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Abstract
A flow type quartz crystal microbalance (QCM) chemical sensor was developed for monitoring of
heavy metal ions in aqueous solutions (that is suitable for environmental monitoring). The sensor
is based upon surface chelation of the metal ions at multifunctional polymer modified gold
electrodes on 9 MHz AT-cut quartz resonators, functioning as a QCM. New processes have been
developed which enable to obtain surface-modified gold electrodes with high heavy metal ions
complexing ability. These polymer grafted QCM sensors can selectively adsorb heavy metal ions,
such as copper lead chrome and cadmium, from solution over a wide range from 0.01 to 1000 ppm
concentration by complexation with functional groups in the polymers. Cations typically present
in natural water did not interfere with the detection of heavy metals. X-Ray Reflectivity (XRR)
and Total Reflection X-ray Fluorescence (TXRF) were carried out to characterise the unmodified
and modified gold surfaces as well as to verify the possibility to selectively bond and remove
metal ions.
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1. INTRODUCTION
Total concentrations of the heavy metals in the natural water can be measured using a
number of analytical techniques such as e.g. atomic absorption spectroscopy [1], high
performance liquid chromatography [2], anodic stripping voltammetry [3], which are quite
expensive and cannot be used for continuous measurements in situ. In general the
advantages of chemical sensors include the possibility to perform real-time continuous
measurements and relatively inexpensive apparatus. On the other hand, there are a great
number of urgent practical problems which demand the continuous application of sensors
directly in the analysing media, for example on site measurements on both natural and waste
water. However existing sensors can fail in such a complex media analysis due to a series of
difficulties. First of all, selectivity of the majority of sensors for liquid media composition
analysis is often poor when the determining species are present in solution simultaneously
and/or in comparable concentrations. Also, the composition of natural and waste waters can
be very complex and it is just impossible to predict or to consider all interactions between
analytes. Besides, a very high chemical stability of sensor materials is required considering
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the commonly low levels of concentration of components and pollutants, such as heavy
metals, in the measured media.

The QCM is an unsophisticated, economical, real time responding, high resolution and
durable method in gravimetric sensing. The changes of the resonant frequency are directly
proportional to the surface mass changes [4] resulting from affinity complex formation in
the sensing area. The QCM principle was developed and utilised in various fields such as
environmental protection [5,6], medicine [7] and biotechnology [8] in both gas and liquid
phases analyses [9]. In fact, the possibility to utilise ad hoc designed receptor films to
modify quartz crystal electrode permits to construct functional and efficient chemical
sensors and greatly expands the range of their properties and applications. It is crucial to
obtain an appropriate immobilisation approach to ensure the high sensitivity and stability
responses for practical QCM applications.

In this study new process has been developed which enables to obtain surface-modified
electrodes with high heavy metal ions complexing ability. The synthetic approach is based
on grafting of multifunctional polymers of polyamidoamine (PAA) type on preaminated
gold via covalent bonding. PAAs are synthetic water-soluble polymers, characterized by the
presence of amido and tertiary amino groups regularly arranged along their macromolecular
chain. These polymers have been extensively studied because of their abilities to form
complexes with DNA [10], moreover the versatility of their chemical structures has allowed
a variety of applications ranging from drug delivery [11], to metal ion complexation [12]
and gas sensing [13].

The aim of this paper is to report the realisation of a modified gold electrode by covalent
anchoring of multifunctional polymer chains and its preliminary employment in the
fabrication of a QCM sensor for the determination of heavy metal ions in the aqueous
solutions. In order to identify the best sensing performances of the modified gold electrodes
and to investigate film quality, a comparative study on different grafting procedures has also
been performed.

2. MATERIAL AND METHODS
2.1 Chemicals

All starting reagents were purchased from Fluka and used without further purification with
the exception of 2,2-bis(acrylamido) acetic acid which was synthesised as previously
described [12].

