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Comparative Study of a Sensing Platform via
Functionalized Calix[4]resorcinarene Ionophores on QCM
Resonator as Sensing Materials for Detection of Heavy
Metal Ions in Aqueous Environments
Abdul Shaban*[a] and Larbi Eddaif[a, b]

Abstract: A flow type quartz crystal microbalance with
impedance analysis capability (QCM-I) chemical sensor
was tested for heavy metal (HM) ions detection in
aqueous solutions. The sensor development is based upon
the complexing ability of the functionalized AT-cut quartz
resonator gold surface, by calixresorcinarenes, towards
the HM ions. These calixresorcinarenes coated QCM
sensors were tested for selectively adsorbing HM ions,
such as copper, lead, mercury, and cadmium, from
solution over a wide range of concentration (5-1000 ppm)
through complexation with functional groups in the coat-
ing layers. QCM-Calix based chemosensors, C-dec-9-en-1-
ylcalix[4]resorcinarene (ionophore I), C-undecylcalix[4]
resorcinarene (ionophore II), C-dec-9-enylcalix[4]resorci-
narene-O-(S-)-α-methylbenzylamine (ionophore III) and
C-dec-9-enylcalix[4]resorcinarene-O-(R+)-α-meth-
ylbenzylamine (ionophore IV), were synthesized and
immobilized to detect HM ions of Pb2+, Cd2+, Hg2+, and

Cu2+ in aqueous solutions. Using the impedance analysis,
which facilitates a complete description of the acoustic
loading of the crystal surface, the full width at half
maximum of the QCM resonance peak (FWHM) values
are obtained from the impedance spectra. FWHM
variations revealed the effectiveness of the proposed
ionophores in detecting HM at different levels. Sensitiv-
ities and wide linear relationships between HM concen-
tration and FWHM were interpreted. Detection limits of
(0.32, 0.57, 0.37, 0.89 ppm) and (1.63, 0.18, 0.76, 0.2 ppm)
were determined for ionophore I and II, for Cd2+, Cu2+,
Hg2+ and Pb2+ ions, respectively. Ionophore (I) showed
binding preferences towards Cd2+ ions where ionophore
(II) produced similar selectivity toward Cu2+ and Pb2+

ions. Ionophores III and IV were used for the assessment
of ~FWHM values to comprehend the detection affinities
of the ionophores toward HM ions.
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1 Introduction

The term ‘‘heavy metal’’ (HM) refers to any metal and
metalloid element with a rather high density (3.5 to 7 g.
cm� 3) and high toxicity even at low concentrations [1].
That includes several common metals such as mercury
(Hg), cadmium (Cd), copper (Cu), and lead (Pb). Heavy
metals diverge extensively in their chemical properties
and applications and thus can pollute the nearby aquatic
bodies of water through several activities. Recently, owing
to the change of the environmental regulations, more
attention is dedicated to the HM ions levels detection
procedures in food, pharmaceutical, industrial and envi-
ronmental research [1,2].

Conventional techniques to analyze metals ions in-
clude cold vapor atomic absorption spectrometry, induc-
tively coupled plasma mass spectrometry, UV visible
spectrophotometry, and X-ray absorption spectroscopy.
These techniques, even though are extremely precise,
suffer from the shortcomings of being uneconomical,
time-consuming, complicated operations that require
qualified personnel, and immobility (i. e. mostly labora-
tory bound) [3–5].

Recently, the applications of chemical sensors as an
alternative approach to conventional analytical proce-
dures to quantify trace amounts of toxic HM have found
great consideration. Innovative ionophores-based chem-
ical sensors proved to be a suitable alternative that
possesses several advantages [6–8]. Ionophores are a class
of compounds that formulate complexes with specific HM
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ions and facilitate their adsorption on the detecting
platform. Typically, an ionophore has a hydrophilic
pocket (or hole) that forms a binding site specific for a
particular ion [9].

A unique feature of Ionophore-based sensors (IBS) is
offering data about free ion concentration, which is
greatly appropriate and essential in environmental mon-
itoring. Recently, comprehensive investigations in the
area of IBS led to enormous improvements in the
analytical performance of such sensors [10,11]. Innovative
transduction mechanisms are continuously being discov-
ered and many novel sensing materials are being synthe-
sized.

