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KEYWORDS Abstract The new application of C-dec-9-enylcalix[4]resorcinarene (R;), as an ionophore to detect
Calix[4]resorcinarene; heavy metals (HMs) cations (Cd*>*, Hg?", Cu?", and Pb>") in the aqueous media has been
Mass-sensitive sensor; investigated through the preparation of an effective mass-sensitive sensor via the exploitation of
Heavy metals; a flow-type QCM-I technique. By adjusting the ions’ amounts in model solutions over a wide range
Detection; of concentrations, acquired changes in the oscillating frequency related to the loading of metal ions
Voltammetric sensors on the sensor’s surface were gained, and thus favorable metrological parameters displaying the

lowest detection limit (LOD) associated with copper ions (10 ppb). Simultaneously, a novel
voltammetric sensor was prepared by modifying gold screen-printed electrodes (SPEs) with R;.
Electrochemical characterization employing CV, SWV, and EIS was carried out, showing the suc-
cess of the electrode modification. Then, the experimental conditions of supporting electrolyte, pH,
accumulation time, and accumulation potential were optimized to achieve an enhanced detection.
The R;@SPE sensor simultaneously detected the HMs (Cd?*, Hg?", Cu®™, Pb>"), and the lowest
LOD was associated with Pb>* (0.19 ppb). The selectivity evaluation of the electrochemical sensor
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was performed by studying the effect of interferences majorly present in water sources (Mg?™,
Ni*, Zn®", A", and K7) on the SWV detection signals, and it was revealed that the interfering
ions did not affect the simultaneous detection of the studied HMs (RSD less than 5%), the voltam-
metric sensors also presented excellent repeatability and reproducibility (RSD less than 5%).
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Environmental contamination by heavy metals (HMs) is a hazard to
the environment and is one of the most vital challenges in modern
humanity (Li et al., 2013; Briffa et al., 2020). Trace levels of these tox-
icants if present in the ecosystem (soil, water surfaces. . .etc.) can cause
dangerous effects on animal health (Woo et al., 2016). Mostly, entering
the body via direct consumption of contaminated water and food bev-
erages (Stewart et al., 2011), their toxicity is manifesting in the substi-
tution of essential metals in the human body by interacting with
enzymes and nucleic acids through binding to thiol groups of DNA,
and so altering the body’s functional properties (Lim and
Schoenung, 2010; Stewart et al., 2011; Briffa et al., 2020).

The world health organization (WHO) and US Environmental Pro-
tection Agency (EPA) have taken giant steps to enlighten the aware-
ness of the hazard and regulation of the thresholds concentration
has been recommended (Mahajan B., 2021; USEPA, 2022). However,
the identification and removal of these toxins from scarce water
sources are vital necessities for communal protection.

There is a growing need for an ecologically safe, systematic, and
novel methodology to remediate toxic heavy metals in water streams.
The conventional approaches have limitations in terms of being
noneconomic, requiring energy, and inefficiency. Common approaches
to removing heavy metals from water sources are not wildly offered
over the world. Amongst the best effective progressive remediation
processes, adsorption is extensively considered as the maximum effec-
tive method for handling a wide variety of heavy metals contaminants
in aqueous systems. As a result, much research has focused on the use
of low-cost adsorbents for heavy metal removal (Laghrib et al., 2021).
For the remediation of environmental pollutants, sonophotocatalytic
is a recently applied technique, where the complete improvement in
the degradation activity can be credited to the synergic properties of
sonolysis and photocatalysis, which lead to the formation of reactive
free radicals (Theerthagiri et al., 2021; Yu et al., 2021).

The early environmental detection of HMs is crucial, their recogni-
tion in real samples is a difficult task owing to the complexity of var-
ious natural matrices (aquatic and river media), besides the very low
concentrations of these ions, often below the detection limits of avail-
able techniques (Aragay et al., 2011; Elkhatat et al., 2021). On large
scale, myriads of analytical procedures and physicochemical tools have
been used to gather information on HM ions detection and monitoring
in water sources, namely: FES, AAS, ICP-MS, ICP-OES, INAA, and
UV/Vis (Kenawy et al., 2000; Hajiaghababaei et al., 2013; Jin and
Ainliah, 2021), these approaches provide excellent and complete infor-
mation in terms of metrological parameters related to sensitivity and
selectivity. Nevertheless, the disadvantages and constraints are linked
to the difficulty of use (need of skilled trained scientists) and time-
consuming analysis (sampling, preparation, calibration, etc.).

At present, the reputation of sensors is well acknowledged, on
account of their capability for conducting recognition investigations
that were once dominated by analytical chemistry techniques, more
advantages are offered by sensors as instrumentation low-cost, porta-
bility, data acquisition speed, technical reliability, real-time analyses,
label-free onsite employment, and an overtime mapping-out of the tar-
get elements’ existence in the studied environment, this later benefit is
prohibitively costly when it comes to traditional detection procedures
(Fadillah et al., 2020; Wu et al., 2019). The design, construction,

integration, and real application of HMs detection chemosensors,
are comprehensively studied and reported in the literature, upon
employing sensing platforms ranging from inorganic (Prochowicz
et al., 2017) and nanomaterials (Deshmukh et al., 2018) to organic
and macrocyclic elements (Bettazzi et al., 2012; Luo et al., 2019), by
way of illustration calixarenes and resorcinarenes (Arora et al., 2007;
Mei C. J. and Ahmad S. A. A., 2021), which had known ever-
accelerating progress with regards to synthesis and structural alter-
ations by modifying the cone dimensions. However, the mainstream
of calixarene-based chemo-sensing platforms targeting HMs recogni-
tion in water matrices is of either electrochemical concept (voltamme-
try, amperometry, potentiometry, for instance, Ion-Selective-
Electrodes (ISEs)) (Ahmadzadeh et al., 2015; Akl and Abd El-Aziz,
2016; Naik et al., 2021; Taghvaei-Ganjali et al., 2009; Pujol et al.,
2014; Ebdelli et al., 2011; Gode et al., 2017; Nur Abdul Aziz et al.,
2018) or Optical principle (fluorescence, colorimetry, etc.) (Chawla
and Gupta, 2015; Echabaane et al., 2013; Erdemir et al., 2016; Lotfi
et al., 2017; Mokhtari et al., 2011; Yang et al., 2019). In the field of
environmental protection and monitoring, there is a tendency in sens-
ing to use electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and SWV in combination with other measurement
methods such as quartz crystal microbalance (QCM) (Briand et al.,
2010).

