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We report for the first time the redox properties an anion-exchange ionomer
membrane, tris(2,4,6-trimethoxyphenyl)polysulfonethylene quaternary phosphonium
chloride (TPQPCI). TPQPCI was solubilized in etHamater solutions and films of
TPQPCI at different concentrations were drop castedylassy carbon electrodes. The
thickness of TPQPCI films in dry conditions was leaséed using profilometer. The
anion-exchange properties and charge transporieprep of TPQPCI coated electrodes
were investigated using 4ke(CN) as anionic redox probe. The permselectivity
properties of TPQPCI coated electrodes were assesseg hexaammine ruthenium(ll)
chloride. Cyclic voltammetry performed at low saate was utilized to determine the
concentration of the redox mediator inside the dilnwith the apparent diffusion
coefficient values of different TPQPCI coating sstted using both the Randles-Sevcik
equation and the Anson’s method. We found the curaton of the ferro/ferricyanide
couple redox within the TPQPCI films in the ordérl6>10" mol dm?®, with values of
Dapp in the order of 18 cnf s*. TPQPCI drop casted films evidenced good
preconcentration capabilities towards incorporatbanions. To ascertain the suitability
of the ionomer coated films towards the electrogiwl detection of anions, TPQPCI
coated electrodes were utilized for the voltammedgtection of nitrites in tap and river
waters. The results showed that TPQPCI coatedretbxs are suitable to quantify nitrites
in fresh waters with a limit of detection, LoD, 07 uM, sensitivity as 0.267 pA i

cm? and linear range betweemM and 500uM.



sensors, nitrites.

1. INTRODUCTION

lonomers are an important class of ion-containialympers. Specifically, ionomers can
be defined as ionized copolymers constituted byomiamic backbone with a small
proportion (up to 15%) of ionized units with assded counterions [1]. As such,
ionomers have found utilization in a variety of uistrial applications, most significantly
as membranes to separate the anode and cathodelirdlls (proton exchange and
alkaline fuel cells) [2-8] water electrolyzers [2}Water purification [12, 13] and electro-
membrane processes for desalination [14, 15]. Riwrelectrochemical point of view,
ionomers are an interesting class of material meavhen they are used as coating of
electrode surfaces, the ionized groups can bezedilito preconcentrate, and hence
guantify, electroactive species of opposite char@ationic or anionic) using
voltammetric methods [16]. Modification of electeodsurfaces with ion selective
polymeric materials has led to the developmenthefibn exchange voltammetry (IEV)
with a variety of electroanalytical applications6{19]. Among ionomers, Nafi6h a
sulfonated tetrafluoroethylene based fluoropolyceelymer, has undoubtedly been the
most utilized material, since pioneer works frora Bard’s [20-23] and Anson’s [24-27]
groups in the early 80’ until today. In these workimfior® coatings were deposited on
electrode surfaces by evaporation from alcoholitutems. The dissociable proton
allowed the incorporation of redox cations via exehange from contacting solutions.

Typical redox mediators incorporated in Naffonfiims include tris(2-2'-



electrochemiluminescence [20, 21, 31, 32] applicesti These studies provided also
fundamental insights into the mechanisms (physldalsion and “electron hopping”) of
charge transport within ionomers containing rede@drators [22, 23, 33-38]. Other redox
mediators incorporated in NafiBrfilms include positively charge ferrocene derivas
for biosensing applications [39-41]. For electrdgti@al purposes, ionomers also possess
additional advantages such as permselective prepethis means that not only they do
preconcentrate cations (if the ionomer is negatieblarged) or anions (if the ionomer is
positively charged), but at the same time, they lo@l preventing potential interferences
by repelling ions of same charge. While there iseatensive literature for Nafion and
other cation-exchanger ionomers for electroanaitapplications, in the case of anion
(alkaline)-exchange ionomers, their use as coatiambranes for voltammetric detection
is more limited and mainly based on quaternary amuom functionalized membranes
[16, 19, 42-52]. In 2009, Gt al. reported for the first time the synthesis and
characterization of tris(2,4,6-trimethoxyphenylymilfone-methylene  quaternary
phosphonium hydroxide (TPQPOH) with ion-exchangepabdity (IEC) values
comparable to Nafidh towards use as a membrane in hydroxide fuel ¢BBs 54].
Recently, we demonstrated the possibility to usEP®QPOH derivative as composite
material with graphite nanoplatelets for simultarealetection of ascorbic acid and
dopamine [55]. However, the evaluation of chargmgport and diffusion properties of
TPQPCI ionomer has not yet been reported. TPQPQHkidirst example of quaternary
phosphonium functionalized membrane that showedmianal thermal stability as well

