group
[21], while calixarenes and bis-thiourea moieties were used for phosphate [22,23] and sulfate [24]
recognition at the ITIES. More recently, Chen’s group [25] reported the use of an anion exchange
membrane placed at the ITIES which resulted in an enlargement of the potential window and allowed the
selective separation of various anions (SO4>, NOs’, ClOs and CI) without the need for a ligand in the
organic phase.

The aim of the work presented here was to characterise the complexation of sulfate at a water/o-
nitrophenyloctylether (W/NPOE) interface by a commercially-available ionophore using a combination of
electrochemistry at a micro-ITIES array and electrospray ionisation — high resolution mass spectrometry
(ESI-HRMS). In this way, information about the analytical sensitivity as well as the complexation of
potential interferences from a recycled wastewater matrix was obtained. The micro-ITIES array was
employed to study the ionophore-facilitated sulfate transfer at the W/NPOE interface using the ionophore
1,3-[Bis(3-phenylthioureidomethyl)]benzene, which has been used previously in ISEs and in the dropping
electrolyte ITIES format [17,24]. The stoichiometry of the sulfate-ionophore complexe was determined
electrochemically together with a complementary ESI-HRMS characterisation of complexes formed in
W/NPOE emulsions. Finally, water samples from a water treatment plant were examined in an attempt
to screen potential interferences that bind with the ionophore at the W/NPOE interface.



2. MATERIALS AND METHODS

2.1. Reagents. All the reagents were purchased from Sigma-Aldrich Australia Ltd and used as received,
unless otherwise indicated. The organic electrolyte (BTPPATPBCI) was prepared by metathesis of
bis(triphenylphosphoranylidene)ammonium  chloride  (BTPPACI) and  potassium tetrakis(4-
chlorophenyl)borate (KTPBCI), as reported previously [28]. BTPPATPBCI (0.01 M) solutions were prepared
in o-nitrophenyloctylether (NPOE) in the presence or absence of the commercial sulfate-ionophore | (S-I,
1,3-[Bis(3-phenylthioureidomethyl)]benzene) (Figure 1). All aqueous solutions (Na>SO4 and H,SOa4) were
prepared in purified water, from a USF Purelab plus UV, with a resistivity of 18.2 MQ cm.

2.2.  Electrochemical cell. Electrochemical measurements were performed using an Autolab
PGSTAT302N electrochemical analyser (Metrohm Autolab, Utrecht, The Netherlands). The
electrochemical cell used is illustrated in Figure SI-1. The liquid-liquid interface was miniaturised by using
silicon membranes containing 30 micropores of 22.4 um diameter [27]. These microporous membranes
were sealed onto the lower orifice of a glass cylinder using a silicone rubber (Acetic acid curing glass
silicone (Selleys Australia & New Zealand)), (Figure Sl-1a). The organic phase solution (yellow solution in
Figure SI-1) was introduced into the silicon micropore array via the glass cylinder and the organic
reference solution was placed on top of the organic phase. The silicon membrane was then immersed into
the aqueous phase (Figure Sl-1a,b). A two-electrode electrochemical cell was employed, whereby the
micro-interface array was polarised by applying a potential difference between two electrodes (Ag in the
aqueous solution and Ag/AgCl in the organic reference solution). Cyclic voltammetry (CV) was carried out
at 10 mV/s. Tetraethylammonium (TEA*) was used as an internal reference in order to determine the half-
wave and formal transfer potentials on the Galvani potential scale using equation (1).

A‘gd)l/z,Az_(exp) - A‘S’¢X§— = A‘g¢1/2, TEAY(exp) — A‘g(p%y}’r (1)

where AY ¢ oz- and AY 7+ are the formal transfer potentials of the anion A and TEAY, respectively, and
A 172, a7~ (expy and DG D12 TEa* expy are the experimental half-wave potentials of A" and TEA,
respectively. A‘{,’d)?'EAJr is -3 mV [28] based on the tetraphenylarsonium tetraphenylborate (TATB)
assumption for W/NPOE interfaces.

