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Electrochemical detection of pollutants (e.g. heavy metals) in real samples often requires the adjustment
of pH to allow optimal sensitivity. Such sample pretreatment can be challenging for on-site applications
as it implies the use of valves, pumps and storage of base or acid solutions. We report here the use of an
electrochemical approach for the control of water sample pH. It offers the possibility for local pH adjust-
ment while simultaneously detecting Pb%*, whose detection sensitivity is pH dependent. An effective
electrochemical method through local electrochemical acidification is performed to detect Pb?* within a
desired pH range without the need to add chemical reagents. Local acidification is based on water elec-
trolysis. An anodic potential is applied to an acidifier to rapidly electrogenerate protons. This allows the
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sample pH to be tailored to the optimal detection condition. Reduction of the Pt oxide layer formed on
the acidifier is key to obtain repeatable results in Pb2* detection. On-site sample acidification is combined
with anodic stripping voltammetry to reach a detection limit of 6 ppb (30 nM), which is lower than the
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1. Introduction

Anodic Stripping Voltammetry (ASV) is a powerful technique
for the electrochemical determination of metallic cations in
aqueous solutions."™ In electroanalysis, the pH of reaction
medium is a fundamental parameter that needs to be adjusted
for the optimal detection of the target analyte. Variation in pH
can trigger dramatic changes in chemical reaction rates and
thus limit metal deposition.? The classic method for adjusting
the sample pH is the rudimentary addition of buffers or strong
acids and bases. Recently, several approaches were developed
to control pH, including electrochemical redox reaction
without the need of adding chemical reagents. Strakosas et al.
developed a non-enzymatic glucose sensor based on cobalt
oxide able to monitor glucose levels in neutral bodily fluids
such as sweat and tears.” As metal oxides require alkaline
medium for glucose detection, an electrochemical strategy to
control locally the pH was developed to sense glucose in fluids
at neutral pH. The developed strategy was based on the inte-
gration of palladium contact that absorbs H' from the neutral
medium and generates a constant OH™ concentration to
increase the pH up to 10 and perform an effective glucose
detection. Wiorek et al. recently showed that using polyaniline
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World Health Organization guideline value for Pb?* level in drinking water.

PANI film acted, through an electrochemical pulse, as a proton
pump for rapid sample acidification and alkalinity detection
(5 min).*"® Despite excellent results, it is necessary to improve
the chemical composition of the proton pump to avoid the
need for regeneration after acidification process. Fomina and
coworker employed a combination of solution-borne quinones
and galvanostatic excitation to demonstrate highly reproduci-
ble acidification or alkalinisation of pH environments loca-
lized to an electrode surface.’ In this case, pH monitoring is
realized through quinones as electroactive agents, known by
their chemically reversible proton production/consumption
upon electrochemical stimulation. Most frequently, controlling
PH by in situ electrochemical approach can also involve water
electrolysis.’® During this process, water is split to generate
flows of protons or hydroxyl ions to radically alter medium pH.
Protons generated by the oxidative water splitting reaction lead
to local acidification (eqn (1)). However, hydroxyl ions pro-
duced by the reduction of water reaction serve to increase the
solution pH to alkaline condition (eqn (2)).
Oxidation of water reaction:

2H,0 — O, +4H" + 4e” (1)
Reduction of water reaction:
2H,0 + 2¢~ — 20H™ + H, (2)

Coupling the process of water electrolysis with sensing
application allows the rapid and efficient recognition of ana-

Analyst, 2024, 149, 5101-5109 | 5101


http://rsc.li/analyst
http://orcid.org/0000-0001-8271-192X
http://orcid.org/0000-0002-2516-9369
http://orcid.org/0000-0003-1932-9300
https://doi.org/10.1039/d4an00647j
https://doi.org/10.1039/d4an00647j
https://doi.org/10.1039/d4an00647j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4an00647j&domain=pdf&date_stamp=2024-10-03
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an00647j
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN149020