The Quartz Crystal Microbalance with impedance measurements
(QCM-I) involves two gold electrodes plated onto a piezoelectric thin
quartz disk. Any adsorbed or desorbed mass on the gold surface causes
a variation in the oscillation frequency (4F); an increase in mass causes
a decrease in frequency and vice versa. This AF is proportional to the
amount of variation in mass (4m), as shown by the Sauerbrey equation
(Eq. (1)) (Sauerbrey, 1959).

Am=—-C- AF (1)
n

Where 7 is the overtone number and C is the mass sensitivity con-
stant, which only depends on the physical properties of the quartz
crystal.

QCM-I employs a network analyzer to permit continuous measure-
ments of resonance parameters e.g. frequency, resonance curve, Full
Width at Half Maximum variation (AFWH M) calculations, along with
monitoring the layer’s viscoelastic properties via dampening energy
evaluations, a.k.a. dissipation shifts (4D).

Mass-sensitive piezogravimetric techniques, as the QCM, showed
their effectiveness in analytical applications for toxic metallic elements
ions sensing by engaging numerous surface modifiers (Cao et al., 2011;
Chen et al., 2011; Sartore et al., 2011; Emir Diltemiz, S. et al., 2017).
However, apart from our published investigations (Eddaif et al.,
2019a, 2020; Shaban and Eddaif, 2020), there’s a lack of systematic
studies dealing with the utilization of QCM to develop Calix-sensors
for detecting HMs ions in aqueous solutions. Some consideration
was given to the development of dicarboxyl-Calix[4]arene-based elec-
trochemical sensing platform to detect lead ions in an aqueous solution
(NurAbdul Aziz et al, 2018).

For that reason, this contribution aims to study the detection capa-
bility of a resorcinarene tetramer (C-dec-9-enylcalix[4]resorcinarene)
towards toxic metallic ions, (Cd“, Hg“, Cu?*, Pb®™), in aqueous
model solutions, by applying the QCM-I, and electrochemical methods
(cyclic voltammetry (CV), and square wave voltammetry (SWV)).
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ane, gave Ry as a yellowish-orange solid (Yield: 49 %, m.
p.:277 °C).

The resorcinarene tetramer was synthesized based on the
acid-catalyzed cyclo condensation reactions, viz.: C-dec-9-enyl
calix[4]resorcinarene (R;), and was the subject of full structural
characterization studies employing FT-IR, 'H/ '*C NMR,
powder XRD, and thermal analyses (Eddaif et al., 2019b).
The chemical structure of (R;) is presented in Fig. 1.

2. Experimental

2.1. Chemicals

The used chemicals in the experimental part of this work are
listed in Table 1. All chemicals from commercial sources were
of analytical grade and used directly without further purifica-
tion if no special instructions. All solutions were prepared
and diluted by ultrapure water from the Milli-Q water purifier

system 2.3. Pretreatments of electrodes

For the piezogravimetric analysis, AT-cut gold-plated quartz
crystal resonators (QCR) with a 5 MHz fundamental fre-
quency and 14 mm diameter, were used. The QCR’s gold sur-
face was rinsed by acetone (a.r., Reanal), washed with piranha
solution (H,O, (30%) and H,SO4 (96%) in a ratio of (1:2) for
10 min, rigorously rinsed with Milli-Q water, and finally, let
dry at room temperature inside a desiccator.

For electrochemical experiments, screen-printed gold elec-
trodes (Pine Research, USA) were used. The electrodes (Pine

2.2. Preparation of the ionophore

C-dec-9-enylcalix[4 Jresorcinarene (R;) was prepared by dis-
solving resorcinol (0.23 mmol, 0.025 g) and 0.23 mmol of alde-
hyde (undec-10-enal) into absolute ethanol (240 mL) (Aoyama
et al., 1989). The solution was cooled down to 0 °C, and 37 mL
of concentrated HCI was added, after an hour of stirring, the
solution was heated and refluxed for twelve hours. The recrys-
tallization via methanol and a (1:1) mixture of acetone: hex-

Table 1 List of used chemicals in the experimental work.

Name Formula Characteristics Purchased from
Hydrogen peroxide (30%) H,0, Extra pure Molar Chemicals KFT
Tetrahydrofuran C4HgO Extra pure Molar Chemicals
(THF) KFT

Sulfuric acid (96%) H,SO, Analytical grade Molar Chemicals KFT
Hydrochloric acid (37%) HCI Analytical grade Molar Chemicals KFT
Glacial acetic CH;CO,H Analytical grade Sigma-Aldrich

acid (+99 %)

Sodium hydroxide NaOH Analytical grade Sigma-Aldrich

(+98 %)

Ammonium acetate CH;CO,NH,4 Analytical grade Merck

Ammonia (25%) NH; Analytical grade Molar Chemicals KFT
Nitric acid (65%) HNO; Analytical grade Molar Chemicals KFT
Hellmanex III _ Alkaline cleaning concentrate Hellma GmbH & Co. KG (Germany)
Pb(II) nitrate Pb(NOs), 99.99% Sigma-Aldrich

Cd(II) nitrate Cd(NO;),-4H,0 98% Sigma-Aldrich
tetrahydrate

Hg(1I) chloride HgCl, 99.5% Sigma-Aldrich

Cu (II) nitrate trihydrate Cu(NOs),.3H,0 Extra pure Sigma-Aldrich

Mg(II) chloride MgCl,.6H,0 Analytical grade Molar Chemicals KFT
hexahydrate
AI(III) nitrate Al(NO;)3-9H,0 Analytical grade Sigma-Aldrich
nonahydrate
Ni(II) nitrate Ni(NOj3),-6H,O Analytical grade Reanal
hexahydrate
K(II) sulfate K>SO, 99.5 % Molar Chemicals KFT
K(I) chloride KCl + 99 % Sigma-Aldrich
Trans-2,cis-6-nonadienal (+96%) CoH 40 d = 0.866 Sigma-Aldrich
Undecylenic aldehyde C1H50 d = 0.81 Sigma-Aldrich
(95%)
(S)-(-)-o-Methylbenzylamine
(p > 98%) CgH N d = 0952 Fluka Chemie

GmbH
(R)-(+)-o-Methylbenzylamine
(p > 98%) CgH ;N d = 0952 Fluka Chemie

GmbH
Dodecanal C,H»,0 d = 0.831 Sigma-Aldrich
Paraformaldehyde HO(CH,0),H Reagent grade Molar Chemicals

KFT
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research, USA) were composed of three electrodes printed sys-
tem (2 mm OD gold working electrode, a U-shaped large gold
counter electrode, and an Ag/AgCl reference electrode) con-
nected to the potentiostat through a connector cable. Potential
contaminants on screen-printed electrodes (SPEs) were
removed by cyclic voltammetric cleaning by applying 20 CV
cycles at 100 mV.s~! scan rate in 0.05 M H,SOy, solution in
the potential range from —1.5 to + 0.5 V. The electrochemical
cleaning resulted in stable voltammograms, and the cleaned
SPEs were rinsed with Milli-Q water (resistivity/conductivity
at 25 °C: 18 MQ.cm™! /5.5x10° S.m™!) and placed in a desic-
cator at room temperature until further use.