as high solubility in methanol [53, 54]. These prdes led us to explore in this study



applications, for instance detection of anions sudnites. Nitrite ions (N@) are
ubiquitous in nature, and extensively utilized as aalditive in the food industry to
prevent the formation of microorganisms that cawaesidity, and to maintain the color
of red meat. However, nitrites in acidic environtseas it is the stomach for example,
combined with amines of food, lead to the formatdrcarcinogenic nitrosamines, which
have been linked to various forms of cancer [56-38Jis has led the World Health
Organisation (WHO) to set up a daily intake limftrotrite as 0.07 mg N&kg body
weight. Various electrochemical methods have beewveldped for the detection of
nitrites and these involved either the oxidation reduction of nitrites at bare or
chemically modified electrodes [59-64]. Because riduction of nitrites is affected by
interferences such as oxygen and nitrate reductienge oxidation is usually preferred
[59, 65, 66]. In this work, with a ligand exchargecedure, we exchanged the hydroxide
counterion with the chloride one to obtain TPQREIlavoid potential interferences in the
electrochemical characterization. Then, we fabeddatPQPCI coatings on glassy carbon
electrodes and we investigated the charge trangpogerties using Ke(CN} as a
model anionic redox probe. The electrochemical atterization allowed us the
estimation of the concentration of the redox speriside TPQPCI coating as well as the
apparent diffusion coefficients. Finally, we demoated the potentiality of TPQPCI
coated electrodes for the detection of anions, ssatitrite ions in tap and river waters.

2. EXPERIMENTAL SECTION

2.1. Materials. Potassium ferrocyanide;Re(CN}), NaCl, NaNQ and all other reagents

were obtained from Sigma Aldrich and used as receiv



Chemicals. All electrodes and polishing materia¢ésempurchased from 1J Cambria (UK).
All aqueous solutions were made using Milli-Q Wmare water (UWP with a resistivity

of >18.2 M2-cm @ 25 °C) from a Millipore Direct Q3 water pigit

2.2. Synthesis of TPQPCI. TPQPCI was synthesized using the procedure reported
earlier by one of us: the quaternary phosphorinatib chloromethylated polysulfone,
CMPSf, with tris(2,4,6-trimethoxyphenyl)phosphire3]. The CMPSf was determined
by 'HNMR to have a degree of chloromethylation (dc)166%, leading to the final
TPQPCI product containing 1.65 quaternary phosplrorgroup ion exchange sites per
polysulfone unit, or a degree of functionalizati@i) of 165%. By knowing the average
molecular weight of the Udel-3500 polysulfone pmson (80-86 KDa) [67], and the
degree of functionalization of TPQPCI (165%) [58]e average molecular weight of
TPQPCI has been calculated as 242-261 KDa. Thetsteuof TPQPCI is reported in

Scheme 1.
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Scheme 1. Structure of Tris(2,4,6-trimethoxyphenyl)polysulesmethylene quaternary phosphonium

chloride (TPQPCI).



Cyclic voltammetry (CV), chronoamperometry (CA) dadifferential pulse voltammetry
(DPV) measurements were performed using a bipatstiati electrochemical analyzer
(CH Instrument, Model CHI760). A conventional thiedectrode configuration was used,
where the working electrode was a glassy carbocirele (CH Instruments) of 3 mm
diameter; a platinum wire as a counter electrodbaAg/AgCl was used as a reference
electrode. The experiments were carried out at rdemperature. Glassy carbon
electrodes (GCEs) were cleaned by successive paish gain a mirror-like appearance
using 1pm and 0.05um alumina slurry on micro cloth pads (Buehler),doled by
sonication in acetone, ethanol and water, respagtiior 15 minutes. The cleaning
procedure was carried out immediately prior to eash or polymer deposition. Film
thicknesses were measured using a Taylor HobsosUrlstylus profilometer, while pH

measurements were recording using a Hanna insttsr2@02 Edge pH meter.