2.2 Synthesis of vinyl-terminated macromonomers
2,2-Bis(acrylamido) acetic acid (BAC) (26.5 mmole) was dissolved in NaOH 3 M (8.83 ml)
and cooled with an ice bath. The solution was subjected to several vacuum-nitrogen-cycles
and, under stirring, added of triethylamine (TEA) (9.42 ml) and ethylenediamine-N,N’-
diacetic acid (EDDA) (22.5 mmole). The reaction mixture was thoroughly mixed in water (2
ml of water each gram of monomers). The reaction was run under nitrogen atmosphere to
avoid discolorations and it was kept 24 hrs at 25°C. The product was isolated and
fractionated by ultrafiltration in an Amicon system with YM 3 membrane and finally
lyophilized with a yield of 70%.

2.3 QCM crystal surface modification
As first step the activation of the sensing area of the QCM crystal requires the surface
modification. This was realised by soaking the front side Au-electrode of a clean QCM
crystal in a 0.222 M cystamine aqueous solution for 72 hrs at room temperature (22°C); after
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that the crystal was careful washed with bi-distilled water to remove the soluble unreacted
reagent. The frequency values of the crystal were taken before and after the cystamine
treatment observing a decrease ranging from 90 to 120 Hz.

2.4 In situ polymerization on modified QCM - Sensor S
2,2-Bis(acrylamido) acetic acid (BAC) (26.5 mmole) was dissolved in NaOH 3 M (8.83 ml)
and cooled in ice bath. After several vacuum-nitrogen-cycles, triethylamine (TEA) (9.42 ml)
and ethylenediamine-N,N’-diacetic acid (EDDA) (22.5 mmole) were added. The reaction
mixture was thoroughly mixed in water (2 ml/g of the sum of the monomers) and added in
the modified QCM (prepared as described in 2.3). The mixture, degassed and purged in
nitrogen atmosphere, was kept (in the dark) at 25 °C for three days. Finally, the QCM was
careful washed. The frequency values of the crystal were taken before and after the polymer
grafting observing a decrease ranging from 650 to 750 Hz.

2.5 Grafting of Vinyl-terminated macromonomers on modified QCM - Sensor P
A solution of vinyl-terminated PAA (100 mg) in water (1 ml), was added to a modified
QCM (prepared as reported in 2.3). The reaction mixture, degassed and purged in nitrogen
atmosphere, was allowed to react in the dark at room temperature for three days. The
polymer grafted QCM was careful washed. The frequency values of the crystal were taken
before and after the polymer grafting observing a decrease ranging from 60 to 80 Hz.

2.6 Apparatus and measuring procedures
A schematic illustration of the QCM setup is shown in Scheme 1. The QCM measurement
system (RQCM/CTH-100, Maxtek, INC., Santa Fe Springs, CA) is equipped with a flow
cell (FC-550, Maxtek, INC., Santa Fe Springs, CA) to create a flow chamber of 0.1 ml, in
which the temperature is controlled by the mobile phase. The Maxtek 1 inch quartz crystal
oscillator was 9 MHz AT-cut quartz with gold electrodes and a configuration allowing both
electrical contacts on the backside of the crystal, thus allowing measurements in conducting
liquids.

The commercial RQCM instrument has been modified to realise a flow-injection QCM (FI-
QCM) system. It consists of a fluid circuit with a volumetric pump (Knauer, Berlin,
Germany), to maintain a flow rate of 0.4 ml/min and an injection valve with a 100 γl sample
loop for injection of the solutions; before the pump there is a three way control device which
enables to use as mobile phase bi-distilled or contaminated water. Teflon tubes (Tygon
Norton Co, Akron OH, USA), internal diameter 1 mm, were used for connections. The
output frequency was registered by using a RS-232 standard serial port.

With this set-up (Scheme 1) two types of experiments have been carried out:

I. The flow injection experiments consist of 5–10 min flow natural water as the
mobile phase to stabilise the baseline signal, followed by consecutive injections of
the analyte solutions into the flowing water. The concentrations of the heavy metal
ions (copper (Cu++) lead (Pb++), chrome (Cr+++) and cadmium (Cd++)) ranged
between 102 and 103 mg/L.