Macrocyclic ionophores as cyclodextrines [12,13],
crown ethers [14], and calixarenes/ calixresorcinarenes
[2, 10,11,15–19] are effectively employed as surface
modifiers and selective sensing platforms. Calix-iono-
phores, due to their distinctive host-guest interactions,
selective capabilities, and amphiphilic character are
broadly used in sensing networks [17, 20–24].

Environmental monitoring chemosensors, based on
the use of piezoelectric technique, are among the most
frequently used [10,25]. Among the piezoelectric meth-
ods, the quartz crystal microbalance (QCM) has been
extensively explored as a transducer for HM monitoring
in gaseous and aqueous media. In modern QCM technol-
ogies, resonance frequencies and dissipations are gener-
ally measured by either of two types of readout
procedures [26]: by the impulse excitation method with
the measurement of the decay of crystal’s oscillation after
turning off the excitation, (QCM-D, Q-Sense, Sweden); or
by impedance analysis by means of a network analyzer
that measures the frequency spectrum of the impedance
(QCM-I, MicroVacuum Ltd, Hungary).

Through the impedance analysis procedure, the sen-
sor‘s complex impedance over a series of frequencies
around fundamental and odd overtone resonance fre-
quencies (impedance or conductance vs. frequency) are
recorded and curves are fitted by measuring software to
accurately determine the resonance frequency (frequency
of the conductance maximum, fr) and the bandwidth of
the peak (full width at half maximum, FWHM), both can
alter in response to the sensor surface variations [25,26].
The FWHM is linked to the dissipation (D) determined
by QCM-D (Via “ring-down” method) and is inversely
proportional to the quality factor (Q) of the crystal:

FWHMn=f n ¼ D ¼ 1=Q (1)

Normalization of the ~FWHM alteration is deter-
mined by dividing the change in the measured values by
the used overtone (n).

The objective purpose of this investigation is to put
forward and realize a Calix-QCM sensor based on
synthesized macrocyclic ionophores. Subsequently, the
fabricated Calix-QCM sensor is examined by detecting
the liquid load on the surface of the oscillating crystal and
applying the impedance analysis to investigate and

compare the effectiveness in Pb2+, Cd2+, Hg2+, and Cu2+

ions detection. The sensitivity, limits of detection, and
selectivity related characteristics were calculated. The
applied ionophore platforms were: C-dec-9-en-1-ylcalix[4]
resorcinarene (ionophore I), C-undecylcalix[4]resorcinar-
ene (ionophore II), C-dec-9-enylcalix[4]resorcinarene-O-
(S-)-α-methylbenzylamine (ionophores III) and C-dec-9-
enylcalix[4]resorcinarene-O-(R+)-α-methylbenzylamine
(ionophores IV). The properties of the functional groups
attached to the basic skeleton of resorcinarenes beside the
structure results in the interaction with the cations of the
heavy metals. These characteristics of resorcinarenes
permit their employment in the development of ion-
selective potentiometric sensors [27].

2 Experimental

2.1 Synthesis and Characterization of Ionophores

Four calix[4]resorcinarene derivatives, were synthesized
based on simple condensation reactions, as ionophores, I,
II, III, VI, and their chemical structures are displayed in
Figure 1. Furthermore, the ionophores chemical and
structural characterization by FTIR, NMR, XRD, and
TG-DSC-MS was performed as described earlier [28].

2.2 Materials and Methods

All applied aqueous solutions were prepared by analytical
grade chemicals and with deionized Milli-Q water
(18 MΩcm). Concentrations of 5, 25, 250, 500, and
1000 ppm of Pb2+, Cu2+, Hg2+, and Cd2+ ions were
prepared from Lead(II) Nitrate (Pb(NO3)2), Copper(II)
Nitrate (Cu(NO3)2), Mercury(II) Chloride (HgCl2) and
Cadmium(II) Nitrate (Cd(NO3)2), respectively. The ap-
plied apparatus for the impedance analysis is a QCM-I-
008 system (MicroVacuum Ltd). The system has the
following characteristics: standard resonance frequency
sensitivity ~2×10� 1 Hz, standard dissipation sensitivity
~1x10� 7 and mass sensitivity�1 ng.cm� 2, in liquid media
[29].