2.4. TPQPCI coated electrodesA 2.5% stock solution of TPQPCI was prepared by
dissolving TPQPCI powder in a solvent mix that vtas by weight ethanol and water
using sonication. 50 mg of TPQPCI were dissolvedl.#8 ml ethanol and 0.975 ml of DI
water to give a 2.5% TPQPCI solution. 1% and 0.5BQWPCI concentrations were
prepared by dilution of the 2.5% TPQPCI solutionagpropriate in an ethanol/water
mixture. Drop casted TPQPCI films were preparedchgting 10ul aliquots of the
polymer solutions (1% or 0.5%) on a polished GCHEfame using an Eppendorf
micropipette and then evaporating to dryness uaddrient conditions. Typical drying
times were 25 minutes. TPQPCI films were loadedKiyFe(CN)} redox mediator

solutions of varying concentrations with a 0.1 M QWasupporting electrolyte. All



ensure complete saturation of the TPQPCI. The pelycoated electrodes loaded with
the redox mediator were rinsed briefly with dis@l water and placed in the
electrochemical cell containing only supportingcélelyte solution, where CVs were
carried out at a different range of scan rates. Sh&ace coverage values were
experimentally calculated from the char@g,associated with the complete oxidation of
the film-bound redox specie®.was extracted by graphical integration of the lyacknd

corrected cyclic voltammograms at scan rate of 1 stvn 0.1 M NaCl supporting

electrolyte. The concentration of redox mediataronporated into TPQPCI films was

calculated from thickness measurements and thalasdd surface coverage.

2.5. Detection of Nitrite ions. A 50 mM sodiummnitrite stock solution was prepared using
NaNGQ, (Sigma) and 0.1 M NaCl as supporting electrolytd. dther solutions were
obtained by dilution of the 50 mM nitrite solutiolRor pH experiments the solution was
adjusted as appropriate by addition of concentret€tdor NaOH solutions with stirring.
For the analysis of nitrite ions in tap and riveaters, the samples were used as received
without any pH adjustment. The pH values of thesages were in the range of pH 7-
8.1. The investigation on potential interferencaevearried out by addition of various
analytes to the 0.1 M solution of NaCl supportifectolyte at 25 seconds time intervals,
whilst running a chronoamperometry experiment vaipiplied potential of 0.86 V under
constant stirring (1000 rpm). Each interferencelyaeawas dissolved in 0.1 M NaCl
supporting electrolyte before addition to the eledtiemical cell and the final
concentration of each analyte in the solution wasVd Tap water samples were taken

from the mains water tap in our laboratory, whiéenples of water from the Llynfi River



any treatment. TPQPCI coated electrodes were dondd in each nitrite sample for 20
minutes with stirring, whereas DPV scans were edraut under quiet conditions. DPV
scans were carried out with increment 0.005 V, #&oge 0.05 V, pulse width 0.05 s,

sampling width 0.0334 s, pulse period 0.5;i£&0.5 V; Bina 1.3 V.

3. RESULTS AND DISCUSSION

3.1. General Electrochemical Properties.

In order to ascertain the dynamics of incorporatadnthe redox mediators, TPQPCI
coated electrodes were exposed to a negativelygetiaredox mediator such as the
K4Fe(CN}) redox couple, and several CVs were recorded duhedoading procedure.
S1 reports typical CVs (first 100 scans) perforraed% TPQPCI coated electrode during
loading in a solution containing 5 mM4Re(CN}. The incorporation of the redox
mediator occurs rapidly with peak currents thatease linearly with the time until CVs
revealed time-invariant peak currents at highedilogitimes (up to 7200 s, see S2). The
CVs recorded under loading conditions with the rechediator in the electrolyte solution
(Figure 1, solid line) reveals the typical redosh&eior of the F&®* couple with peak
currents that scale linearly with the square rdothe scan rate as in indication of a
process diffusion-controlled. When the electrode tiansferred into the medium
containing only supporting electrolyte (Figure bttdd line), the peak currents for the
TPQPCI coated electrodes decreased slightly tpAGrom the initial value of 821A
recorded in the loading solution, and wilie, values slightly decreased compared to

those obtained under loading conditions.



-0.2 | 0.0 | 012 | 0!4 | 0.6
E /V vs Ag/AgCI

Figure 1. CVs of 1% TPQPCI coated film loaded in 5 mMA€(CN) (solid line) and after transferring to
0.1 M NaCl supporting electrolyte (dotted line).dbad line: background CV of 1% TPQPCI coated fitm i

0.1 M NacCl supporting electrolyte prior to loadir@can rate of 100 mV's

Note that theAE, values were found to be larger at a higher scan(tgp to 150 mV at
scan rate of 750 mV’, whereas they decreased down to 23 mV at a Ieean rate
(between 1-10 mV'Y. In 0.1 M NaCl supporting electrolyte, the peakrents depended
linearly on the scan rate at< 10 mV §' as shown in Figure 2(a). This indicates a thin-
layer like behavior. However, at high scan ratesnif 100 mV & to 2000 mV &), the
current was found to scale linearly with the squar of the scan rate, as an indication

of a diffusion—controlled process (Figure 2(b)).
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Figure 2. CVs of 1% TPQPCI coated film loaded in 5 mMRAe(CN) after transferring to 0.1 M NacCl
supporting electrolyte. Scan rate: from 1 miVte 10 mV § (a) and from 100 mV 5to 2000 mV & (b).