2.4. Ionophore immobilization on the gold sensing area

For immobilizing the macrocycle onto the gold sensing area,
R; was dissolved in chloroform (a.r., Molar Chemicals Kft)
(2 mg.mL™"). With subsequent intensive drop-casting of the
ionophore solution on the clean QCR’s gold surface (10 pL)
and screen-printed electrodes (2 pL), the resorcinarene based
sensing platforms were fabricated. The modified electrodes
were later dried at room temperature and kept inside a desic-
cator (25 °C) awaiting further use.

2.5. QCM-I measurements

The HMs salts (Sigma- Aldrich) (Pb(NOs3),, Cd(NOs3),, HgCl,,
and Cu(NO3),) were mixed at convenient amounts, with Milli-
Q water, to prepare the water model solutions with concentra-
tion range 5-1000 ppm. Label-free onsite real-time QCM-I
detection experiments were performed utilizing the QCM-I
instrument (MicroVaccum Ltd, Hungary). The device’s reso-
nance sensitivity in the liquid is 0.2 Hz, the dissipation sensitiv-

ity is 1.1077, and the mass sensitivity is < 1 ng.cm 2.

\

Fig. 1 Molecular structure of C-dec-9-enylcalix[4]resorcinarene

Ry).

The apparatus enclosed a 40 pL flow-cell and was automat-
ically thermostated (25 °C), and the applied flowrate was
200 pL.min~! for injecting the HMs solutions by a peristaltic
pump. Experiments were computer-controlled using the Bio-
Sense Software V. 3.1 (MicroVaccum Ltd). The data were
recorded for selected overtones n = 1, 3, 5, and 7, on behalf
of 5, 15, 25, and 35 MHz frequencies, respectively. The nor-
malization of AF is accomplished by dividing the change in
the measured values by the used overtone number () (Eq. (2)):

2.6. Electrochemical experiments

The voltammetric tests, viz. cyclic voltammetry (CV) and
square wave voltammetry (SWV) were performed using a
Gamry interface 1010E potentiostat/galvanostat apparatus
controlled by the Gamry inst. framework software, whereas
the electrochemical impedance spectroscopy (EIS) experiments
were carried out using a Solartron frequency analyzer/electro-
chemical interface system (1250/1286) controlled by the ZPlot
software.

2.6.1. Electrochemical characterization

EIS is a well-known sensing method to examine the statuses of
affinity reactions on electrode surfaces established on the inter-
action of the analyte with the electrical double-layer or the per-
turbation of the redox reactions. Electrochemical processes
that take place around the vicinity of an electrode surface
can be analyzed using the EIS technique. EIS in chemosensor
applications focuses on surface actions taking place in a fre-
quency region typically from mHz to KHz.

Prior to the electrochemical characterization tests, the SPE
was immersed into the cell containing 0.2 M HCI and the tar-
get metal ions with a 3 min stirring time before their accumu-
lation at open circuit potential (OCP). The electrochemical
characterization of the bare/modified electrodes in the
absence/presence of 1 ppm of HMs dissolved in 0.2 M HCI
solution was completed employing the following conditions:

In the case of EIS, the ac voltage was set to V,. = 10 mV
amplitude sine wave signal, whereas the dc voltage (bias)
remained at the open-circuit potential (OCP) in order to stay
in the linear region of the Butler-Volmer equation. The applied
frequency range was from 65 kHz to 1 Hz.

Cyclic voltammetry is a measurement procedure in which
the potential is driven between the working electrode (WE)
and the reference electrode in the form of slow cyclic changing
triangle-shaped voltages. At the same time, the current
between WE and counter electrode (CE) is recorded which
produces an exact analysis of potential oxidizing (Ox) and
reducing (Red) species present in the solution. Forward and
back CV scans were performed in the potential range from
—0.75Vto + 0.5V at a scan rate = 50 mV.s~'. Square wave
voltammetry measurements were executed at frequency = 15
Hz, deposition time = 60 s, deposition potential of —1V
within the potential window from —1 to + 0.5 V.

2.6.2. Experimental parameters optimization

Aiming to enhance the detection capacity of the prepared sen-
sor towards various heavy metals, the physicochemical param-



In-situ electrochemical and piezogravimetric studies on the application of macrocyclic 5

eters having a direct influence on the SWV signals were opti-
mized. SWV is a fast electroanalytical method that depends
on the frequency (Hz) and step height (mV). It generates a
peak-shaped symmetrical voltammogram. The current is
recorded twice during each cycle of the square wave, once at
the end of the forward pulse and once at the end of the reverse
pulse. The concentration of the investigated HM ions is pro-
portionate to the current peak. It has a high sensitivity because
the current peak is larger than the oxidation/reduction sepa-
rated signals.

The influence of various supporting electrolytes was exam-
ined in order of choosing the most suitable one for offering the
highest detection magnitude. The square wave voltammetry
conditions were similar to those employed in the electrochem-
ical characterization. The studied electrolytes are HCI 0.2 M
(pH; = 0.7), KC1 0.2 M (pH; = 6.8), and acetate buffer
ACB 0.2 M (pH; = 5.3), prepared by mixing 15.4 g of ammo-
nium acetate and 2.06 mL of glacial acetic acid in 990 mL of
distilled water.

The electrolytic medium’s pH is highly affecting the interac-
tions between the sensing platform and the target ions. There-
fore, the detection response in 0.2 M HCI has been investigated
by changing the pH values from 0.7 to 8. The pH was adjusted
by 0.1 M NaOH (pH; = 13) and was monitored by the ADWA
ADB000 digital pH meter. The SWV conditions were similar to
those employed in the electrochemical characterization.