II. Real-time continuous measurements consist of flowing the mobile phase (natural
water at 24°C) to stabilise the baseline signal, followed by flowing measured media
containing heavy metals. All experiments were carried out at 24°C with a flow rate
of 0.4 ml/min; the concentrations of heavy metal ions ranged between 1 10−2 and 1
mg/L; injections of HCl 0.1 M were used to regenerate the sensing surface.
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2.7 Surface characterisation
X-Ray Reflectivity (XRR) measurements were collected with a Bruker D8 Advance
reflectometer equipped with a Göbel mirror. The X-ray beam was a Cu Kα radiation, λ =
0.154 nm. XRR profiles were analysed with the IMD [14] software in order to evaluate layer
density, thickness and roughness.

Total X-Ray Fluorescence (TXRF) measurements were performed with the Bruker TXRF
system S2 Picofox, air cooled, Mo tube, Silicon-Drift Detector, operating values 50kV and
1000μA, using an acquisition time of 600 seconds.

3. RESULTS AND DISCUSSION
3.1 Preparation of the sensitive units

The surface modification of gold electrode constituting the active layer (Scheme 2) has been
accomplished in the light of two requirements: the presence at the same time of a
termination with an end group able to generate a stable bond with the gold electrode (i.e.
Au-S interaction, thiolate bond) and, on the other side, of great number of functional groups
prone to interact reversibly with heavy metal ions in aqueous solutions.

The adopted chemical approach involves, as a first step, the functionalization of the front
side Au-electrode with amino groups (−NH2) via cystamine method [15]; the next activation
step involves the anchoring of a selected sensing layer onto preaminated gold surface. A
structurally related PAA multifunctional polymer which, in linear form, has been shown to
possess excellent complexing ability and selectivity for toxic heavy metal ions [12], was
selected to obtain new modified electrode having improved specific properties, in particular,
heavy metal ions detection ability.

Two different synthetic approaches were employed to perform PAA grafting: the first one
(namely S in Scheme 2) by in situ polymerization, that is simultaneous grafting and growing
polymer chains onto the aminated gold surface, and a second one (P in Scheme 2) which
enables the grafting of selected presynthesized macromonomers. The electrode modification
process concerns the introduction of the active layer by grafting the vinyl-terminated
macromonomers onto the amino groups. The grafting reaction was carried out in water
without catalist at 25 °C where the polymerization of linear PAAs is known to yield higher
molecular weight products [12].

The resonant frequency was evaluated after every step of synthetic procedure. As expected,
both gold functionalization and polymer grafting induce a decrease of electrode resonance
frequency. For instance the resonance decreases from 9,011.545 kHz for unmodified QCM
to 9,011.427± 0.025 kHz for aminated QCM, and to 9,011.357 ±0.018 or 9,010.691± 0.166
kHz after polymer grafting via P or S method respectively. As far as the amount of grafted
polymer is concerned, considering that the principle of the QCM detection lies in recording
the frequency decrease corresponding to weight increase on the electrode surface, the PAA
content of sensor P was always considerably smaller than that obtained with procedure S.
This may occur for the reason that grafting hardly proceeds because of the heterogeneous
reaction system and of the steric hindrance exerted by grafted chains. Accordingly, grafting
by in situ polymerization (sensor S, Scheme 2), where low molecular weight monomers are
involved, leads to modified QCM with at least a frequency decrease about ten time higher
than that recorded following procedure P.

The starting gold electrode as well as the polymer grafted product have been fully
characterised by XRR and TXRF measurements as reported below. It has been found that
the corresponding polymer is effectively grafted onto the surface through the formation of
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real chemical bonds [16]. Moreover the immobilisation of the active layer by covalent
anchoring the chain ends onto the gold electrode, overcome the inconvenience of loss of
functional material over time, a typical drawback recurrent when the electrode modification
is realised through physisorbed films.