Open Access Article. Published on 04 2024. Downloaded on 03-12-2025 23:59:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

lytes by generating protons or hydroxyl ions optimal for the
detection mechanism targeted. Read et al. control electroche-
mically the pH, using a boron-doped ring disc electrode
system, to detect mercury in neutral solutions.'* This approach
is based on water electrolysis by applying an appropriate oxi-
dative potential to the ring electrode to generate protons.
Acidification of the electrolyte solution occurs in the vicinity of
the disc electrode at which mercury is detected. Similarly,
Seymour and coworkers recently used gold interdigitated
microband electrodes.'> Water was electrolysed at acidifier
electrodes, changing the local pH near the sensing electrodes.
An effective chlorine detection was demonstrated in water
samples with electrochemical pH control.'” Similarly, Ag" ions
were detected in sodium acetate and in tap water with simul-
taneous electro-production of protons at an acidifier interdigi-
tated electrode array to adjust the sample pH to the optimal
condition.’® Huseinov et al. recently reported the use of mem-
brane electrolysis for a reagent-free acidification."® This
approach is based on an in situ generation of nitric acid to
produce an acidic environment in water sample enabling an
effective detection of lead. On the other hand, Zhao et al.®®
achieved optimal Pb>" detection at pH 4.5 with a carbon nano-
tube-based electrode using a 0.1 M acetate buffer as support-
ing electrolyte. Similarly, Kang et al.'® reported pH optimiz-
ation in acetate buffers with pHs in the 4.6-6.5 range. The
LODs achieved in these conditions were in the nanomolar or
subnanomolar range. However, this was possible in slightly
acidic conditions thanks to the removal of dissolved oxygen
through nitrogen bubbling.

Lead (Pb) is one of the heavy metals that poses damaging
impacts on the environment and human health due to its
extreme poisoning and bioavailability.'” Lead has been inten-
sively used in industrial and mining activities, coal combus-
tion, leaded paints, fuels,"® and as a material for household
plumbing such as fittings, pipes, and solder."® Lead contami-
nation could be present on tap water that has been in contact
with a lead pipe for a long time. Subsequently, lead can readily
access the human body, yielding to serious health compli-
cations, such as kidney cancer, teeth disease and trouble in
brain functions.>® The World Health Organization (WHO) rec-
ommended a concentration below 10 ug L™ (48 nM) for Pb>*
in drinking water.>' Electroanalytical techniques are perfectly
suitable to reach these concentration levels in aqueous samples
to monitor drinking water."” However, the pH level of drinking
water is normally varying between 6.5 and 8.5>* with an average
of 7.5.”® For this reason, the challenge is to develop an effective
lead sensor that allows the detection of lead in drinking water
within this pH range without addition of reagents.

We report here on the development of a pH control
approach based on an in situ electrochemical sample acidifica-
tion. An electrochemical cell involving two working electrodes
was used. The first working electrode is used for Pb sensing
while the second one serves to acidify the electrolyte solution.
Applying a positive potential to the acidifier, allows water oxi-
dation and the electro-generation of a flux of protons, which
diffuse to the vicinity of the sensor surface. This flux of
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protons is sufficient to lower the sample pH to the optimal
acidic condition. Lead is used as a model analyte to demon-
strate the applicability of the electrochemical pH control
method. Thus, an effective electrochemical detection with
in situ acidification was demonstrated to detect concentration
of lead in agreement with WHO recommendations.

2. Experimental section

2.1. Chemicals and reagents

Nitric acid (HNOj;, >99.999% trace metals basis), Sodium
nitrate (NaNOjz, 99.0%) and lead standard for ICP (1000 + 2 mg
L™") were purchased from Sigma-Aldrich. All solutions were pre-
pared using an ultrapure Millipore Milli-Q (18.2 MQ) water. A
stock solution of Pb>" (10 ppm) was prepared in 10 mL of ultra-
pure water. Supporting electrolyte solutions of different pH
values with constant ionic strength were tested for Pb>" detec-
tion: 0.1 M HNO; (pH 1), 0.01M HNO; + 0.1 M NaNO; (pH 2),
0.001 M HNO; + 0.1 M NaNO; (pH 3), 0.1 M NaNO; (pH 5.6).

2.2. Electrochemical experiments

All the electrochemical measurements were carried out in a cell
involving a four-electrode system: two working electrodes (i) a
sensing electrode (gold screen printed electrode, Au-SPE, for lead
detection), (ii) an acidifier electrode for the pH control, (iii) a
reference electrode and (iv) a counter electrode. Au-SPE 220BT,
used as the sensing electrode (0 = 4 mm), and a silver/silver
chloride pseudo-reference electrode, were purchased from
Dropsens/Metrohm. An external platinum electrode positioned
above the acidifier was used as auxiliary electrode. A platinum
mesh (aperture: 0.012 cm, wire diameter: 0.004 cm) was obtained
from Goodfellow France and used as acidifier. A 3D printed cell
was specifically designed to introduce the SPE with the inserted
Pt grid as acidifier. The Pt grid was kept at a distance of approx.
250 um by a rubber O-ring purchased from Coruba, UK. The fab-
rication of the electrochemical cell by 3D printing was explained
in detail in our previous publications.**** A simplified schematic
representation of the designed cell and the principle of lead
detection is shown in Fig. 1.