The inset shows the plot of the anodic peak cuwerhe scan rate (a) and square root of the star{lv).

A similar behavior was observed also in the case.®% TPQPCI coated electrode (see
S3). Diffusion control is operative when the ionengeating layer is thicker than the
concentration gradient of the redox species infithes, hence the transition from thin-
layer to diffusion-control is also thickness depemd Note that the loss of the redox
mediator in the time scale of the experiment (2@utds) recorded at the beginning and
the end of the experiments was typically around 15%e S4). The surface coverage
values [, mol cm® of the redox probe Xce(CN) in the loaded TPQPCI coated
electrodes were calculated from the CVs recordethé electrolyte solution without

redox species (Figure 2 (a) and (b)), and disptayhin-layer characteristics using the

relation [68]
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whereQ (C) is the charge on the forward or reverse snan,the number of electrons
transferredA (cnf) is the geometric area of the electrode, and thésFaraday constant
(96486 C mof). These values can be expressed as concentratithghe knowledge of
the thickness of the TPQPCI coated fildh,(cm), and calculated using the profilometer.
To estimate the apparent diffusion coefficients, wdized two methodse.g. (1) the
Randles-Sevcik equation and (2) the Anson’s plahot For the former, we plotted the
anodic peak currentsy, versus the square root of the scan raté, and applied the
Randles-Sevcik equation [68], with the underlyirsgumption that the redox process is
reversible. Note that th&E, for each recorded CV increased monotonically withscan
rate which will tend to lead to an underestimawdiD,,, The slope of these plots in the
faster scan rate regime, combined with the polyfih@rthickness (calculated using the
profilometer) and the number of electroactive specibtained by coulometric integration
of the anodic peak current under thin layer coodgi allowed the evaluation of the
apparent diffusion coefficient values of TPQPCltedaelectrodes. The calculatdpy
for the F&€"** redox couple using the Randles-Sevcik equationfawasd to be 7.1 + 0.9
x 10° cnt s*. For the latter method (Anson’s plot), potenti@gschronocoulometry was
used to determine the valuesfy, from the slope of the plots of the chaiQevs the

square root of time*?, using the following relation:

Dapp =

e - ]

2Fr 2FC
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conventional meaning as previously mentioned [38f value oD,y using the Anson’s
plot was estimated as 5.4 + 1.1 x®16n? s® and in good agreement with that one
calculated using the Randles-Sevcik equation. Tivedees are consistent and of the
same order of magnitude @f,,, of ferrocyanide within cationic perfluoropolymen o
basal plane pyrolytic graphite electrodes as repooy Oyamaet al[69]. To note that in
using these methods to evaluate the apparent idiffusoefficients we made the tacit
assumptions that ionomer films do not swell whemarsed in solution, as well as that it
is uniformly distributed throughout the ionomer @k film. Analysis of topography
using AFM (see FigureS5) on TPQPCI recasted fill&% and 1%) evidenced the
formation of a uniform film with root mean squaneaighness (Rq) between 0.6 nm- 0.7
nm. These values are similar to those reporteddwy & al. for Nafion self-assembled
films [70]. Measurements of the thickness of TPQR&Llhasted films using profilometer
before and after immersion in 0.1 M NaCl for 15 otes did not show any variation due
to swelling of the ionomer film. However, the vaduaf D,y have to be taken as a general
estimation, since TPQPCI may swell as a resulhgfass and egress of ions during the
voltammetric scans. Despite that, the valueDg§, herein calculated are within the
expected range for ionomer coated films, such a@®nNavith redox mediators such as
Ru(bpy)®* and Ru(NH)s** [22],[24]. Table 1 reports the values of the swefaoverage,
concentration of redox probe, and apparent diffusioefficient extracted using these
methods for 0.5% and 1% TPQPCI coated electrotiésiriteresting to note that loaded

TPQPCI coated films retains the redox species ditmn transferred in supporting

13



film in the order of magnitude of 010~ mol dm”.