3.2 Detection of heavy metal ions
Linear PAAs as well as polymer-grafted silica are extensively studied for their heavy metal
ions chelating properties. In particular, PAA chains retain their complexing ability even in
the grafted form and the complexing capacity is of the same order (one metal ion per
repeating unit) as in their free counterparts [12].

In order to identify the best sensing performances of the modified gold electrodes and to
investigate film quality, a comparative study on different grafting procedures has been
performed. The polymer grafted gold electrode was placed in a microflow cell assembled in
a one-side configuration and the commercial QCM instrument was modified to obtain an
apparatus operating in flow injection analysis mode; the setup is shown in Scheme 1. The
flow-injection modification is an improvement of the original system in comparison with the
batch operating mode, because it allows to carry out continuous analyses as well as
injections of small samples and to obtain responses in real time. These features together with
the simplicity, the rapidity and the cheapness of the QCM, make this system a valid
alternative to the usual methods of investigation, such as atomic adsorption spectroscopy,
high performance liquid chromatography or anodic stripping voltammetry.

The sensing performances of the modified gold electrodes were investigated by monitoring
the frequency variation induced by the presence of heavy metal ions, such as copper (Cu++),
lead (Pb++), chrome (Cr+++) and cadmium (Cd++), in aqueous media. Figure 1 shows a
typical measured signal obtained by Sensor P for more than fifty subsequent injection of 100
γl Cr+++ solution (249 mg/L) using natural water as mobile phase at 0.4 ml/min. Similar
experiment were previously executed by using bi-distilled water as mobile phase and it was
verified that cations present in natural water don’t interfere with heavy cations chelation.
After the injections it was detected very close values of frequency decreases, indicating the
accuracy and reproducibility of the detection method; in Table 1 the frequency decreases
after a single injection (100 µl) of above mentioned ions are also reported. Furthermore the
amount of metal ion injected didn’t exceed the linear detection range of the sensor also after
a frequency decrease more than 6000 Hz. Nevertheless the resonant frequency of the crystal
returns closely to the base line frequency after HCl regeneration (standard deviation = ± 34
Hz), indicating the complete removal of chelated metal ions from the surface of the active
layer as well as the impossibility to washing off or hydrolyse the grafted multifunctional
polymer. This behaviour was confirmed for more than 50 cycles of adsorption and
desorption (standard deviation = ± 86 Hz). In addition sensor P detects metal ions in flow
injection mode with analogous results even if a double flow rate is used. This behaviour
means that the total amount of chelated metal ions do not change indicating that the sensing
layer possesses a very high complexing capacity and the complexes thus formed are stable:
as a consequence in all cases the responses are fast, reversible and reproducible.

Similar results, in terms of frequency decrease, were obtained with sensor S by flow-
injection experiments of heavy cations. Instead, some difficulties were encountered during
heavy cations removal and regeneration of polymeric layer by HCl injection because the
resonant frequency unlikely returns to the base line frequency after a number of HCl
injection and also after few hours soaking the modified QCM in 0.1M HCl solution. This
may be because grafting by in situ polymerization, where low molecular weight monomers
are involved, leads to a considerably higher polymer content than that shown by the same
modified detector prepared by polymer grafting (sensor P) were controlled molecular weight
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chains are involved but in this case probably more complex interactions not completely
reversible, over ions chelation by polymeric layer, occur.

When solutions with low metal ions concentration have been used (i.e. less than 1 mg/L) in
the flow injection experiments, no frequency variation was observed. In this case two
possible operation mode can be considered: the increase of the sample loop volume, which
is an obvious resolution, or, more interesting, the use of the sample solution as mobile phase.
In the second case, the QCM modified sensor is used as an accumulator, in other words the
sample solution is eluted through the flow cell for settled elution time and then the sensing
layer is regenerated by HCl injections. The results obtained are very interesting: as example,
Figure 2 shows the binding and the regeneration curves obtained by sensor P when a Pb++

solution 0.363 mg/L was eluted for more than 20 hrs, after flowing natural water to stabilise
the base line. First of all, it is possible to note the continuous frequency decrease all over the
time of the sample elution, secondly a complete regeneration process is obtained by HCl
injections. Also in this case the responses are fast reversible and reproducible. In such a
way, the modified chemical sensor can become an efficient, easy and inexpensive apparatus
for real time liquid monitoring (i.e. heavy metal ions detection).