The optimization of the accumulation time and potential
effects on the R;@SPE sensing platforms were studied within
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the time-frame of 30-180 s and within potential values from
—2V to —1V, with the purpose to produce higher signals and
improved detection performance.

2.6.3. Simultaneous electrochemical detection of heavy metals
( Calibration studies)

The detection capability of the R;@SPE sensor towards vari-
ous heavy metals ions, with concentrations ranging from 1 to
100 ppb, was examined under the optimized circumstances,
for the determination of the statistical detection characteristics
(linear ranges, detection, and quantification limits).

2.6.4. Interference studies

The most common potential interfering metals cations were
A13+, Fe3+, Fe2+, Mg2+, C02+, Mn2+, Zn”, Pb2+, Cd2+,
Sn*>*, and Ni*", as studied by Pratiwi and coworkers
(Pratiwi et al., 2017), where they showed that the presence of
common metal ions did not interfere with Cu®" detection
within reasonable tolerance ratios.

The selectivity of the R,@SPE platform for Pb>", Cd**,
Cu?", Hg>" ions was evaluated in the presence of other metals
frequently present in environmental samples, A", K*,
Mg>", Zn®", and Ni*", usually present in water sources.
Interfering ions of 4 ppm (40 folds compared to target ions)
were added to 0.2 M HCI containing 100 ppb of heavy metals
ions (Pb>", Cd*>*, Cu®*, Hg?>"), and SWV detection studies
were performed under optimized conditions.

b}

Normalized Frequency AF (Hz)
S

0.0 2.0 4.0 6.0 8.0 10.0
Time (min)

Pb2+

0.0 2.0 4.0 6.0 8.0 10.0
Time (min)

—
=

Normalized Frequency AF (Hz)

Fig. 2 Normalized frequency (a) and dissipation shifts (b) of unmodified QCR against various heavy metals concentrations (0, 5, 25,

250, 500, and 1000 ppm) in time.
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Fig. 2 (continued)

2.6.5. Reproducibility and repeatability

To evaluate the repeatability of the fabricated sensor, its
sensing platform was employed for detecting 100 ppb of
heavy metals under optimized conditions by running 3 suc-
cessive measurements. Hence, for assessing the reproducibil-
ity, three different SPEs modified by R; were used to detect
100 ppb of heavy metals ions under optimized conditions.
The standard deviation (RSD) was calculated to evaluate
these parameters.

3. Results and discussion
3.1. QCM-I studies

3.1.1. Effect of heavy metals ions on unmodified quartz crystal
electrodes

As a first step, the effect of heavy metal ion concentration was
studied on the bare gold electrodes of quartz crystals, fre-
quency and dissipation shifts through the in-situ QCM-I mea-
surements were recorded. As seen in Fig. 2, the unmodified
gold electrodes did not detect any loading of the heavy metals
ions on the gold surface (AF = 0) (Fig. 2a). A rigid character of
the electrodes’ surfaces was dominant, as no changes in dissi-
pation energy were obvious (4D = 0) (Fig. 2b). Though, some
fluctuations were existing in the majority of plots, which are
explained by the electrode’s surface wetting due to straight
exposure to heavy metals solutions. The inability of bare gold

surfaces to sense heavy metals ions proves that neither physical
nor chemical interactions have occurred. It is worth mention-
ing that the chemical interactions are crucial in increasing
the quartz crystal’s sensitivity, where taking advantage of
detection networks is compulsory.

3.1.2. Effect of heavy metals ions on the prepared
pilezogravimetric sensor

Targeting water environmental detection via applied in-situ
QCM-I analysis, drop-coated gold electrodes using R, as sens-
ing platforms were constructed, aiming at evaluating their
HMs detection capabilities in model solutions modified via
adding toxic metallic elements. Fig. 3 illustrates the normalized
frequency (a) and dissipation variations (b) (4Fy and ADy) of
Calix-chemosensor R; in time. Whereas, Table.2 contains a
summary of the AFy and 4Dy values collected from endpoints
of the detection plots.

From Fig. 3, it is apparent that the heavy metals ions sens-
ing through the application of Calix-based piezogravimetric
sensors disclosed its success since the decrease in frequency
with increasing the ions amounts is directly related to the mass
loading of heavy metals ions on the quartz crystal sensor’s sur-
face (Fig. 3a).

The resorcinarene thin films’ viscoelastic properties were
monitored simultaneously with frequency variations, by
recording energy dissipation shifts based on oscillation ampli-
tude variations in time (via ring-down method) (Fig. 3b).
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Commonly, the higher is the dissipation shift
(4D > 2.10°), the softener is the adlayer, and thus the
viscoelastic model description deviates from the Sauerbrey
model conditions as previously indicated by (Eq. (1)).

3.1.3. Piezogravimetric sensor’s metrological parameters and
ionic selectivity

The sensors’ pertinence rest on detection features manifesting
in sensitivity (S), linear range (L.R.), detection, and quantifica-
tion limits (LOD and LOQ). However, excellent sensing char-
acteristics are considered as small LODs and LOQs, high
sensitivities, and wide LRs. To evaluate the metrological
parameters, the dynamic ranges based on AFy variations for
ionophore R; based piezogravimetric sensor are presented in
Fig. 4, whereas Table 3 is recapitulating LRs, LODs, LOQs,
and sensitivities of the Calix-based chemosensor.

The LODs and LOQs were calculated from LOD = 3.3¢/S
and LOQ = 100/S, where o is the standard deviation and S is
the linear range’s slope or the sensitivity. The developed detec-
tion platforms showed respectful sensing characteristics (wide
LRs, noble sensitivities, low LODs, and LOQs), based on fre-
quency variations. The obtained LODs in the case of Hg?",
Pb>*, and Cd>" ions were slightly higher than the recom-
mended thresholds. Nonetheless, in the case of Cu?", the
chemosensor was sensitive since it produced an inferior LOD
to limits stated by WHO (2 ppm) and USEPA (1.3 ppm).
The selectivity evaluation based on frequency shifts (Fig. 4)
indicates that Ry is selective to mercury and cadmium ions.
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3.1.4. Hypothetical interpretation of the ionophore adsorption on
0C gold surface