The electrochemical cell was connected to a Metrohm/Eco
Chemie Autolab PGSTAT100 Bipotentiostat/Galvanostat oper-
ated by Nova 2.1.4 software. All the experiments were per-
formed using 500 pL as sample volume. Cyclic voltammetry
(CV) at scan rate of 50 mV s~' was initially performed in the
presence of 100 ppm Pb>" to determine the potential window
and the position of the Pb deposition and stripping peak. CV
analyses were also carried out to optimize the pH control con-
ditions. Anodic stripping voltammetry using square wave vol-
tammetry (SVW) was performed to analyse samples containing
different concentrations of Pb>* in NaNOj; (0.1 M, pH 5.6) with
in situ acidification. SWV analyses were recorded from —0.7 V
to 0 V using the following parameters: —0.7 V as deposition
potential, 120 s as time of deposition, 5 mV as potential step,
25 mV as amplitude and 20 Hz as frequency. During analysis,
the sample was stirred to avoid the accumulation of oxygen

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Schematic representation, (B) photograph, and (C) operating
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principle of the 3D printed electrochemical cell with integrated pieces: (1)

external auxiliary Pt electrode, (2) acidifier (Pt grid), (3) spacer, (4) screen printed electrode 220BT (gold sensing electrode and silver reference

electrode).

bubbles. Calibration curves were obtained by detecting
different Pb®>" concentration going from 10 to 100 ppb. The
limit of detection (LOD) was calculated using the 3.36/S
equation, with S is the slope of the calibration curve equation
and o is the standard error of the intercept.

To assess the influence of pH changes on the reference
potential of the pseudo reference electrode, open circuit poten-
tial (OCP) measurements across a range of pH values were per-
formed (Fig. S1t). The results indicate that the pseudo refer-
ence electrode presents relative stability with minimal poten-
tial variations across the tested pH (1; 2; 3 and 5.6), ensuring
reliable sensor response with varying pH.

3. Results and discussion
3.1. Optimization of the electrochemical pH control

We have investigated the impact of the potential applied at the
acidifier on the pH in the vicinity of the sensor. We used the
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peak potential of the gold oxide reduction to monitor and opti-
mize the local pH changes.>® We are aiming to reach a local
pH of 1 as it is reported as an optimal pH for the Pb>" detec-
tion with minimised interferences from Cu®" ions."® Gold
oxide was produced and then reduced by cyclic voltammetry
recorded from —0.1 V to +1 V on Au-SPE at a scan rate of
50 mV s '. Fig. S2At shows the cyclic voltammograms
obtained at different solutions over the pH range: 1 < pH < 5.6
as described on the Experimental section. The voltammetric
response of a gold electrode immersed at pH 1 shows typical
characteristic peaks in both anodic and cathodic scans (red
curve of Fig. 2A).>” The peaks in the anodic scan are attributed
to the formation of different forms of gold oxides on the elec-
trode surface. When reversing the scan direction, a single
sharp reduction peak in the cathodic scan is shown and
correspond to the reduction of the oxide layer. The position of
the reduction peak is strongly pH-dependent and is shifted to
lower potentials with the increase of pH. The corresponding
plot illustrating this dependence is shown in Fig. S2B.f The
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Fig. 2 (A) Cyclic voltammogram of the gold electrode obtained in 0.1 M HNO3 (pH 1) solution and in 0.1 M NaNOs (pH 5.6) solution, before and
after applying different potentials (+0.7; +1.0, and +1.2 V) to the acidifier for 5 s before the scan. Scan rate 50 mV s™*. (B) Variation of the Au cathodic
peak potential, Ep, (filled discs) and of the calculated pH (circles) as a function of the potential applied to the acidifier, E,cigifier-
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peak potential value shifts from +0.47 V at pH 1 to +0.25 V at
PH 5.6. An intense decrease in peak current is also noticed
when comparing the peak reduction current obtained at pH 1,
with the one attained at pH 5.6. These results reveal that the
peak potential for gold oxide reduction can be used to monitor
the pH in acidic range.