Electrospray ionisation — high resolution mass spectrometry (ESI-HRMS). A high resolution LTQ XL
Orbitrap mass spectrometer (Thermo Fisher Scientific Corporation, Waltham, USA) coupled to an
electrospray ionisation source operated in positive and negative ion mode was employed to determine
elemental formulae and accurate masses of the ionophore and its complexes. Emulsions of NPOE in
aqueous phase (1:1, v:v) were formed by sonication and then diluted (ca. 1:4, v:v) with methanol. These
emulsions were infused at 3-8 pL min " into the mass spectrometer using a built-in syringe pump. The
emulsions contained the ionophore (2.5 x 103 M S-lI) and organic electrolyte (0.01 M BTPPATPBCI) to
mimic the electrochemical cell conditions. Before each measurement, full calibration of the LTQ Orbitrap
XL in the 110-2000 m/z range was conducted with the positive and negative ion calibration solutions
provided by Thermo Scientific. For increased mass accuracy, a plasticizer interfering peak present in the
background (n-butyl benzenesulfonamide, CsHsSO2NH(CH2)sCHs [M+H]*=214.0896 m/z), was used for the
lock mass function. For increased sensitivity, electrospray and transfer lenses were optimised using a
standard solution of caffeine prior to each batch of measurements. The screening analysis was conducted
by operating the mass spectrometer in full-scan mode in the range 70-1000 m/z with a mass resolution
of 30.000 (@ 400 m/z). To gain structural information on the ionophore and its complexes, samples were
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also analysed by operating in HRMS? mode, where the mass spectrometer was set to isolate the target
parent compound, fragment it in the LTQ ion trap, and then scan for the product ions in the Orbitrap mass
analyser. A mass resolution of 30.000 (@ 400 m/z) was used for the MS/MS experiments. For substance
identification, the deviation of the measured mass (i.e. parent compound and fragments) was compared
to the theoretical mass (< 5ppm, relative error). The measured isotope pattern was also compared with
that obtained from isotopic simulation. Data was processed using Xcalibur QualBrowser 2.0.7 SP1, from
Thermo Fisher Scientific.

2.3. Water sample collection. Treated wastewater samples were collected from the Beenyup
advanced water recycling plant, in Perth, Australia. In this plant, secondary-treated wastewater is further
treated to drinking water standards before being recharged into the groundwater aquifer. The advanced
water treatment process involves purification of the secondary-treated wastewater by ultrafiltration (UF)
and reverse osmosis (RO), followed by disinfection with ultraviolet irradiation (UV) [31]. Water samples
were collected from two different stages at the plant: (i) pre-RO and (ii) post-RO.

2.4. lon chromatography (IC). lon chromatography was performed on a Dionex ICS-90 ion
chromatography system (Thermo Fisher Scientific Corporation, Waltham, USA). Anion separations were
performed with a Dionex lon Pac AS23 4 x 250 mm, which is chemically modified with alkanol quaternary
ammonium salts, and ion detection was via conductivity measurement. The samples were prepared in 0.5
mL polyvials which contained a 0.45 um filter. The eluent was 18 x 103 M carbonate/3.2 x 103 M
bicarbonate, the regenerant was 50 x 103 M sulphuric acid, the flow rate was 1 mL min™ and the injection
volume was 20 pL. The system also contained a guard column and a suppressor column (ARS 300 4 mm)
to reduce the background conductivity of the eluent. For identification and quantification, five anion
standard solutions (Cl, NO2", NOs3’, H,PO4 and SO4%) were prepared between 0.1 and 100 ppm (mg L?)
(not shown here). The retention times were 6.66 (Cl), 8.22 (NOy’), 11.63 (NOs’), 15.76 (H2PO4) and 17.55
(SO4%") min. For all the ions studied, calibration curve linearity was observed between 0.1 and 100 ppm (n
=7). The pre-RO water sample was diluted with ultra-pure water (1/20) prior to analysis.