The sensor quartz crystal (QC) was a 5 MHz, AT-cut,
14 mm diameter type with up to the 13th overtone for a
1–80 MHz frequency range. Overtones, (1st (fundamen-
tal), 3rd, 5th, and 7th), representing frequencies of 5, 15, 25,
35 MHz, respectively, were applied during the experi-
ments. The volume of flow-cell is ~40 μl and the temper-
ature is automatically thermostated at 25 °C. BioSense
software performed full control of the QCM-I instrument.
Two measurement modes were performed: measurement
of resonance curve (Resonance) and calculation of the
resonance frequency & FWHM up to 80 MHz and
continuous measurement of resonance parameters
(QCM-t). The impedance analysis is performed at each
test time for each overtone, as well the in-situ data offers
the basis of measurements of calculations on the interface
film surface mass density and its viscoelastic character-
istics as well.
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2.3 Modification of the Sensor Surfaces by Ionophores

Ionophores immobilization on QC is achieved through
physical adsorption, where the ionophores molecules are
detained on the Au surface by physical forces, such as
hydrophobic interactions. Physical immobilization is pre-
ferred for its simplicity and applicability.

The gold surface of the sensor chip was soaked in
acetone (10 min), in washing solution (ammonia (NH3

(30%)), hydrogen peroxide (H2O2 (30%)) and Milli-Q
water (1 :1 : 5 volume ratio)), at 70 °C (10 min), then rinsed
by Milli-Q water and allowed to dry.

The ionophores-based coatings were prepared by
dissolving an appropriate amount of ionophore (2 mg) in
1 mL of chloroform (99.99%, stabilized with 1% EtOH).
The film immobilization was performed by drop-casting
10 μL of the dissolved ionophore solution on the pre-
viously cleaned QC Au surface and then let the solvent
evaporate at room temperature in a desiccator.

3 Results and Discussion

The detection ability of the applied calix[4]resorcinarene
ionophores (I, II, III, IV) is observed against HM ions
(Pb2+, Cu2+, Hg2+, and Cd2+) in aqueous solutions via In-
situ QCM-I measurements with an advanced instanta-
neous layer characterization parameter (FWHM).

3.1 Interaction of Ionophores with Au-Surface

Generally, resorcinarenes are capable to perform as host
molecules due to the existence of cavities. Ionophores
binding with the sensor’s surface is due to electronic
interactions (Charge transfer) [30, 31], usually between
ligands free electrons and Au surface, generating distinct
sensing platforms capable of capturing toxic HM. Ther-
modynamic stability of the Au surface is well documented
[32,33], but high reactivity of free/mobile electrons makes
it easy to form either O� Au bonds (via ionophores’
hydroxyl groups) and/or Au-Aromatic cycles (via aro-
matic π electrons). Insertion of O atoms through the Au
surface creates higher electronic density favoring well-
defined buildup.

3.2 Impedance Analysis Results

Detection capacities of the studied ionophores towards
Cd2+, Cu2+, Pb2+, and Hg2+ in aqueous solutions were
obtained through the application of in-situ QCM-I, with
the objective of identifying the most effective sensing
platform in terms of detection characteristics: FWHM
variations, sensitivity and selectivity, linear ranges, and
detection limits and quantification. For the impedance
analysis, the procedure to obtain data of typical normal-
ized values of ~FWHM in time is explained in details
previously [34].

Fig. 1. Molecular structures of ionophores (I, II, III and IV).
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3.2.1 Calibration of the Uncoated QCM Resonator

The purpose of this simple experiment is to demonstrate
that there is no interaction between the HM cations and
the Au crystal surface. The results can be applied to show
the stability of the apparatus during the detection
measurement. The QC normalized ~FWHM variation as
a result of the injection of HM cations (Cd2+, Hg2+, Cu2+,
and Pb2+), at different concentrations on bare Au surface
was shown [34]. The results confirm that the addition of
the cations had no effect on the ~FWHM of the
resonator’s gold surface therefore it indicates that neither
chemical nor physical interaction between the cations and
the gold surface occurred. Nevertheless, the apparent
insignificant fluctuations in the plots are generally owed
to the wetting of the dry sensor’s surface after the direct
contact with the aqueous injection. Therefore, employing
sensing networks is compulsory to increase the resonator’s
sensitivity.