Cyclic voltammetry at Au-SPE was recorded at pH 5.6 simul-
taneously with the application of an oxidative potential at the
acidifier electrode. Fig. 2A shows the cyclic voltammogram of
Au-SPE sensing electrode obtained before and after applying
different potentials ranging from +0.4 to +1.2 V to the acidifier.
The reduction peak current increases and its position shift to
higher potentials with the potential to the acidifier, confirm-
ing that the pH of the solution varies with the applied poten-
tial. The variation in the reduction gold oxide potential and
the corresponding calculated pH are plotted versus the poten-
tial applied at the acidifier in Fig. 2B. The reduction peak
potential value shifts from +0.25 V when the acidifier is
switched off, to +0.46 V when it is biased at +1.2 V. The corres-
ponding pH was calculated, exhibiting a gradual decrease of
the initial pH of the solution (5.6) to reach pH 1 when the
acidifier is biased at +1.2 V. These results confirm that the
application of an anodic potential to the acidifier leads to a
change in the local pH at the sensor surface electrode, as a
greater flux of protons is produced.

Experiments showed that the pH at the surface of the
sensor electrode can be dropped by 4.6 pH unit by applying a
potential of +1.2 V to the acidifier. This local acidification of
the electrolyte solution is sufficient for sensitive detection of
Pb>*. However, applying potentials greater than +1.2 V to the
acidifier gave very noisy CVs due to the generation of oxygen
bubbles at the acidifier. For these reasons, a potential of +1.2
V for the acidifier was selected in the following experiments.

Cyclic voltammetry at Au-SPE was then carried out in pH
5.6 after applying the optimized acidified potential (Eacigifier =
+1.2 V) for different times (¢,cigitier Of 5 s and 80 s) to determine
the optimum acidification time to reach pH 1 in the vicinity of
sensing electrode. The obtained cyclic voltammograms are pre-
sented in Fig. S3,1 with the acidification process tested three
times under both ¢,.qgifier conditions. As it can be seen, the
position of reduction peak potential confirms the pH change
from 5.6 to 1 when applying E.cidifier i tacigifier 5 S and 80 s.
However, tuciditier Of 5 S gave an average of reduction peak
potential of 0.45 V + 0.02 (N = 3), while the average of
reduction peak potential obtained when acidifier was biased at
+1.2 V during t,caifier Of 80 s, is 0.46 V + 0.01 (N = 3).
Consequently, the acidification process is more reproductible
when Zycigitier 1S 80 s, which agrees with previous results.

3.2. Electrochemical behaviour of Pb*>" under sample
acidification

The cyclic voltammetry analysis of 100 ppm Pb*" was investi-
gated on gold screen-printed electrode at pH 1 and at pH 5.6
when the acidifier was either switched on or off (Fig. 3). At pH
1, the peaks observed are attributed to the reduction of lead
ions Pb**(aq.) to its zero-valence metallic state Pb(s) and then
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Fig. 3 Cyclic voltammograms of gold electrode obtained in 100 ppm
Pb* at pH 1 (red triangle curve), and at pH 5.6 with the acidifier
switched off (green square curve), and with the acidifier switched on
(orange circle curve). Scan rate 50 mV s,

0.0

the dissolution of the Pb(s) back to lead ions Pb**(aq.), as indi-
cated in the Pourbaix diagram for lead.?® The first two catho-
dic peaks (C; and C,) observed at —0.25 V and —0.51 V, are
attributed to the formation of a Pb monolayer on the Au-SPE
surface at potentials more positive than the reversible Nernst
potential for bulk metal formation.>® This electrochemical
phenomenon is called underpotential deposition (UPD),3°73?
which takes place when a metal is deposited on a sensing elec-
trode surface of different nature. The deposition of Pb multi-
layers is observed with another cathodic peak at —0.77 V (C3).
This bulk deposition is defined as overpotential deposition
(OPD), which takes place at potential greater than the Nernst
potential (—0126 V/SHE***%). This can be explained by the fact
that the UPD of Pb takes place at a potential less negative than
its equilibrium potential due to a difference in affinity
between Pb and the gold electrode surface compared with the
Pb-Pb interaction. Overall, the interactions between Pb and
the electrode surface (adatom-substrate bond) are stronger
than the Pb-Pb interactions (adatom-adatom bond). Thus, the
energy required to reduce the first layer of Pb metal is lower
than that required for multilayer formation.*