Table 1. Parameters extracted using cyclic voltammetry em@nocoulometry relating to 0.5% and 1%

TPQPCI coated electrodes loaded in 5 mMF&CN) after transferring to 0.1 M NaCl supporting

electrolyte.;S = Anson slope ol vs. t™%,

12

TPQPCI,m = number of moles of fkce(CN} incorporated into the film.

@ = film thickness,Cp = concentration of e(CN) in

r/ m/ S/
[TPQPCI] o/ 8 c,/ 9 D,po/RS 5~ - Dapp/Anson
% a0 em | AOImol 1oy motem® | 19 | aofem?st | A0)C% | (109 cm? s
cm moles
05 1.64+0.28 1.47+0.03 0.9+ 0.023 1.09£0.03 2.35+0.29 3.88+0.70 3.26+0.90
1 2.57+0.22 3.40+0.14 1.33+£0.09 2.44+0.11 7.1+0.43 7.07+0.90 5.40+1.10

The coated TPQPCI film retains a significant portioa. 70%) of the redox mediator
after continuous cycling, and despite the peak eturmdecreasing with the time, a
voltammetric peak is still clearly visible evenaft24 hour of continuous cycling (see
S4). An important characteristic of ionomer membesais the permselectivitg.g. the
ability to incorporate ions of opposite charge, lathiepelling those of the same charge.
Figure 3 shows the CVs recorded at 1% TPQPCI cagltadrodes fully loaded in 5 mM
of K4Fe(CN) after transferring in supporting electrolyte camitag different
concentrations (from 0.1 mM to 50 mM) of a posilweharge redox probe such as
Ru(NHs)e>*. The TPQPCI coated electrode does not show artgmatetric peak related
to the redox behaviour of the Ru(M)kf*’?* couple for concentration below 1 mM (see

S6). At concentrations higher than 1 mM, the typicedox peak of the couple

Ru(NHs)s>"?* is noticeable at -0.15 V along with the redox peakrent related to the

14




Ru(NH)s”"“" increase. Note that in order to clearly detectpgbak of Ru(NH)s""<", a

high concentration (up to 50 mM) has to be addatiéasolution.

40
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E /V vs Ag/AgCI

0.6

Figure 3. CVs of 1% TPQPCI coated film loaded in 5 mMA€(CN) after transferring to 0.1 M NaCl

supporting electrolyte, and with addition of difiet concentration of Ru(N%*; 0.1 mM (black); 1 mM

(blue), 10 mM (green), and 50 mM (red). Scan r&tE0® mV s'.

3.2. Electrochemical behavior of nitrite at TPQPClcoated electrodes.

The electrochemical behavior of TPQPCI coated \idet in the presence of nitrite ions

were investigated using cyclic voltammetry andedihtial pulse voltammetry. Figure 4

shows the CV of bare GCE (left) and 1% TPQPCI (igbbtained at different

15



irreversible oxidation peak at 1.05 V and 0.97 VY bare GCE and TPQPCI coated
electrode, respectively. Noticeably, the peak aired the TPQPCI coated electrode is
ca. 3 times higher than the bare GCE. While for theQPEI coated electrode the
addition of 2uM of nitrite ions is sufficient to clearly visuabzthe related oxidation
peak, for the bare GCE a voltammetric peak is ormdiple at concentrations higher than
20 uM. For the TPQPCI coated electrodes we observéidia seviation from linearity at
concentrations of nitrite higher than 0.5 mM adratdication that at such concentrations
the TPQPCI coated films may have reached saturdtidact, for concentration of nitrite
ions higher than 20 mM, the peak current at thetipe GCE is larger than that one
observed at TPQPCI coated electrode (see FigureV¥&)believe this is an indication
that as such high concentrations the fully satdrabeomer film further prevent the
diffusion of nitrite ions. We observed also thag background current at the bare GCE
to be higher than that one observed for TPQPClecbatectrode (see Figure S8). This
fact, along with the ability of TPQPCI to accumelatitrite ions, implies that lower
concentrations of nitrite ions can be detectedP®FCI coated electrodes. (Figures S8(a-
b)). Interestingly, while the full precocentratiami KsFe(CN) within TPQPCI films
requires a relatively long time (at least 20 misutgee S2(b)), in the case of nitrite ions
the preconcentration occurs in a matter of a coaphainutes as evidenced in Figure S9.
This is due to the fact that nitrite ions are serathan ferrocyanide ions and therefore

penetrate more easily into the ionomer film.
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Figure 4. (a) CVs of bare GCE (left) and 1% TPQPCI coatexttebde (right) recorded in 0.1 M NacCl
supporting electrolyte in the presence of variouscentrations of N©, from 5uM to 1 mM. Scan rate of
100 mV §. (b) Inset: plot of peak currents vs concentratidrNO,: bare GCE (black line), TPQPCI

coated electrode (blue line). Error bars calculdtech 5 repeat measurements.