3.2.2 Detection of HM Ions by Ionophores-Coated QCM
Sensor

Normalized values of ~FWHM shifts for ionophores (I,
II) against all applied HM ions at all concentrations are
listed in Table 1. Those values were extracted from the
endpoints of ΔFWHM plots. As shown in Table 1, a trend
that the ΔFWHM shifts are a concentration-dependent,
i. e. varies by increasing HM ions concentrations, display-
ing the ability of the Calix-QCM based platforms to
monitor the HM ions detection. Values of ΔFWHM
variations associated to ionophores III and IV are
denoted for comparison purposes and are reported
previously [34].

3.2.3 Detection Limit and Quantitation for the Ionophores

Detection features manifesting in low limits of detection
(LODs), high sensitivities and selectivity, are compulsory
for sensors practical applications. Figure 2 and Table 2

Table 1. Normalized ΔFWHM variations for ionophores I and II at various (Cd2+, Cu2+, Pb2+, and Hg2+) concentrations.

HM CHM (ppm) ΔFWHM (Hz)
Ionophores
I II

Cd2+

0 0.08�0.02 0.44�0.05
5 7.70�0.01 4.47�0.03
25 19.31�0.04 9.54�0.04
250 38.04�0.30 11.31�0.01
500 97.45�1.20 21.17�0.20
1000 202.70�2.40 27.49�0.02

Cu2+

0 0.67�0.01 0.18�0.03
5 14.59�0.02 2.70�0.01
25 16.62�0.04 3.72�0.04
250 28.51�0.03 9.55�0.05
500 42.14�0.20 45.93�0.08
1000 64.89�0.09 52.26�0.07

Hg2+

0 0.56�0.06 0.00�0.00
5 5.49�0.02 10.04�0.01
25 6.05�0.01 11.81�0.02
250 25.19�0.07 21.17�0.04
500 51.24�0.03 23.96�0.03
1000 59.59�0.04 82.09�0.12

Pb2+

0 0.21�0.03 0.00�0.00
5 4.20�0.01 15.34�0.01
25 6.65�0.02 18.13�0.03
250 21.49�0.05 26.22�0.04
500 31.67�0.04 44.92�0.08
1000 32.77�0.07 59.33�0.12

Table 2. Sensing characteristics of ionophores I and II based chemosensors.

Ionophore I Ionophore II

HM
LR
ppm

Sensitivity Hz.ppm� 1 LOD
ppm

LOQ
ppm

LR
ppm

Sensitivity Hz.ppm� 1 LOD
ppm

LOQ
ppm

Cd2+ 250–1000 0.225 0.32 0.96 5-1000 0.021 1.63 4.90
Cu2+ 2–1000 0.052 0.57 1.71 1-250 0.028 0.18 0.54
Hg2+ 1–500 0.093 0.37 1.11 3-500 0.030 0.76 2.28
Pb2+ 3–500 0.057 0.89 2.67 1-1000 0.048 0.20 0.60
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exhibit the sensing characteristics for the tested iono-
phores (dynamic and linear ranges, sensitivities, LOD and
LOQ values), regarding Cd2+, Hg2+, Pb2+, and Cu2+ ions.
Sensitivities of the ionophores, expressed in (Hz/ppm),
are the slopes of the linear regression applied to the
calibration curves, while LODs are calculated using
eq. (2):

LOD ¼ 3s=S (2)

where σ is the fitted curves’ standard deviation and S is
the sensor’s sensitivity.

The detection limits (LOD) and LOQ values of the
QCM sensor coated with ionophore I and II for HM ions
detection are listed in Table 2. By evaluating the calibra-
tion curves and detection data (Figure 2 and Table 2), it is
evident that ionophore (I) showed more selectivity to
Cd2+ ions (Sensitivity=0.225 Hz/ppm and LOD=

0.32 ppm), whereas ionophore (II) performed similarly
selective to Cu2+ and Pb2+ with sensitivities=0.028 and
0.048 ppm/Hz and LODs=0.18 and 0.20 ppm, respec-
tively. Wide linear ranges, high sensitivities, and low
LODs were attained for all studied cases. The detection
limits were obtained: LODs of 0.32, 0.57, 0.37, 0.89 ppm
(ionophore I), 1.63, 0.18, 0.76, 0.2 ppm (Ionophore II) for
the Cd2+, Cu2+, Hg2+, and Pb2+ ions, respectively.