On the reverse scan, the bulk deposit is first stripped from
the sensing electrode surface and dissolved into the solution.
Thus, a well sharped anodic peak (A;) corresponded to the
bulk stripping of lead, is observed at a potential of —0.59 V.
Afterwards, the last monolayer of lead underpotential deposit,
is then stripped, with the two other peaks (A, and A,) attribu-
ted to the UPD stripping observed at potentials of —0.48 V and
—0.24 V, respectively. Solution pH has a significant impact on
the electrochemical deposition and stripping behavior of lead
ions. Specifically, the pH influences the availability of
protons, which are crucial for the stripping process. Cyclic
voltammetry on Au-SPE in the presence of 100 ppm of
lead were also carried out at different pH solutions 2; 3 and

This journal is © The Royal Society of Chemistry 2024
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5.6 (Fig. S41). The resulted voltammograms at different pH
values have shown that lower pH levels are more favorable for
lead ion deposition and stripping using our sensor system,
resulting in more defined and higher peaks. In the case of pH
5.6 with the acidifier switched off, only one cathodic peak is
observed at potential of —0.33 V, which can be attributed to
an overlapping of the two cathodic peaks (C; and C,) of lead
UPD. The disappearance of the cathodic C; peak confirms
that the bulk deposition of lead appears only when peaks of
lead UPD reach their maximal charge.’® The significant
change in the electrochemical behaviour of lead as a function
of pH, proves that in less acidic medium, the proton
deficiency makes difficult the redox reaction of lead. However,
lower pH values lead to higher currents that boost the sensor
response’s sensitivity. Consequently, these results confirm the
need to acidify the pH of the electrolyte solution to detect lead
in neutral medium.

Cyclic voltammetry was then recorded in the presence of
lead and with the acidifier biased at +1.2 V (Fig. 3). As
expected, a similar electrochemical behaviour for 100 ppm
Pb*" is obtained when the acidifier is switched on as compared
to the case of pH 1. The chemically prepared pH 1 solution
gives a bulk stripping A; peak at +0.59 V with a current magni-
tude of 63.7 pA, while the anodic A; peak is observed at +0.58
V with the acidifier switched on with a peak magnitude of
43.2 pA (68% of the signal compared to the magnitude of A,
obtained for the untreated pH 1). Hence, these results confirm
the possibility to reach pH conditions to perform Pb>" electroa-
nalysis through acidification by in situ electrochemical
method.

3.3. Pb>" ASV under sample acidification

ASV of 100 ppb of Pb** was repeated three times under the
same conditions (Fig. S51). The resulting square wave voltam-
mograms shows a lack of repeatability in the measurements.
Stripping peak potential and current are dependent on the oxi-
dation state of the electrode surface. Cyclic voltammetry of the
platinum grid was performed in 0.1 M NaNO; (pH 5.6). The
current shoulder around +0.70 V is assigned to oxidation of
platinum on the forward scan and a peak at —0.07 V (on the
reverse scan) is assigned to the oxide reduction (Fig. S67).
Water oxidation reaction at a platinum electrode is a multiple
step reaction.’” It proceeds through an adsorbate evolution
mechanism. Hydroxide ions, resulting from H,O dissociation,
are adsorbed onto the Pt electroactive sites (eqn (3)). Then
a deprotonation process undergoes to form PtO intermediates
(eqn (4)). A nucleophilic attack by solvent water molecules
leads to the formation of PtOOH at the electrode surface (eqn
(5))- Finally, PtOOH goes through a deprotonation process to
release H' and O, (eqn (6)).

Pt +H,0 — PtOH + H' + e~ (3)
PtOH — PtO + H" + e~ (4)
PtO + H,O — PtOOH + H" 4 e~ (5)

This journal is © The Royal Society of Chemistry 2024
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PtOOH — Pt + O, + H" + e~ (6)

The electro-generation of H' leads to the formation of Pt
oxide layers, disturbing the surface atom arrangements, to
which electrode reactions are sensitive to. Iizuka et al. have
shown that oxygen evolution reaction activity of Pt electrodes
dropped when an anodic potential of +1.4 V (vs. RHE, pH = 1)
was held for 100 s. OER activity could be restored when a
potential sufficiently low to reduce the Pt oxide was applied.>®