Ensuring the best performance of the developed piezogravimet-
ric sensor, resorcinarene detection platforms should be well
attached and well-constructed, the ligands affixation on the
quartz crystal surface is then ascertained by electrostatic interac-
tions (Mainly VDW -Van der Waals- dispersion forces with a
quantum mechanical nature, manifesting in dipoles produced
via quantum fluctuations) between heteroatoms, i.e. O, aro-
matic cycles’ electrons, end carbon chain double bonds, and
the gold surface. As appraised by the work of Reimers and
coworkers (Reimers et al., 2017), aromatic cycles and carbon
chains interact strongly with coinage metals-based surfaces such
as gold, resulting in their adsorption via VDW interactions com-
parable to covalent attachment in terms of strength. For a clar-
ified overview, the free gold atoms can either react with their ‘d’
or ‘s’ orbitals (d'%! as electronic valence configuration), due to
their high reactivity and capability of covalent bonding to car-
bon atoms forming single, double, and even triple bonds
(Tang and Jiang, 2015; Zaba et al., 2014). However, when gold
atoms are attached forming a single Au-Au bond via s-s orbitals,
their reactivity weakens, which is the case of noble gold surfaces,
yet, this fact does not disturb the VDW dispersive forces for
those bonds formed via ‘d’ orbitals of gold surface and carbon
atoms as an example (Chaudhuri et al., 2009; Reimers et al.,
2016). Besides the later interaction, electron flow between O,
and gold surface atoms is ensured through a moment dipole
polarization creating an electron density stream.
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Fig. 3 Normalized frequency (a) and dissipation shifts (b) for ionophore R; modified QCR against various heavy metals concentrations

(0, 5, 25, 250, 500, and 1000 ppm) in time.
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Fig. 3 (continued)

Table 2 Normalized frequency and dissipation data for
ionophore (R;) based QCM sensor against various HM
amounts.

Metal ions C AF AD
(ppm) (Hz) (x107%)
0 — 1.14 = 0.01 0.07 £ 0.02
5 — 9.85 £ 0.04 1.54 + 0.01
25 — 40.70 £ 0.30 2.51 + 0.03
cd>* 250 — 61.70 £ 0.90 3.83 + 0.04
500 — 73.46 £+ 0.78 3.84 + 0.07
1000 — 76.55 + 0.50 5.79 + 0.90
0 — 494 + 0.03 0.12 £+ 0.01
5 — 14.42 + 0.02 2.87 + 0.04
25 — 32.76 £ 0.07 3.09 + 0.02
cu?” 250 — 3791 + 0.01 3.19 + 0.03
500 — 50.91 + 0.09 3.40 + 0.09
1000 — 56.68 = 0.10 6.24 + 0.10
0 — 0.65 = 0.08 0.05 £+ 0.01
5 — 16.46 = 0.03 0.36 £+ 0.01
25 — 34.27 £ 0.06 1.17 £ 0.02
Hg? " 250 — 4547 £ 0.07 3.43 + 0.03
500 — 83.06 + 0.13 3.98 + 0.06
1000 —90.32 £ 0.01 5.05 = 0.04
0 —2.13 £ 0.02 0.05 £ 0.03
5 — 6.55 £ 0.01 0.87 £ 0.02
25 — 10.48 + 0.07 0.71 + 0.01
Pb>* 250 — 20.36 £+ 0.09 1.35 £ 0.04
500 —29.90 + 0.04 6.31 + 0.22
1000 — 54.44 + 0.03 6.51 + 0.34
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Fig. 4 Dynamic ranges for ionophore R based on the normal-
ized frequency variation.

3.2. Electrochemical studies

3.2.1. Electrochemical characterization

Cyclic voltammetry, besides providing exact analysis of possi-
ble oxidizing and reducing species existing in the solution, can
offer an opportunity to characterize the electrical double-layer,
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Table 3 Metrological parameters of Calix-QCM sensor based
on AFy.

HMs LR S LOD LOQ
(ppm) (Hz/ ppm) (ppm) (ppm)
cd?* 2-25 1.571 0.61 1.83
cu?” 0.5-25 1.056 0.01 0.03
Hg? " 3-25 1.215 0.88 2.64
Pb> " 2-1000 0.045 0.47 1.42

since the current is influenced by charging the capacitive load.
The heights of the current peaks show evidence of chemical
activity, while the area below the current—voltage curve gives
info about the charge transfer capacity of the surface (Arfin,
2021).

The behavior of the R; based electrochemical sensor was
preliminarily examined employing CV. Fig. 5A presents the
CV signatures of the bare and modified electrodes in the pres-
ence and absence of ions.

Starting the forward scan at a potential (-0.750 V), the
potential increases during the voltammetry curve. The anodic
reduction affects the CV curve by increasing current density
and showing peaks for Cd, Pb, Cu, and Hg ions at the
respected potentials. Due to the diffusion of reduced species
at the vicinity of the anode, current density decreases until
the inverse potential (+0.500 V) is reached. The back scan
starts by decreasing the potential between the electrodes which
leads to oxidizing of the reduced species at the cathode having
an impact on the current density with cathodic peaks at the
respected potential values. Further decrease of the voltage
indicates the diffusion limitation until the minus reverse poten-
tial is reached. The applied voltage is increased until the start-
ing potential (-0.750 V) is reached again and the potential cycle
is finished. Besides the current density value at the peak, the
potentials for the anodic and cathodic peaks and their differ-
ence are also considered as important parameters of a CV
illustration.

As displayed in Fig. SA, no significant analytical signals (re-
dox peaks) appeared in the absence of ions for the bare (a)
and modified electrode (¢) in 0.2 M HCI. However, bare gold
electrode (b) presented moderate responses when the ions
were added to the electrolytic medium, and further modifica-
tions of the electrode with ionophore R; (d) have enhanced
the well-defined oxidation current peaks of heavy metals ions
on their respective potentials. However, the cathodic reduction
peaks of HMs are not well-separated and intense as the anodic
ones. The observed increase in the CV current peaks of heavy
metals after the electrode modification is owing to the fast
electron-transfer rate at the R;@SPE platform and its conduc-
tive nature, besides the complexation process between the
heavy metals ions in the electrolyte and the impregnated resor-
cinarenes on the electrodes.