3.2.4 Affinity of Ionophores Platforms Toward HM
Cations

Figures 3–6 present a radar form of the ~FHWM values
of QCM-I sensors coated with ionophores (I), (II), (III),
and (IV) for the affinity toward Pb2+, Hg2+, Cd2+, and
Cu2+ in aqueous solution. This approach is advantageous
to understand the sensing performance of calix[4]-coated
QCM sensors towards different HM ions in aqueous
solution. Ionophores I and II are part of the present work,
and III and IV are from the previous investigation [34].
The variations in ~FWHM are presented for each HM
ion (Cd2+, Hg2+, Pb2+, and Cu2+), at each concentration
(5, 25, 250, 500, and 1000 ppm), and combining the
response of the four calixresorcinarenes at the same time.

The radar plot of the ~FWHM variations of iono-
phores I, II, III, and IV in the detection of Cd2+ cations at
different concentrations (5, 25, 250, 500, and 1000) is
displayed in Figure 3. It is notable that ionophore I
showed the highest detection sensitivity at all tested
concentrations while ionophore II was effective at lower
concentrations (5 and 25 ppm). As the concentration of
cations increased the sensitivity of ionophore II decreased
slightly. Ionophore III produced low sensitivity at all
concentrations while ionophore IV showed slight im-
provement of sensitivity at high cations concentrations
(500 and 1000 ppm).

Figure 4 is associated with the detection of Cu2+ ions
by ionophores I, II, III, and IV at different concentrations
(5, 25, 250, 500, and 1000). It revealed that again
ionophore I produced the best detection sensitivity all
over the concentration range and the detection increased
by increasing the Cu2+ concentration. Ionophore II
showed good detection at concentrations above 500 ppm
while low detection at lower concentrations. Ionophore
III showed a slight increase at 1000 ppm while ionophore
IV had low detection all over the concentration range.

The detection sensitivity toward Hg2+ ions is illus-
trated in the radar plot in Figure 5. Ionophore II
displayed the highest detection sensitivity at all tested
concentrations while ionophore I had high detection at
concentrations above 250 ppm. Ionophore III and IV
displayed moderate detection at lower concentration
values.

The case of Pb2+ ions detection by the ionophores I,
II, III, and IV is depicted in Figure 6. Similar to the case
of Hg2+, ionophore II once again is the most sensitive
toward all tested concentrations, while ionophore I was
more effective as the ions concentration was increased.
Ionophores III and IV had moderate and low detections,
respectively.

From the above observations, it is clear that the
proposed approach is recommended to comprehend the
sensing behavior and affinities of different oligomers
towards HM ions in aqueous solutions. When comparing
responses of the studied potential sensors, it’s revealed
that Ionophores III and IV had moderate detection ability

Fig. 2. Dynamic ranges of ionophores I (a) and II (b).
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towards all HM ions with selective preferences, though
compounds I and II had significantly powerful interac-
tions and high binding affinities. The sensor system, using
Ionophore I coating material, demonstrated the best
sensitivity of detection of Cd2+ and Cu2+ ions, however,
ionophore II was more selective towards Hg2+ and Pb2+

ions.

3.2.5 Correlation between Ionophores Molecular Structures
and Affinity Towards HM

The selective recognition and/or detection of HM cations
by resorcinarenes, are acceptable if certain parameters
are satisfied such as: there must be a significant comple-
mentarity between the ionophores cavities dimensions
and the guest ions e.g. HM. The substituents and the
number of donor sites present in the host molecular

Fig. 3. FWHM variations of calix-QCM chemosensors for several Cd2+ concentrations
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structure, also have a great influence on its complexing
properties.

These facts are translated in our investigation, by
selective binding of ionophore (I) with cadmium and
copper ions (r(Cu2+)=0.73 Å< r(Cd2+)=0.95 Å), and of
ionophore (II) with mercury and lead ions (r(Hg2+)=
1.02 Å< r(Pb2+)=1.19 Å), which from one point of view,
confirms that a cone conformation may be adopted by

these molecules, helping the HM entrapment, and contra-
rily that relatively light HM (Cu2+ and Cd2+) are
privileged to complex with ionophore (I) over ionophore
(II).