3. RESULTS AND DISCUSSION
3.1. Cyclic voltammetry of sulfate at W/NPOE micro-ITIES array

Figure 1aillustrates the facilitated transfer of sulfate anions from the aqueous phase to the organic phase
by the ionophore, with formation of the ionophore-sulfate complex under electrochemical control. In the
absence of ionophore, but with added TEA* (for calibration of the potential axis), the voltammetry (Figure
1b) exhibited an as-expected signal for the TEA* transfer process [30] and a background electrolyte
transfer indicated by the large negative current approaching -0.6 V. In the presence of ionophore (Figure
1c), the voltammetric behaviour exhibited an ion-transfer current in the region of -0.4 V, indicating a lower
energy requirement for the transfer of ions than for the electrolyte in the absence of ionophore. By
convention, a positive current is defined as a transfer of cation from aqueous phase to organic phase (see
the TEA* transfer process in Figure 1b) or the transfer of an anion from the organic phase to the aqueous
phase. Similarly, a negative current is defined as transfer of an anion for the aqueous phase to the organic
phase of or a cation for the organic phase to the aqueous phase [31]. Hence the increase in current at ca.
-0.4 V is attributed to the ionophore-facilitated transfer of sulfate from water to organic phase (Figure
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1c). The data suggest an interfacial complexation between sulfate and the ionophore, with the latter
diffusing to the interface, since its concentration in the organic phase (2.5 x 103 M) is lower than the
higher concentrations of sulfate examined (0.1 M, 0.01 M). The expected peak-shaped response due to
linear diffusion of the ionophore within the micropores [30] is distorted by the background current signal.
However, following background-subtraction for the CVs at 0.01 M Na,SOs (Figure 1c inset), the
voltammogram becomes peak-shaped with a peak height of 2.3 nA. The sulfate FIT process is considered
to be chemically reversible, as is illustrated in Figure 1c by the current peak recorded when the potential
scan direction is reversed from -0.6 V towards more positive potentials. Furthermore the peak current (iy)
associated with the FIT process was linearly dependent on the square root of the scan rate (v), indicating
a 1-dimensional diffusion-controlled process. For the forward scan, the linear response was expressed by
the equation i, (nA) = -11.43 v¥2 (V s1) /2 + 0.08 (nA), R? = 0.996, while for the reverse scan the linear
response was given by i, (nA) = 27.62 v/2 (V s1) ¥/2 + 1.22 (nA), R? = 0.999. For a linear diffusion process,

1/2

the peak current is expected to be proportional to the square root of the scan rate (v'/¢), according to

the Randles-Sevcik equation, equation (2).
ip = 2.69x10°232ACDY%y1/? (2)

where z is the charge of the transferring species, A is the area of the interface, Cis the concentration and
D is the diffusion coefficient of the species controlling the transfer process.

If the diffusion coefficient of the ionophore or ligand (D;) is assumed to be equal to that of the complex,
D, _4z-, then, using z = -2, and concentration of ligand (ionophore) C; = 1.25 x 10> mol cm™3 in Eq. (2), D,,
is estimated to be 1.0 x 108 cm? s’ (forward signal) and 6.1 x 108 cm? s (reverse). Additionally, at a lower
concentration of ionophore (1.25 x 10 mol cm?3), the slope of the forward sweep for the ip a v/? plot
was -1.26 nA V2512 Thus the ratio of the ionophore concentrations (1.25 x 10/1.25 x 10°® = 10) matches
the ratio of the slopes (-11.43/-1.26 = 9) as expected for linear diffusion (Eq. (2)), i @« v*/2C,, of a 1:1
complex [24].

The diffusion coefficient of the ionophore was also calculated in a similar manner as previously reported
for dopamine [32] using the following expression for the limiting current (iim) at an in-laid micro-interface
array:

iym = N4zFDC (3)

where for N is the number of micro-interfaces (30 in this case), F is Faraday’s constant, r is the radius of
each independent interface (1.12 x 103 cm?) and Cis the bulk concentration of the ionophore (2.5 x 10®
mol cm3). The estimated D, with this approach was 3.6 x 10® cm? s, in agreement with the above
approach. These values are two orders of magnitude lower than the values reported for the ionophore
dibenzo-18-crown-6 (DB18C6) in 1,2-dichloroethane (DCE) [32] but in good agreement with D, data
reported for neutral ionophores in 33% PVC-NPOE membranes (e.g. ca. 1.5 x 108 cm? s1) [33].
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Figure 1. a) Schematic diagram of the facilitated sulfate transfer process: (1) Diffusion of the ionophore in
the organic phase and (2) facilitated transfer via interfacial complexation. b) CV of 0.01 M NazSOa4 + 20 x
10® M TEA* in the absence of the ionophore in the organic phase (NPOE). c) CV of different Na,SO4
concentrations (107, 10, 10, 10, 103, 10, 10! M) in the presence of 2.5 x 103 M sulfate-ionophore |
in the organic phase (NPOE); in part c, as sulfate concentration decreased, the transfer wave shifted to
the left (towards more negative potentials); as sodium concentration decreased, the current on the upper
right hand side shifted to the right. Scan rate: 10 mV s