Besides having high sensitivity, SWV can achieve very low
detection limits by applying effective discrimination against
the charging background current. The SWV signatures of the
bare and modified electrodes in the presence and absence of
heavy metals were also studied to complement the cyclic
voltammetry characterization and are shown in Fig. 5B. The
SWYV signatures are in agreement with the CV results, where
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Fig. 5 Electrochemical characterization of (a) bare electrode in
0.2 M HCI, (b) bare electrode in the presence of 1 ppm each of
heavy metals ions in 0.2 M HCI, (c) modified electrode in 0.2 M
HCI, and (d) modified electrode in the presence of 1 ppm each of
HMs in 0.2 M HCI through exploring the overlaid CV voltam-
mograms (A), SWV signatures (B), and EIS Nyquist plots (C).
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the bare (a) and modified electrode (¢) did not represent any
anodic signal. After adding the heavy metals to the medium,
the appearance of net well-separated peaks of heavy metals
ions centered at their pertaining potentials was noticed with
enhanced current intensity when coming to the R;@SPE (d)
compared to the bare gold electrode (), meaning that the sen-
sitivity of the electrode has increased notably after its modifi-
cation, owing to the heavy metals accumulation on its
surface, the high adsorption capacity and the large electroac-
tive surface of resorcinarene platform.

EIS is one of the key measurement techniques to study the
electrode—electrolyte interfaces.

The most common graphical representation of the EIS data
is known as the Nyquist plot. A typical illustration of a
Nyquist plot for an idealized faradaic reaction with a probe
containing redox couple consists of a semicircle limited by
the charge transfer elements (R.,) and double-layer capacitor
(CD) shifted on a real axis (Zc,;) by the value of the solution
resistance (Rg).

The value of R, relates to the radius of the semicircle. The
resonance frequency of the parallel combination R, and CD
matches with the highest imaginary impedance part of the
curve (Ziy).

For higher frequencies, the diffusion effects do not play any
significant role, while at low frequencies, the Warburg impe-
dance cannot be neglected. Warburg impedance is related to
the diffusion of ions to the oppositely charged electrode. In
this case, HM ions in solution diffuse from the bulk fluid to
the electrode and as a consequence, increase the Warburg
impedance at low frequencies. This hinders the mobility of
the slow alternating ions responding to an applied voltage.
However, in a high-frequency region, ions have no time to dif-
fuse to a distance before the reversal of an input voltage and
thus Warburg impedance does not influence the system
response (Dominguez-Benetton et al., 2012).

As mentioned above, Warburg impedance is the dominant
parameter for the diffusion-controlled region as the redox cou-
ple lowers the charge transfer resistance R.. The further
decrease of the frequency results in a transition from a semicir-
cle to a straight 45° declined line at low frequencies. Adsorp-
tion of HMs composite from the analyte of interest to an
electrode surface results in the building up of complexes, which
are replicated by the changes in material property, i.e., dielec-
tric constant and dependent electrical double-layer capacitor
(Dominguez-Benetton et al., 2012).

However, the formation of complexes adsorbing at the elec-
trode/electrolyte interface in the presence of redox couple can
be measured by an increase in the R, value, since the thickness
of an insulating layer including the composite and analyte
increases or changes its density and thus disturbs a current
flow into the electrodes. This is displayed as an extension of
the semicircle to a nearly straight line as shown in (Fig. 5C).

As displayed in Fig. 5C, the Nyquist plots displayed a semi-
circle in the high frequencies associated with an electron trans-
fer limited process, and a further line at low frequencies,
indicating a diffusion-controlled process. In the case of bare
electrodes (a) and (b), the semicircle diameter equal to the
charge transfer resistance (R decreased after the addition
of 1 ppm of HMs in 0.2 M HCI. Further decrease in R, was
revealed after modifying the electrodes with R; (¢) and (d).
The smallest R.; values were associated with the modified elec-
trodes in the presence of 1 ppm of heavy metals ions in 0.2 M

HCI (d). The decrease in R, values of the modified electrode
indicates the electrode surface conductivity improvement from
one side and the enhanced electron transfer properties from
another. In the present case, we demonstrated in (Fig. 5C) that
the charge transfers rate increases even at OCP as a result of
the chemical surface modification.

In future contributions, we plan to perform tests where
impedance measurements are performed at fixed bias poten-
tials, preferably at potentials corresponding to the maximum
current peak of the tested ions. Since a significantly larger
R, difference can be achieved at those potentials due to the
influence of the investigated ions. Those measurements will
be the basis for the development of alternative sensing meth-
ods based on the EIS measurements.

3.2.2. Optimization of the experimental parameters

The optimization of the experimental parameters was achieved
to accomplish the best electroanalytical response, and there-
fore, the best analytical sensitivity. The parameters affecting
heavy metals ions sensing were optimized by using SWV.

The supporting electrolyte, pH, accumulation potential,
and accumulation time were adjusted to conclude the best con-
ditions for achieving an enhanced detection (Fig. 6).

3.3. Effect of supporting electrolyte

The electrochemical detection of HM by the R;@SPE plat-
form is pH-dependent. The selection of the proper supporting
electrolyte and buffer is a significant step in electroanalytical
tests because the electrolyte composition and pH influence
the properties of the solution as well as the electrode/solution
interface, modifying the kinetics and thermodynamics of the
charge transfer process, and the adsorption at the electrode
surface. Therefore, the pH influence on the electrochemical
detection of HM using SWV as a detection technique was
investigated.

The electrolytic solution plays a vital role in boosting the
medium’s conductivity where the electrochemical detection is
taking place, supporting electrolytes viz. 0.2 M HCI
(pH; = 0.7), KCl 0.2 M (pH; = 6.8), and ACB 0.2 M
(pH; = 5.3) were employed herein for selecting the appropriate
one to be utilized in further detection investigations. In Fig. 6a,
it was observed that the uppermost SWV current intensities
were obtained utilizing 0.2 M HCI as an electrolytic medium,
which is explained by its greater conductivity ensuring a fast
charge transport process of the HMs and stabilizing them at
the modified electrode’s surface. Therefore, 0.2 M HCI was
selected as the optimal supporting electrolyte to be used in fur-
ther detection studies.

3.4. Effect of accumulation time

The effect of accumulation time on the square wave voltamme-
try signals was studied from 30 to 180 s (Fig. 6b), the current
values increased upon the increase of accumulation time up to
90 s, owing to the progressive buildup of HMs on the modified
electrode’s surface. After 90 s, the current values dropped
gradually due to the surface saturation process, meaning that
the equilibrium conditions between the complexed heavy met-
als and those present in the electrolytic solution were achieved.
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electrochemical SWYV signals of the modified electrodes in presence of 1 ppm each of HMs.

The 90 s accumulation time was selected as optimal and was
employed in further electrochemical examinations.