These data highlight as TPQPCI coated electrodeslae to accumulate the nitrite ions
as a result of the exchange properties betweenpdisgively charged phosphonium
groups of the ionomer and the negatively chargéitenions available in solution. The
peak current scale linearly with the concentratioh nitrite ions untii 1 mM
concentration, then it increases until 25 mM whesgarts to plateau (See Figure S7). It
is worth mentioning that typically the nitrite cent in water and food are in the order of
sub-micromolar concentrations, and therefore dtisuch range of concentrations that the
sensor will have to operate. The sensitivity of F&D coated electrode is even more
pronounced when using DPV. Figure 5 shows the DirVes recorded at bare GCE and
TPQPCI coated electrode at different concentratafngtrite. In this case the oxidation

peak of nitrite at TPQPCI coated electrode occura potentialca. 0.2 V less positive

17



coated electrode a. 5 times higher than that one recorded at the G&E.

20 4 20

18
16
14
12
10

Ip fpA

15

10 4 RS o1 02 05 04 o5
[Nitrite] f mM

Ip / pA

T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E /V vs Ag/AgCI

Figure 5. DPVs of bare GCE (dashed line) and 1% TPQPCI doaltectrode (solid line) recorded in 0.1 M
NaCl supporting electrolyte in the presence ofoasiconcentrations of NQfrom 5uM to 0.5 mM. Scan
rate of 10 mV 3. Inset: plot of peak currents vs concentratiorN@,: bare GCE (red line), TPQPCI

coated electrode (blue line). Error bars calculétech 5 repeat measurements.

The irreversible oxidation of nitrite to nitrate n® occurs through the following

mechanism [71, 72]:

NO3; + H,0 = NO3 + 2H + 2e~ (3)
Equation 3 shows that the oxidation of nitrite twate occurs via a two-electron reaction
with concomitant formation of protons. This relatisuggests that the peak current is pH

dependent. For this purpose, we performed sevepdrenents using DPV at different
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using DPV after addition of 1 mM of NO The peak current shows a maximum for
values of pH between 7 and 10, while outside targye (pH <7 and pH >10) the peak
current values drop significantly. The fact thelpearrent decreases at pH <7 shows that
nitrite ions are not stable in acidic conditiortsisl well established that nitrite ions in

acidic environment undergo the following chemiesdations:

2H* 4+ 3NO; > 2NO + NO; + H,0 (4)

In this case N@ ions are converted into NO and B@ns, with the latter that, of course,
can not be further oxidized. Also, th&, of HNO, is 3.3, hence, at very acidic pH, nitrite
ions are protonated forming HNOSince TPQPCI is effective in exchanging anionic
species, if N@ ions are in protonated form they will not be irmmmated by the
phosphonium groups within TPQPCI. Instead, in thgecof pH >10, the decrease of the
voltammetric signal can be attributed to the higt@mncentration of OHons that at this
pH range is well in excess and will compete with,NiOns for the phosphonium sites.
This is not surprising, taking into account thatQFECI is originally derived from
TPQPOH utilized as a membrane in alkaline fuels¢édience its affinity for OHons is
very high [53]. Based on these results we perforaikexperiments involving nitrite ions

at pH 7 which is also the measured pH of the supmpelectrolyte solution.

18



S

25+
20

R

104 "

Ip/ pA

Figure 6. Plot of anodic peak curremsfor 1% TPQPCI coated electrode recorded in 1 mMyN@d 0.1

M NaCl supporting electrolyte. Scan rate of 10 mV s

We have also evaluated the response of the TPQRGted electrode using
chronoamperometry. Figure 7 (a) depicts the ampetien-t response obtained at 1%
TPQPCI coated electrode recorded in 0.1 M NaClugparting electrolyte, at various
concentration of sodium nitrite and by applying agntial of 0.86 V. The addition of
sodium nitrite was performed at regular intervamset of ca. 30 seconds and under
stirring conditions. The chronoamperometry (GA)curve shows that TPQPCI coated
electrode responds rapidly to every addition afiteitwith an increase of the current, and
reaching the steady-state afta. 5 seconds. However, the currents measureadard
times smaller than those registered using cyclliawmmetry previously shown in Figure
4. We explain this difference with the fact that tihe CA experiment different
concentrations of nitrites were added every 30 s@goinstead the CVs were recorded
after 20 minutes elapsed time at each nitrite auditWe also observed (Figures not

shown) that CVs recorded without elapsing times giensistently lower current than
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coated electrodes needs few minutes of recovesy itinorder to be fully regenerated.