As shown by Figure 1c, as concentration of Na;SO4 was varied, the sulfate transfer wave shifted to more
positive potentials. We note here that the potential scale was calibrated to the Galvani scale by addition
of TEA* at the end of each series of experiments. Hence the shift in potential is not an artefact of the
reference electrode potential. By measuring the half-wave potential as a function of the Na;SOa
concentration, and by selecting the potential value at a fixed current of -1.25 nA (which corresponds to
half the wave current at the highest sulfate concentration) (Figure 2a), a Nernstian response of 28.4 mV
dec! was found (Figure 2b). This indicates a transfer of a doubly-charged anion, i.e. SO4% and the
formation of 1:1 sulfate-ionophore complex, as other sulfate-to-ionophore ratios would produce a
different response slope. Performance of nine measurements via cyclic voltammetry on separate days
with freshly prepared organic phase solutions provided a relative standard deviation (RSD) of 16% for the
current signal (mean = 2.5 nA, standard deviation = 0.4 nA, at 0.01 M Na,S04) and a standard deviation of
4.8 mV dec™ and average slope of 29.6 mV dec™ in the sensitivity (slope of half-wave potential (A% ¢4 ,2)

versus the (logC_S‘f'gZ_) plot). Additionally, a single array with 30 W/NPOE micro-interfaces was assessed

during 11 days storage in high purity de-ionised water and its response to 0.01 M Na;SO4 measured every
24 h. In this case, the current data showed a 16% RSD over this time period. The mean LOD calculated for
S04% by cyclic voltammetry was 1.3 (£ 0.9) x 10® M (125 ng mlI'!) for n =9 (Table SI-1) whilst the LOD from
the single data set presented in Figure 2a gave a LOD of 0.6 x 10° M (58 ng ml2). For the reverse peak,
the CVs show a slope of 24.2 + 3.6 mV dec? with a LOD of 2.0 (+ 3.1) x 10® M (192 ng ml?) sulfate.

The LOD here is defined as the intersection of the line of best fit of the linear range (Aj ¢4 2 vs logCL‘g"g)Z_)

with the horizontal line [34] (Figure 2b). This procedure was also applied to the current data after
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background-subtraction of the voltammograms (Figure 2c). Figure 2d illustrates the peak current obtained
from the background-subtracted voltammograms of Figure 2c. The LOD was 14 x 10° M (1344 ng ml?) for
the forward peak and 0.8 x 10® M (77 ng ml?) for the reverse peak, which are larger than the value
obtained from Figure 2b (0.6 x 10 M, 58 ng ml?) because the measurement of the peak current becomes
more challenging at low concentrations of sulfate. Aqueous phase sulfuric acid was also investigated (10
7to 101 M, 10-107 ng ml) to evaluate the response in acidic conditions. Figure SI-2a shows analogous
voltammetry for various H,SO4 concentrations as observed for Na;S04, with no clear impact of the acidity
on the amperometric and potential signals (Figure SI-2b).
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Figure 2. a) CV of different aqueous phase Na>SO4 concentrations. b) Plot of half-wave potential (AG ¢12)
measured from CVs in Figure 2a versus logarithm of sulfate concentration (log (Csuifate / M). ¢) CV of
different Na>SO4 concentrations after background (CV in the absence of sulfate) subtraction. d) Plot of
peak height from Figure 2c versus log (Csuifate / M) for different Na,SO4 concentrations. Organic phase: 2.5
x 103 M sulfate-ionophore in NPOE + 0.01 M BTPPATPBCI; scan rate: 10 mV s



3.2. Electrospray ionisation - high resolution mass spectrometry (ESI-HRMS) of W/NPOE emulsions

There are several reports about the use of biphasic ESI-HRMS as a complementary technique to
voltammetry for the characterisation of interfacial complexes formed at the ITIES. The majority of this
work focuses on cation complexation (e.g., alkali metals [35,26], Rb* [37], Cs*[38] and Sr?*[39]). Since the
electrochemical data discussed above revealed the FIT of sulfate at W/NPOE micro-interfaces, ESI-HRMS
was implemented in order to characterise the nature of the sulfate-ionophore complexes formed at these
interfaces.