3.5. Effect of pH

The complexation process of the HMs within the R;@SPE
platform is highly affected by the medium’s pH. Hence, the
sensing of HMs in HC1 0.2 M (pH; = 0.7) has been examined
by adjusting the pH values over a range from 0.7 to 8. The
optimal pH of 0.2 M HCI for obtaining the highest SWV cur-
rents is 0.7 (Fig. 6¢), which is applied in further SWV detection
studies. However, while increasing the pH towards alkaline
values, a decrease in the peak current values was observed
for all HMs, explained by their hydrolysis and the formation
of insoluble metal hydroxides on the electrode surface at
higher pH values, causing current fluctuations and decrease.

3.6. Effect of accumulation potential

The influence of the accumulation potential on the SWV in the
electrochemical determination of HMs was deliberate. The
applied potential range was —1V to —2V, (Fig. 6d), the peak
currents of various HMs reached their maximum at —1.2 V.
Once the potential is shifted towards more negative values, a
decrease in the peak currents of HMs is observed. Generally,
such a trend is explained by the hydrogen evolution reaction,
this later was proved by the presence of bubbles on the elec-
trode’s surface during the measurements. So, an accumulation

potential of —1.2 V was employed in further studies as
optimal.

3.6.1. Electrochemical determination of HMs

The analytical performance of the proposed electrochemical
sensor was examined under the concluded optimal conditions
(0.2 M HCI, pH = 0.7), accumulation potential of —1.2 V
for an accumulation time of 90 s. Fig. 7a,b present the overlaid
square wave voltammograms for the simultaneous electro-
chemical determination of HMs in the concentration range
from 1 to 100 ppb based on the R;@SPE, whereas the corre-
sponding calibration curve is displayed. The peak separation
in the SWV signals is large to quantify each metal ion dis-
tinctly. On the voltammograms of R;@SPE, some peaks
appeared apart from those corresponding to the HMs, owing
either to non-complexed analytes trapped on the modified
SPE surface (electroactive impurities formerly present in the
electrolytic solution) or due to the resorcinarene leaching.

Based on the constructed calibration curve (Fig. 7b), a per-
fect linear relationship between the concentrations of HMs and
the responses in SWV peak currents was established (Table 4).
The limits of detection (LODs) and limits of quantification
(LOQs) were calculated from LOD = 3.30/S and
LOQ = 100/S, respectively. Where o is the standard deviation
of the blank (based on three measurements) and S is the linear
range’s slope (the sensor’s sensitivity).

The recommended sensor presented wide linear responses
and noble sensitivities, the attained LODs and LOQs are much
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Fig. 7 (a) Simultaneous electrochemical determination of the
studied HMs in the concentration range from 1 to 100 ppb under
optimal conditions based on R;@SPE sensing platform, (b) the
insert is presenting the corresponding calibration curve.

lower than the recommended thresholds stated by the WHO
and the USEPA, therefore confirming the ultra-sensitivity of
the sensing platform. The sensor has proven to be the most
sensitive to lead and copper ions detection, nevertheless cad-
mium and mercury ions are also well measurable.

3.6.2. Interferences study

The effect of interfering ions on the HMs determination and
the sensor’s selectivity was investigated via adding metal ions

frequently present in water matrices, i.e. AP, K*, Mg>*,
Zn*", and Ni**. A concentration of 4 ppm (40 folds) of each
interfering ion was added to 0.2 M HCI (pH = 0.7) containing
100 ppb of heavy metals; Fig. 8 displays a comparison of the
heavy metals peak currents for the developed sensor in the
absence (control) and in the presence of interfering ions under
the determined optimal conditions.

Based on the constructed calibration curves (Fig. 8), a lin-
ear relationship between the concentrations of heavy metals
ions and the responses in peak currents was established (see
correlation coefficients in Table 5). Evaluating Table 5, the cal-
culated signal deviations of 100 ppb of heavy metals ions are
less than 5%, so the studied interfering cations did not affect
the simultaneous detection of HMs while applying the opti-
mized procedure, which withstands the potential employment
of the fabricated sensor for the simultaneous selective determi-
nation of heavy metals ions.

3.6.3. Consideration of reproducibility and repeatability

The repeatability, expressed as relative standard deviation
(RSD %, n = 3) of the slope of the SWV calibration plot,
was determined by measuring the analytical signal of HM ions
over the concentration of 100 ppm using the R;@SPE modi-
fied platform, three successive scans.

Likewise, the sensor’s reproducibility has been assessed
employing 3 tests of R{@SPE modified electrodes to simulta-
neously detect 100 ppb of heavy metals ions.

The outcomes in terms of residual standard deviation
(RSD) are tabulated in Table 6. The RSDs values are less than
5 %, which demonstrates excellent reproducibility and
repeatability of the developed sensor platform, permitting its
possible real application to determine trace levels of heavy
metals ions simultaneously with high analytical selectivity.

3.6.4. Assessment of detection and quantification limits of the
R;@SPE platform

The sensitivity and quantification limits of Cd>", Pb>*, Cu?",
and Hg?" ions disclose significantly good sensitivity of the
R;@SPE modified sensor as tabulated in Tables 3 and 6.
The calculated sensitivity limits of the selected metal ions dis-
played a lower value than the sensitivity limits of numerous
sensing platforms of modified electrodes described in the liter-
ature (Munir et al., 2019; Xiang et al., 2020; Mei C. J. and
Ahmad S. A. A., 2021). As shown in Table 7, the sensitivity
values of LOD, LOQ, RSD (Repeatability), and LR, of our
R;@SPE based sensor, were favorable while the RSD (Repro-
ducibility) values were slightly higher. Furthermore, our
R;@SPE based sensor showed good stability, which is due
to the insolubility of the modifying material in the water med-
ium for the detection of metal ions. This enhanced stability is
further designated by improved reproducibility.

Table 4 Metrological parameters of the developed electrochemical sensor.

Tons LR Fitting equation R? LOD LOQ
(ppb) (ppb) (ppb)
cd*t 1-100 I = 0.0017*CZ; — 0.0016 0.9999 0.37 1.11
Pb** 1-100 I = 0.0081*C3; — 0.0064 0.9999 0.19 0.57
Ccu?* 1-100 I = 0.0070*CZ; — 0.0049 0.9999 0.23 0.70
Hg** 1-100 I = 0.0018*Cfyz — 0.0006 0.9999 0.41 1.23
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Fig. 8 Bar charts representing the heavy metals peak currents for the R;@SPE sensor in the absence (control) and the existence of

interfering ions under optimal conditions.