An electrochemical regeneration of the surface of the plati-
num grid is performed before each detection experiment to
restore the electrode activity degraded by the prolonged oxi-
dation of the platinum grid. The full analytical procedure
involves a three-step process: (i) sensor cleaning and acidifier
regeneration, (ii) deposition & acidification, (iii) detection. The
cleaning step starts by applying an anodic potential of +0.1 V
to the sensor to dissolve any metal deposits left over from a
previous experiment. A potential of 0 V is applied to the acidi-
fier to reduce the Pt oxide layer that was formed during the
acidification procedure. After 60 s, the deposition step begins
by the application of —0.7 V to the sensing electrode. This step
involves the reduction of lead ions Pb**(aq.) to its zero-valence
metallic state Pb(s) on the Au-SPE surface. The acidification
step starts by the application of +1.2 V to the acidifier for the
suitable optimized time. During this step, water is oxidised
and generates protons, which diffuse to the surface of the
sensor. Deposition and acidification processes are then fol-
lowed by the stripping step. The electrolyte solution is stirred
to ensure the homogenization of the solution during the clean-
ing step, to improve mass transport during the deposition step
and to avoid the accumulation of oxygen bubbles during the
acidification step. Stirring is stopped before the start of the
stripping. Fig. 4A displays the anodic stripping voltammo-
grams recorded in the presence of 100 ppb of Pb*", at pH 1
and pH 5.6 solution, without and with the acidifier switched
on. At pH 1, an anodic stripping peak is observed at —0.27 V
with a peak magnitude of 14.1 + 1.4 pA. At pH 5.6, the appli-
cation of the acidification process leads to the improvement of
the anodic stripping current of Pb. Without acidification a
stripping peak located at —0.28 V with a current magnitude of
9.4 + 0.8 pA is recorded. When the acidifier is switched on, a
sharp anodic stripping peak is obtained at —0.28 V with a peak
magnitude of 15.9 + 0.7 pA (N = 3). Thus, the peak current
intensity increased by 59% compared to the initial obtained
current when the pH of detection is dropped from 5.6 to 1.
This behaviour gives direct evidence that lower pH values
provide a higher current, which offers a higher sensitivity for
SWV detection. These results prove the efficiency of the opti-
mized acidification procedure. In our experimental conditions,
the sample volume is 0.5 mL for a concentration of 100 ppb
Pb>". If 100% of Pb>* contained in the sample is deposited on
a 4 mm diameter disc electrode (Aciectroge = 0.126 cm?),
0.397 pg cm™2 of Pb will be deposited. Given that Pb has an
atomic radius of 1.86 x 10”% cm and an atomic mass of 207.2 g
mol™, a full monolayer of Pb would correspond to 0.316 pg
em 2. It should be noted that for the simplicity of calculations,
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Fig. 4 (A) SWV of 100 ppb Pb?* on a gold electrode in HNOs (pH 1)
(red triangle curve) and in 0.1 M NaNOs (pH 5.6) with the acidifier switch
off (green square curve) and on (orange circle curve). (B) Average of
stripping peak potentials values obtained with (N = 20) and without (N =
80) regeneration step of the acidifier.

geometric surface area was considered. These results suggest
that, in our experimental conditions, a single monolayer of Pb
is formed during the preconcentration process. Such calcu-
lation agrees with our decision to use underpotential depo-
sition instead of the bulk deposition for the lead detection.
Considering the shapes of the Pb ASV peaks obtained in pH 1
and in pH 5.6 electrochemically acidified samples, the differ-
ences observed can be attributed to several factors, including
variations in the local pH environment, the presence of
different species already present in the electrolytes or formed
during electrochemical acidification, and different kinetics of
the stripping process under these conditions.

The average and the standard deviation of the stripping
peak potential Egyipping from a hundred measurements are
estimated before and after applying the optimized SWV pro-
cedure (Fig. 4B). In the absence of the regeneration of the
acidifier surface, the average potential value for the stripping
of Pb(s) to Pb>*(aq.) is —0.43 + 0.06 V. This wide distribution of

5106 | Analyst, 2024, 149, 5101-5109

View Article Online

Analyst

Esuripping Values can be corrected by the application of a reduc-
tive potential that regenerates the acidifier surface. Once a
regeneration step is included in the analytical procedure, the
average Egqipping value is —0.31 + 0.01 V. This shows that apply-
ing the optimized SWV procedure, which includes the cleaning
step, results in achieving stability in the stripping peak
potential.