Firstly, the ionophore was prepared in water:methanol (50:50, v:v) and sprayed directly into the MS using
an ESI source operated in positive or negative ion mode. The anionic form of the ionophore (i.e., negative
ion mode, [M-H]) showed a mass-to-charge ratio of 405.1202 m/z, while the protonated form (i.e.,
positive ion mode, [M+H]*) showed a peak at 407.1353 m/z. These values agree with the molecular
formula of the ionophore (C22H22N4S;) after subtraction or addition of a charge with a relative error of -
0.629 or -1.362 ppm, respectively. This procedure was also followed with the organic phase solution used
in the electrochemical experiments, i.e. ionophore + organic electrolyte + NPOE. In this case, the mixture
of 2.5 mM ionophore + 10 mM organic electrolyte + NPOE was diluted (1:4, v:v) in methanol to facilitate
sample electrospray ionisation. In negative ion mode, the organic solvent (NPOE’), ionophore ([SI-H]") and
the organic electrolyte anion (TPBCI,, [C24H16BCls]") were identified at m/z values of 251.1521, 405.1202
and 457.0089, respectively. In positive mode, peaks in the spectrum at 274.1406, 407.1353 and 538.1841
m/z corresponded to the solvent ([NPOE+Na]*), the protonated ionophore ([C22H22N4S2+H]*) and the
organic electrolyte cation (BTPPAY, [C3sH3oNP2]).

This approach was undertaken to identify sulfate-ionophore complexation in methanol:water solutions
and methanol:water/NPOE emulsions (see Figure 3a-b). The emulsion corresponds to 0.1 M sulfate in the
aqueous phase and 2.5 mM ionophore in the NPOE phase (1:1, v:v) and was diluted in methanol (1:4, v:v)
to aid ionisation. In the spectra presented in Figure 3, a new peak appeared at ca. 503 m/z which was not
seen in the absence of sulfate. This value corresponds to the mass of a 1:1 ionophore:hydrogen sulfate
complex formed in the emulsion medium, which confirms the interaction between the neutral ionophore
S-1 and sulfate ions.
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Figure 3. Mass spectra of a) ionophore with an excess of sulfate (0.1 M Na;S0a) in water:methanol (50:50,
v:v) and b) emulsion formed from 2.5 mM ionophore + 10 mM BTPPATPBCI in NPOE with aqueous sulfate
(0.1 M Na3S0a4) in water, diluted in methanol (1:4, v:v) prior to introduction into the MS.

The theoretical and experimental ionophore:hydrogen sulfate (1:1) complex m/z ratios from Figure 3a-b
are summarised in Table 1 together with the relative errors. These ratios correspond to [C22H23N4S304]
([ionophore-HSO4]), a 1:1 complex with only one negative charge, because small molecules tend to
present low charge states in MS spectra. The larger relative intensity of the [ionophore+HSO4]" peak in
the aqueous medium (Figure 3a) compared to the emulsion spectrum (Figure 3b) indicates a decrease in
the ability of the ionophore to complex sulfate from the aqueous phase which could arise from differences
in its solubility and in the orientation of the H-bonds from the two thiourea moieties. Table 1 illustrates
the differences between the theoretical and experimental m/z ratios for the ionophore-sulfate complex,
displaying an excellent agreement (relative error < 5ppm).



Table 1. Summary of the theoretical and experimental m/z determined by ESI-HRMS for the sulfate
ionophore-sulfate complex (ionophore:HSO4) in agueous medium and W/NPOE emulsions.

. . Relative
L Theoretical | Experimental
Sample description Molecular formula error
value (m/z) value (m/z) *
/ ppm
[ionophore+HSO,] complex in i
MeOH:H;0 (Aqueous) [C22H23N4S504] 503.0876 503.0870 1.121
[ionophore+HSO,] complex in i
MeOH:H,0/NPOE (Emulsion) [C22H23N4S304] 503.0876 503.0872 0.374

*Relative error (ppm) = (Am x 10°)/m where m is the theoretical mass and Am the difference between the theoretical and
experimental

3.3. Study of pre- and post-RO samples from an advanced water recycling plant
3.3.1. ESI-HRMS

Monitoring of sulfate levels before (pre-) and after (post-) reverse osmosis treatment can provide valuable
information on membrane performance and system integrity [40,41]. Since sulfate is added to the water
treatment process as sulfuric acid for pH adjustment, it can be used as an indicator of system
performance. Hence, knowledge of water sample component interactions with sensor constituents,
specifically the ionophore, is of interest and can be achieved by use of ESI-HRMS as a simple screening
approach.