Finally, by means of a set of experiments, using Pb++ as model ion, it was possible to
construct the calibration curves as reported in Figure 3 both for flow injection experiments
(fig. 3A) and using sample solution as mobile phase (Fig. 3B). A very good correlation was
observed between the data of each experimental mode, so PAA modified QCM can consider
a promising solution for environmental monitoring if used in a sensor arrays or a
multisensor systems.

Similar results were obtained considering the corresponding frequency shifts after ions
desorption and regeneration steps instead of absorption: in this way, it should be possible to
check and eliminate some potential noises due to experimental conditions.

3.3 Surface Characterization
X-Ray Reflectivity (XRR) is a very powerful technique for thin films characterisation,
because it can provide thickness, density and roughness of investigated thin films samples
[17,18]. It was extensively applied to characterise polymers layers, even of few nanometers
[19]. Figure 4 reports experimental and simulated XRR patterns collected on P sensor, at
different functionalisation and operation stages. At low incidence angles all incident
radiation is totally reflected. At 0.55° the intensity of XRR patterns starts to decrease, due to
the critical angle of total reflection, and X-Rays start to penetrate in the sample. Considering
patterns A and B (respectively simulated and experimental XRR spectra collected on P
sample) we can see Kiessing fringes, that appear at about 1° of incidence; they have a
periodic modulation that corresponds to a layer thickness of about 120 nm. In the XRR
simulation (pattern A) we considered a SiO2 substrate with a layer of Cr (20 nm) and Au
(about 100 nm, in accord to the Maxtek, INC., Santa Fe Springs, CA indications).
Simulation of experimental spectrum B, allowed to verify that the critical angle corresponds
to the more dense layer (i.e. gold density of 19.3 g/ cm3), and that Kiessig fringes are due to
the gold layers. Gold layer resulted 120 nm thick. Over this substrate (SiO2, Cr/Au), the
polymer layer has been considered and its structural properties were extracted from
simulation. From the fitting procedure, the polymer layer density (about 1 g/cm3), thickness
(3 nm) and roughness (0.9 nm) were estimated. These data allow to calculate a grafted
polymer mass per unit area of 300 ng/cm2 . This value is close to the mass change obtained
by using the well known Sauerbrey equation [4]:
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were Δf is the frequency change (Hz) corresponding to a mass loading Δm and Cf represent
the collection of constants that define the crystal sensitivity (0.1834 Hz/ng/cm 2).

In fact, assuming that the polymer layer has the same acousto-elastic properties as quartz,
we calculate a mass increase on the crystal surface of 327ng/cm2.

An higher thickness (5 nm) was observed on XRR spectra on S sample, but in this case there
is not correspondence with the mass change obtained using Sauerbrey equation probably
because grafting reaction doesn’t produce an uniform, rigid, thin film and actually the
system exhibit more complicated frequency-mass correlations.