Table 5 Current peak deviations for 100 ppb of heavy metals in the presence of 40 folds’ excess of interfering ions.

‘Interfering Peak deviation (%) — (Icnntrol*Ilcommlrineurering) X 100
IOIIS ‘control
cd2t Pb2+ Cu* Hg2+

Mg>* 1.17 0.62 2.57 1.10
Ni2* 0.58 1.86 0.30 3.84
Zn?* 1.17 3.10 1.15 1.64
AP 4.06 0.62 4.01 — 4.40
K* — 0.60 —3.11 —3.15 —3.29

Table 6 Residual Standard Deviation (RSD) values related to reproducibility and repeatability of the developed electrochemical

Sensor.

Heavy metal ions

% RSD values related to:

cd?t PH2* cu?t Hg2+
Reproducibility (3 tests) 4.68 3.93 3.64 3.24
Repeatability (3 tests) 2.19 2.56 1.44 2.18

3.7. Heavy metals ions detection mechanisms

3.7.1. Piezogravimetric detection process

Numerous factors are involved in explaining the piezogravi-
metric detection mechanism, for instance, the complementarity

between the metal ions and the resorcinarene cavity size,
besides the molecular structure of ligand (substituents nature
and number). Potential complexation interactions between
the sensing platform and target ions are mainly of a non-
covalent physical nature (VDW, cation-m. . .etc.). Herein, we
enlighten the sensing mechanism in two major phases:



14

L. Eddaif et al.

Table 7 Comparison of some figures of merits of the R;@SPE platform with the reported the CI-DPTU modified GCE modified
electrodes (Munir et al., 2019) for sensing ability of Cd*", Pb>", Cu®>", and Hg>" ions.

HM LOD LOQ % RSD (Reproducibility) % RSD (Repeatability) LR
Tons (ppb) (ppb) (ppb)
R;@SPE sensor platform

cd** 0.37 1.11 4.68 2.19 1-100
Pb> " 0.19 0.57 3.93 2.56 1-100
Cu** 0.23 0.70 3.64 1.44 1-100
Hg** 0.41 1.23 3.24 2.18 1-100
CI-DPTU modified GCE modified electrodes (Munir et al., 2019).

cd>* 6.45 21.5 1.68 3.77 1-5000
Pb* " 11.0 36.8 2.31 3.40 1-5000
cu’”’ 7.85 26.2 3.78 3.40 1.1-10000
Hg> " 9.15 30.4 2.05 4.36 1-5000

The first phase manifesting in a complexation, or else host—
guest interaction between the metals ions (M"" = Cd>7,
Cu’", Hg?", and Pb>") and the resorcinarene (R,) already
attached to the gold surface, either owing to an electron trans-
fer from heteroatoms and nucleophilic elements towards HMs
or due to their physical adsorption within the ligands’ cavities,
commonly these interactions are of ’'DW and cation-w origins:

Mn +

T vion + Resorcinareneg,pu.e — [M" Resorcinarene)

surface

The second stage is the simultaneous mass loading (accu-
mulation) of metals ions on the solution-electrode interface
and the piezogravimetric detection of the metal ions buildup
on the resonator’s surface.

3.8. Electrochemical detection mechanism

The proposed sensing platform achieved low detection limits
due to the analytical performance improvement; explained
by the high complexation affinity between the heavy metals
ions and the hydroxyl groups of the resorcinarenes, affording
better conditions for a host—guest reaction, the suggested elec-
trochemical mechanism can be clarified in three steps:
Accumulation: This step consists to accumulate the target
metallic cations (**) on the electrode surface by adsorption,
hence, it is a primordial condition that ensures good sensitivity
and a higher detection afterward, the physical adsorption of
charged heavy metals ions on the modified electrode’s surface
(SPE), is mainly performed via electrostatic attractions:

HMAZ':;uliun + (Rl @SPE) surface - (HM2+ Rl @SPE) surface

Pre-concentration: At a higher negative potential compared
to that of the HM>* /JHM couples, the adsorbed heavy metals
ions are electrodeposited on the modified SPE through a
cathodic reduction from a valence state of ) to (°) to
enhance the mass transfer rate, permitting the HMs to be
deposited at the SPE surface:

(HM**R\QSPE) . +2¢” — (HM°R,QSPE)

surface surface

Stripping: The ions already electrodeposited on the elec-
trode’s surface are oxidized to ensure their dissolution back
to the electrolyte, thus, yielding an analytic signal. Contrary
to the preconcentration step, a positive scan has taken place
to kinetically promote the separation and the consistent detec-
tion of the metallic ions, which led to well-defined voltammo-

grams peaks with higher current intensities, in other words, the
electrodeposited HMs are turned back to the electrolytic solu-
tion through anodic oxidation, translated by an SWV analytic
signal. In this step, a positive scan took place for the consistent
determination of the four heavy metals ions:

(HM°R,QSPE) — 2" — HM*, . + (R,QSPE)

surface solution surface

4. Conclusions

The ionophore (C-dec-9-enylcalix[4]resorcinarene) was synthesized
and characterized and utilized as the recognition element for the
R;@SPE platform applying electrochemical (CV and SWYV), and
piezogravimetrical (QCM-I) methods.

The developed Ry@SPE sensor displayed excellent sensing behav-
ior towards heavy metals cations (Cd>", Hg?>*, Cu®*, and Pb*>") with
good sensitivity, reproducibility, and repeatability, due to the strengths
of the applied electrochemical and piezogravimetrical methodologies
which allowed the development of miniaturized platform sensors.

Decent metrological characteristics were gained from QCM-I fre-
quency shifts outcomes, especially in the case of copper ions getting
a LOD of 10 ppb, moreover, the sensor showed cadmium and mercury
ionic selectivity. Additionally, the voltammetric R;@SPE sensor could
simultaneously detect the heavy metals ions under the optimized exper-
imental conditions, and the lowest LOD was associated with Pb*"
(0.19 ppb).

The presence of common metal ions (Al“, K*, MgH, Zn>*, and
Ni2+) did not interfere with the simultaneous detection of Pb>*,
Cd**, Cu®™, and Hg2+ within reasonable tolerance and offered suit-
able repeatability and reproducibility.

The obtained results in this work are strengthening the possibility
of using QCM-I and voltammetric-based resorcinarene platforms in
real-life detection and monitoring of heavy metals ions in water media.
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