Pre-RO and post-RO samples not only present significant differences in their sulfate content but also in
their total anionic compositions. ESI-HRMS can help to identify species which have an affinity for the bis-
thiourea ionophore present in the W/NPOE emulsions. Figure 4 illustrates the behaviour of the W/NPOE
emulsions with pre-RO (Figure 4a) and post-RO (Figure 4b) samples used as the aqueous phase. In Figure
43, five peaks were identified, corresponding to the organic electrolyte anion, the ionophore, and three
ionophore complexes formed with chloride, nitrate and sulfate. However for the post-RO sample, in which
total ion concentration is lower, peaks were observed corresponding to the organic electrolyte anion
([TPBCI]") and, with a significantly lower intensity, an ionophore-chloride complex (Figure 4b, inset) at
441.0975 m/z. This reduction in the intensity of the peaks is directly related to the concentration of ions
in the sample. The mass and relative peak intensities of the species identified via ESI-HRMS (Figure 4) are
summarised in Table 2. The predominant complex was found to be [ionophore-Cl]" (71%), greater than
ionophore complexes with nitrate and sulfate in the pre-RO sample.
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Figure 4. Spectra of W/NPOE emulsions where the water phase is the pre-RO water sample (a) or post-
RO water sample (b). The organic phase consisted of 2.5 mM ionophore + 10 mM BTPPATPBCI in NPOE.
Insets are magnifications of the rectangular areas.

Table 2. Summary of the theoretical (Theo.) and experimental (Exp.) m/z values determined by ESI-HRMS
for the ionophore-anion complexes formed in W/NPOE emulsions with pre- and post-RO water samples.
Rel. Int.: relative intensity.

Complex Elemental Theo. pre-RO post-RO Rel.

formula (m/z) Exp. (m/z) | Rel.Int. | Exp. (m/z) Int.

[ionophore-H] [C22H21N4S2) 405.1202 405.1200 100.0 405.1200 1.0
[ionophore+F] [Ca2H22N4SoF] 425.1264 425.1205 7.2 - -

[ionophore+Cl] [C22H22N4S,ClY 441.0970 441.0978 70.9 441.0975 0.1
lionophore+NO;]" [C22H2oNsS,05] | 468.1159 | 468.1152 10.3 - -
lionophore+HSO4]" [C22H23NsS304] | 503.0876 | 503.0870 3.1 - -
[ionophore+H,PO4] [C22H24N4S:PO4) 503.0971 - - - -
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3.3.2. IC analysis

lon chromatography was performed to identify the anion composition in the pre-RO and post-RO samples,
as ESI-HRMS revealed complexation of the ionophore with fluoride, chloride and nitrate, as well as sulfate
(Figure 4; Table 2). These samples were analysed after the analysis of standard mixtures (see experimental
section), thus allowing the identification and quantification of the anions present (Figure 5). Figure 5a
shows four peaks in the chromatograms which correspond to chloride (6.66 min), nitrate (11.63 min),
phosphate (15.81 min) and sulfate (17.55 min) based on the retention times of the standards. The fifth
peak at 4.17 min might correspond to fluoride, although this was not investigated further. Hence, the
presence of chloride, nitrate and sulfate match the ESI-HRMS data (ca. 71 and 10% relative intensity of
[ionophore+Cl] and [ionophore+NQO3s] peaks, respectively) generated for the pre-RO sample. For the post-
RO sample, the concentrations of chloride and nitrate were considerably lower, 10.9 ppm (ca. 0.2 x 1073
M) and 8.7 ppm (ca. 0.1 x 103 M), respectively. In the post-RO water, the [ionophore+Cl]" complex was
the only one determined via ESI-HRMS. Thus, based on the data obtained from IC and ESI-HRMS, chloride,
nitrate and, possibly, fluoride are the most likely competitors with sulfate for complexation with the bis-
thiourea ionophore in RO water samples.
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c c
8 3 40
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Figure 5. lon chromatograms of a diluted (1/20) pre-RO water sample (a) and a post-RO water sample
(undiluted) (b).