The enantiomeric carriers ionophore (III) and ion-
ophore (IV) showed detection capability towards all
tested HMs, but were not as selective compared to
ionophores (I) and (II). A simple explanation based on

Fig. 4. FWHM variations of calix-QCM chemosensors for different Cu2+ concentrations
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their molecular structures, or adopted conformations, is
probably the cause. As well, their large molecular group-
ings cause steric effects (steric hindrance), this latter is
normally not enough to stop a complexation reaction, but
may slow it down or change the reaction mechanism (as
it’s the case herein).

3.3 Hypothetical Mechanism of HM Detection

The detection mechanism of HM ions is strongly depend-
ent on the interactions of host-guest complexation
between HM and already attached ligands on the QCR
gold surface [35–39]. Calix oligomers are having heter-
oatoms as O, electron transfer between ionophores and

Fig. 5. FWHM variations of calix-QCM chemosensors for various Hg2+ amounts
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HM is therefore supported. In consideration of this
process, HM accumulation at the gold surface-electrolyte
interface is induced, the ions buildup is detected piezo-
gravimetrically. Considering the chelation fact of HM ions
and ionophores [40], complexes may be formed on the Au
surface as described by eq. (3):

ðLigandÞsurface þ ðHMnþÞsolution ! ½HMnþLigand�surface (3)

where HMn+ stands for (Cd2+, Cu2+, Pb2+, and Hg2+),
Ligand= Ionophores I, II, III, and IV).

Accumulated HM at the Au surface can fit within
ionophores’ cavities (adsorption), either via π electrons of
aromatic cycles (cation-π bonds) and/or oxygen electron-
free doublets. This kind of solid interactions is of immense

Fig. 6. FWHM shifts of calix-QCM chemosensors for various Pb2+ amounts
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importance in terms of ion-binding potential between
ligands and HM ions. The intention is to examine whether
HM would be bound to the calixresorcinarenes when
immobilized on gold transducer through by the conver-
sion of an acoustic signal into FWHM variations [41].

Such HM-Ionophores bonds, however, are rigid
enough and cannot be easily broken by distilled water
regenerating solution (RS) to desorb HM eq. (4), as it’s
time limitation. The development of an appropriate
regeneration method is of huge interest in our ongoing
research.

ðHMnþÞsolutionþ surface þ ðRSÞsolution ! ½HMnþRS�solution (4)

It is obvious that as mentioned in the literature, the
arbitrary ordering of the ionophore molecules on the
QCR gold surfaces has a significant effect on sensing
efficiency. For that reason, it is deliberated that other
coating methods, specifically Langmuir-Blodgett and spin
coating, are more suitable to obtain well-ordered, homo-
geneous, and stable Calix layers on the gold surfaces [42].
Figure 7 displays a not-in-scale cross-section of the
electrode-solution interface showing the attachment of
the ionophores ((I), (II), (III), and (IV) on the QC gold
surface and the HM-resorcinarenes interactions.

4 Conclusions

In conclusion, the sensing studies of Calix-QCM sensors
coated by some resorcinarene derivatives (ionophores I,
II, III, and IV) bearing different functional groups for
some selected HM ions (Cd2+, Cu2+, Pb2+, and Hg2+),
were effectively accomplished via in-situ QCM-I.

Initial experiments showed that all Calix-QCM sensors
showed different detection sensitivities toward different
HM ions. The radar plots of the FWHM changes
(Impedance analysis), demonstrated that Calix-QCM
sensor coated with ionophores (I) and (II) were the most
useful sensor for HM ions with the following of detection
limits: LODs of 0.32, 0.57, 0.37, 0.89 ppm (ionophore I),
1.63, 0.18, 0.76, 0.2 ppm (ionophore II) for the Cd2+, Cu2+,
Hg2+, and Pb2+ ions, respectively.

Interacting preferences towards cadmium ions
(LOD=0.32 ppm, Sensitivity=0.225 Hz/ppm) for iono-
phore I were revealed, equally towards copper and lead
cations (LODs=0.18 and 0.2 ppm. Sensitivities=0.028
and 0.048 ppm/Hz) in case of ionophore II.

Illustrating the sensing affinities of different sensor
platforms towards HM ions, ionophores III and IV were
used for comparison reasons. Ionophore II was selective
to mercury and lead, though ionophore I can be selected
as the best coating material for the sensitive detection of
cadmium and copper ions.
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