3.4. Analytical sensing of Pb*>* with in situ acidification

SWV analysis were performed in the presence of various con-
centrations of Pb** in 0.1 M NaNO; (pH 5.6) with in situ acidi-
fication, using to the optimal procedure to build a calibration
curve (Fig. 5A). In the presence of Pb**, the peak current
indicative of the anodic stripping of lead is observed at —0.28
V. A proportional increase of the stripping current response is
observed when the concentration of Pb® increased from 10 to
100 ppb. The Pb stripping peaks shift to higher potentials
when increasing Pb>" concentration and consequently increas-
ing the Pb**/Pb ratio, which is in agreement with the Nernst
equation. Furthermore, it is obvious that when the lead con-
centration reaches 100 ppb, the SWV stripping response shows
the appearance of a small shoulder around —0.48 V. This can
be explained by the fact that from this concentration, the
second UPD stripping peak of Pb monolayer starts to be
visible. The variation of the shape of the stripping peaks for
various Pb*>" concentrations may be due to the several factors
that may include the surface coverage of the electrode by Pb*",
the co-adsorption of nitrate anions and the variation of dis-
solved oxygen concentration linked to the acidification
process. The dependency of the stripping peak current with
Pb>* concentration is linear as shown in Fig. 5B. All analyses
were performed in triplicate to obtain standard deviation
(shown as error bars). The correlation equation is given by
lstripping = (0.086 + 0.003) [Pb>] + (4.24 + 0.164). This variation
shows a wide range of linearity which extends from 10 ppb to
60 ppb with a correlation coefficient of R* = 0.996 and a LOD
of 6 ppb, which is below the WHO recommendation for Pb**
concentration in drinking waters. As a comparison, the cali-
bration curve when the acidifier is OFF gives a correlation
equation of igyipping = (0.034 = 0.002) [Pb>*] — (0.138 + 0.055).
The equation for the calibration curve at pH 1 is igripping =
(0.188 = 0.017) [Pb*'] — (0.662 + 0.436). The sensitivity of the
Pb>* stripping when the acidifier is switched ON is higher
than when it is OFF. However, it does not achieve the same
sensitivity as when the pH is close to one. The high value of
the intercept found when the acidifier is ON can be explained
by the high dissolved oxygen concentrations liked to the acidi-
fication process discussed beforehand.

To study the impact of interference such as Cu®" on the
detection of Pb**, SWV analysis was then undertaken with
in situ acidification in the presence of a fixed concentration of
100 ppb (0.48 pM) of Pb*>* and an increasing concentrations of
Cu®": 200 ppb (3.2 pM), 500 ppb (7.9 puM), and 1000 ppb
(15.7 uM). The average percentage of the stripping Pb>" signal
(N = 3) in the presence of Cu®" is presented in Fig. S7.T Despite
the presence of high concentrations of the interferent, Cu**

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) SWV of different Pb?* concentrations (10, 20, 40, 60, 80, 100 ppb) recorded in 0.1 M NaNOj3 (pH 5.6) with in situ acidification, according
to the optimized procedure. (B) Calibration curves for anodic stripping peak current vs. Pb?* concentration at pH 1 (A). and at pH 5.6 when the

acidifier is ON (@) and OFF (m).

slightly affects the stripping signal of Pb**, resulting in a low
decrease in the Pb*>" signal by approximately 22%, 15%, and
19% in the presence of 200, 500, and 1000 ppb of Cu*,
respectively.

4. Conclusions

We have proceeded to local electrochemical acidification invol-
ving water electrolysis for the detection of Pb>" traces. An
electrochemical cell was designed to integrate an acidifier
close to a gold sensor. By applying an optimal positive poten-
tial to the acidifier, water oxidation leads to the electro-gene-
ration of protons, which diffuse to the vicinity of the sensing
electrode and locally acidify the sample. Under the optimized
conditions, the pH in the vicinity of the sensor surface was
dropped from the initial value (pH 5.6) to the optimal detec-
tion value (pH 1). Anodic stripping voltammetry was then
carried out, to successfully detect concentrations down to 10
ppb of Pb*", in agreement with the WHO guidelines. The
developed approach proves that the control of pH in situ paves
the way for on-field analysis, whether for lead detection or
other pH-dependent analytes. In this sense, experiments are
underway to develop an innovative electrochemical device for
real-time lead detection in water utility systems using the
in situ pH control method developed in this work.
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