4. CONCLUSIONS

Interfacial sulfate association with a neutral ionophore (bis-thiourea ionophore) was investigated via
cyclic voltammetry at a W/NPOE micro-interface array. Under an excess of the anion in the aqueous phase
versus the ligand concentration in NPOE, Nernstian behaviour was achieved (29.6 mV dec?, z = -2) for this
facilitated ion transfer process. Applying the IUPAC recommendations to determine the limit of detection
in potentiometric analysis, the amperometric signal presented a LOD of 1.3 x 10® M (125 ng ml?) sulfate
(n =9) which is similar to ion chromatography detection limits (1.5 x 10 uM (144 ng ml?) [6]. An analysis
of the sulfate transfer CVs showed that the ionophore diffusion in the organic phase was the controlling
factor. The electrochemical data revealed the formation of 1:1 sulfate:ionophore complex and this was
further confirmed via ESI-HRMS analysis of W/NPOE emulsions ([ionophore+HS0Q4]"). From the ESI-HRMS
spectra of the W/NPOE emulsions prepared with water samples collected from an advanced water
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recycling plant, three peaks assigned respectively to [ionophore-CI];, [ionophore-NOs] and [ionophore+F]
accompanied the [ionophore-HSO4]" m/z signal. Whilst phosphate was detected by ion chromatography
in the pre-RO water sample, no signal corresponding to a [ionophore+H;P04]" complex was detected by
ESI-HRMS. These results demonstrate the potential of amperometric analysis and ESI-HRMS to screen
interfacial ion-complexation processes as a step in the design and development of new receptors and ion
sensing platforms. Based on the data presented here, future selectivity studies over anions such as
chloride, nitrate and fluoride and the use of more sensitive electrochemical techniques will be pursued in
order to develop an ITIES-based sulfate sensor.
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SUPPLEMENTARY INFORMATION

Evaluation of interfacial sulfate complexation by a bis-thiourea ionophore at water-
organic interfaces using microelectrochemistry and high resolution mass spectrometry

Eva Alvarez de Eulate,®° Francesco Busetti®¢ and Damien W. M. Arrigan®¢

®Nanochemistry Research Institute, °Curtin Water Quality Research Centre, and ‘Department of Chemistry, Curtin
University, GPO Box U1987, Perth, Western Australia, 6845, Australia

Ag/AgCI
b)
reference
solution
Ag

- u-pore
SO; array
aqueous
. :
c) |Ag | AgCl 10mMBTPPA'C : ,sOF |Ag
in 10 mM LiCl z

Figure SI-1. a) Photograph of the two-electrode set-up of the liquid-liquid electrochemical cell beside an
Australian $2 coin (20.5 mm diameter); b) schematic diagram of the electrochemical cell set-up showing
all of the components; c) schematic of the electrochemical cell with aqueous and organic phase
compositions; NPOE is the organic solvent, S-1 is the sulfate-ionophore, x is the sulfate (SO0s%)
concentration (M), BTPPATPBCI is the organic electrolyte present in the organic phase.
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Figure SI-2. a) CV of different H,SO4 concentrations (107 - 101 M) at W/NPOE micro-interfaces in the
presence of 1.25 x 10 M sulfate-ionophore | in the organic phase. b) Half-wave potential measured at i

=-2.5 nA vs log(Csuifate / M). Here the potential is reported versus Ag/AgCl.

Table SI-1. Summary of sensitivity, regression coefficient (r) and limit of detection (LOD) obtained from
the forward and reverse voltammograms when testing different concentrations of Na;SO4 in the water

phase. The organic phase contained: 2.5 x 103 M sulfate ionophore and 0.01 M BTPPATPBCI in NPOE.

Forward peak

Reverse peak

sensitivity/ 1 sensitivity/ 1
mV dec! r LOD / M (ng ml?) mV dec r LOD / M (ng mi?)
27.6 0.995 2x10°¢ (192) 23.7 0.999 6x107 (58)
36 0.966 7x107 (67) 16.5 0.978 1x10° (96)
28.3 0.999 1x10° (96) 26.2 0.991 3x107 (29)
32.6 0.982 2x107 (19) 22.4 0.988 1x10° (96)
38 0.988 3x107 (29) 23.0 0.990 1x10° (961)
24.1 0.979 1x10° (96) 24.4 0.991 2x10°¢ (192)
26.9 0.952 1x10° (96) 25.0 0.982 2x10° (192)
27.8 0.972 2x10° (192) 27.8 0.987 1x10° (96)
25.2 0.983 2x107 (19) 28.6 0.962 3x107 (29)
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