In Figure 4 XRR of sensor P after subsequent injections of 100 µl Pb++ solution 338 mg/L is
also reported (pattern D). It can be clearly shown that interference fringes (related to the
gold thickness) completely disappear. The disappearance of Kiessig fringes may be related
to two main factors: increase in the surface layer roughness and/or decrease of the XRR
sensitivity, due, for example to a change in the penetration depth of X-Rays. XRR
simulation showed that an increase in the roughness of sensing polymer layer is not
sufficient to justify the disappearing of Kissig fringes. This may be more probably related to
the presence of lead in surface layer: because of the high atomic weight of the element, a
thin Pb layer decreases the X-Ray penetration depth, preventing to detect the contribution of
the gold layer. After regeneration procedure (see Figure 4, pattern C), that involve the
elimination of Pb from the sensing layer, the XRR pattern resulted identical to that collected
on the P sensor, before the lead anchoring. This strongly suggests that the process is
completely reversible. Total Reflection X-ray Fluorescence (TXRF) is a well established
technique for chemical analysis, and it is extremely sensitive to metals [20]. The reflection
of X-Rays close to the critical angle makes this technique surface sensitive and with a higher
detection sensitivity to contaminants if compared to standard XRF [21].

Figure 5 shows TXRF spectra of (A) sensor P, (B) sensor P after subsequent injections of
100 µl Pb++ solution 338 mg/L, and (C) sensor P after Pb++ injections and regeneration
procedure (polymer film do not show contribution in the TXRF patterns). There are several
peaks in the TXRF patterns: Au (and Cr) peaks can be attributed to the sample substrate and
Fe, Cu, and Ca are commonly present in the natural water (Figure 5, pattern A). All patterns
were normalised in respect to the gold main peak, that is considered an internal standard,
because the gold layer remains unaltered after all sample treatments. After the injection of
Pb analyte solution, TXRF clearly shows the appearance of Pb main peaks (pattern B),
indicating an high surface concentration of this metal. It is very important to notice that the
peaks intensities of all other elements remain almost unchanged, indicating that their
concentration remains constant. This highlights the high sensor sensitivity for Pb. TXRF
pattern of sample P collected after regeneration procedure (pattern C) corresponds to the
pattern collected on the same sample, before analyte injection. This supports the complete
reversibility of the process.

4. CONCLUSIONS
New processes have been developed which enable to obtain polymer grafted gold electrodes
with high heavy metal ions complexing ability. These surface-modified QCM sensors can
selectively adsorb heavy metal ions; investigations in the presence of copper lead chrome
and cadmium, have evidenced fast reversible and reproducible responses to analytes in
aqueous media. Cations typically present in natural water did not interfere with the detection
of heavy metals. XRR and TXRF were carried out to characterise the unmodified and
modified gold surfaces, besides the experiments are consistent with the possibility to
selectively bond and removed metal ions.
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Figure 1.
Measurement curve of the QCM modified sensor: (1) coated surface in equilibrium with
natural water flow (0.4 ml/min); (2) frequency decrease due to 54 subsequent injection of
100 µl Cr+++ solution 249 mg/L; (3) successful regeneration by 100 µl HCl solution 0.1 M.
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Figure 2.
Typical time course adsorption and regeneration curve of QCM modified sensor: (1) coated
surface in equilibrium with natural water flow (0.4 ml/min); (2) frequency decrease due to
flowing Pb++ solution 0.363 mg/L for 20 hrs; (3) regeneration by 100 µl HCl solution 0.1 M.
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Figure 3.
Calibration curve constructed with frequency shifts measured after Pb++ adsorption from
different solutions: flow injection mode experiments (A); sample solutions were used as
mobile phase (B).
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Figure 4.
Experimental (B) and simulated (A) XRR patterns collected on sample P. XRR patterns
after Pb injections (D) and after ions desorption and regeneration (C) on the same sample are
also reported. To well enhance the effect of the regeneration process XRR spectra B and C
are close.
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Figure 5.
TXRF spectra of (A) polymer grafted QCM - Sensor P, (B) the same sensor after the
injection of Pb++ solution, and (C) the same sensor after regeneration procedure.
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Scheme 1.
Experimental set up
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Scheme 2.
Reaction scheme
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Table 1

Frequency decreases after a single ion injection (100 µl)

Ion Concentration (mg/L) ΔF (Hz)

Cu2+ 150 19 ± 2

Cr3+ 249 119 ± 7

Pb2+ 338 161 ± 5

Cd2+ 376 207 ± 18
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