] b

Ip/ pA
|/ pA

0 100 200 300 a0 500
[Nitrite] / pM

Figure 7. (a) Chronoamperometri¢t) response of 1% TPQPCI coated electrode obtairigdswccessive
concentration of nitrite from 0.001 mM to 0.5 mMcoeded in 0.1 M NaCl supporting electrolyte (pH 7),
applied potential 0.86 V. (b) Calibration plot afuaction of nitrite concentration as in (a). Ertoars

calculated from 5 repeat measurements.

The corresponding plot of the currergt nitrite concentrations exhibits a linear response
in the range from 1 pM to 0.5 mM with a regressemuation expressed &s(LA) =
0.0189 [nitrite] (uM) + 0.125 (R0.9971). Moreover, the sensitivity of TPQPCI cdate
electrode is calculated as 0.267 pA T2, whereas the limit of detection, LoD, is
1.07 uM, and calculated from the slope of thedimegression plo§, and the standard
deviation, §,, of 5 repeats of 0.5 uM nitrite addition, using ttelation LoD = 3§S.

Similarly, the limit of quantification, LoQ, is callated as 3.45 uM, from the slope of

21



addition, using the relation LoQ = 10S.

The as-prepared TPQPCI coated electrodes are algstable up to two weeks when left

in agueous solutions.

The performance of TPQP@terb electrodes herein obtained

shows that the as-prepared ionomer-coated electsodempetitive with other systems

reported in literature in terms of linear rangenssevity and limits of detection, despite

not being the best, as summarized in Table 2. Hewewe want to emphasize the

simplicity of the as-prepared ionomer coating hengiesented compared to the other

materials reported in Table 2.

Table 2. Analytical performances of amperometric sensorgHe detection of nitrite ions.

Electrode Linear Sensitivity | Detection
Range (MA pMm 't limit Technique Reference
(nM) cm?) (uM)
Ag":%o‘ggg modified | 5 709 1.996 0.17 | Amperometty Li et al. (2015)
GE/AEBA/DPAN/PtNPs | 10-1000 - 5 Amperometr Miao et al. (2011) [74
Thionin modified ACNTs| 3-500 0.396 1.12 DPV Zhao et al. (2007) [75
CaFe0O, modified SPCE 0.016- Balasubramanian et al.
1998 0.3712 0.066 Amperometry (2018) [72]
Cul MW%’\(':TE' modified | 5 1560 | 0.4558 1.8 | Amperometty Manoj et al. (2018B]
NiHCF/ PCD;éFI; hybridon | ¢ 4 134 7.5 0.0151| Amperometty Wang et al. (2028 [
AgNS /GCE 0.1-8 0580 | 0031 | Amperomet ySh"’ak”m[%]et al. (2017
Ag-RGO nanocomposite 10-100( 0.373 - Amperometry ail@het al. (2016) [79]
Pd/FeO,/polyDOPA/RGO| 2.5-6470| 0.01537 0.5 Amperometry  Zbaal. (2017) [80]
TPQPCI Modified GCE 3-2000 0.488 1.18 DPV This work
TPQPCI Modified GCE 1-500 0.267 1.07 Amperometry This work
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of the ionomer coated electrode to discriminatelyaes that could interfere with the
analytical determination of the selected analyte,our case nitrite ions. Figure 8
illustrates the chronoamperometric response oldaime the presence of several
interference species such as sodium sulfite, potasshloride, glucose, sodium
persulfate, and copper nitrate. The concentratidhese interference species was as that
of sodium nitrite, in our case M. The results showed that the voltammetric resparis
TPQPCI coated electrode is not affected by theemess of these interference species at
least when their concentration is of the same ntadeiof nitrite ions (see Figure 8 (a)).
Instead, for the bare GCE, the addition of sodiuriite is sufficient to generate a
noticeable interference (Figure 8 (a)).

155 a M50, 159 b

KS.0,
NaNO, NSO, Ka Glucose cu(No,)
‘ 2

b

1.0 1.0

Kol S0
Glucose KZJ’ " cupnoy
Wk

Ip / pA
Ip/pA

-

0.5

0.5+

0.0 ; ; . ; 0.0 ; ’ ,
1] 100 200 300 0 100 200 300

Time /s Time/s

Figure 8. chronoamperometrici€) response of (a) bare GCE and (b) 1% TPQPCI coekectrode
obtained with the addition of interference speassighlighted in the figure. The concentratiomifite

and of interference species isld, supporting electrolyte 0.1 M NaCl (pH 7), applipotential 0.86 V.
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as HSQ@ and S@~ and the hydronium ions produced as a result othetrochemical
oxidation of nitrite to nitrate (see Eq. 3) willgtonate HS@ to H,SO; and SG* to
HSG;. We performed an experiment by recording CVs at¢ I62CE and 1% TPQPCI at
different pH values (pH 7 and pH 10) in the pregeat 10 mM sulfite ions where we
observed higher oxidation current peaks at basicgipared to neutral pH (see Figure
S10). At pH 10 sulfite ions are present ag’S6uggesting that TPQPCI coated electrode
have higher affinity for bivalent anions. In thanige of pH we expect sulfite to become a
potential serious interference species. Additistally of potential interference species
was performed using dopamine and ascorbic acidRggee S11). Dopamine, which is a
positively charged is repelled by TPQPCI| and aseetqul, does not show any
interference in the detection of nitrite. In theseaof ascorbic acid which is negatively
charged, we observed a light interference, howauéher study using DPV showed that
it may become significant at concentrations of asicoacid higher than 1 mM, even
though the peak separation between the two spemakl allow the simultaneous
detection (see Figure S12). Before proceeding simtg TPQPCI coated electrodes with
real samples we have investigated potential isetiesemory effects, e.g. accumulation
time upon the signal of nitrite. Figure S13 repdines DPVs obtained after addition of 0.1
mM nitrite ions. Immediately after recording the DRblack curve), we recorded a
second DPV curve without recovery time. The DPWsén a substantial decrease in the
peak current, however, a recovery time of 3 minwas sufficient to restore the initial
value of the peak current. Also (figure not showmhning a DPV in 0.1M supporting

electrolyte allowed to clean the TPQPCI coatedtedde for further measurements.
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towards the detection of nitrite in samples of tagter and of water taken from the
effluent outflow of a paper mill in the Llynfi Valy. The samples were spiked with 0.1
M NaCl supporting electrolyte before use and thenp¢hsured before analysis was equal
to 8 and 7.8 for the tap water and effluent rivamples, respectively. A known
concentration of nitrite was spiked in these saspled the chronoamperometric curves

andlp vs. [nitrite] curves are reported in Figure 9.
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Figure 9. (a) Chronoamperometri¢t) response of 1% TPQPCI coated electrode obtaméapi water (pH
8.02) and water effluent from a paper mill (pH 3.84), after addition of different concentrationruofrite.
Calibration plot (b), (d) as a function of nitrincentration as in (a), and (c), respectively; lAgop

potential 0.86 V. Error bars calculated from 3 @peeasurements.
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3. The values obtained for the nitrite concentraace 0.0507 mg NGJL and 0.0814 mg
NO./L in tap and river water, respectively. The valdesind are well below the
European standard limits for tap water of 0.5 mg,NO set up by the European
commission [81]. The results showed good reprodiityiland RSD values for the nitrite
spiked water samples are around 3%. All the reguliist out as the as-prepared TPQPCI
coated electrode as a competitive and simple systampared to other voltammetric

systems for the determination of nitrite ions.

Table 3. Analytical performances of TPQPCI coated electrfmie¢he detection of nitrite

in tap water and river sample

Sample Added Found Recovery
(HM) (™) %
Tap water - 1.10 £0.08 -
20 22.05+0.65 104.5%
Paper mill Effluent water - 1.77 £0.19 -
20 21.56 +£0.72 99.1%

4. CONCLUSIONS

We have demonstrated that TPQPCI ionomer can betefly utilized in electroanalysis
for detection of anions. The electrochemical charazation performed using cyclic
voltammetry and chronocoulometry allowed the cotregion of redox mediator within

TPQPCI films, and the apparent diffusion coeffitseto be determined. Also, through
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the ionomer. TPQPCI coated electrodes were testedetermination of anions such as
nitrite ions in tap and river water samples. Thsules indicated that the as-prepared
TPQPCI coated films can detect nitrite ions withnait of detection (LoD) of 1.07M,
sensitivity as 0.267 pA uMcm?, and linearity range between M -500 uM. The
results herein point out that TPQPCI ionomer isatiractive material in electroanalysis

for detection of nitrite ions.
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