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A B S T R A C T

Metal pollution in aquatic environments has attracted global attention. Current methods are not able to monitor
water quality in-situ at low-cost. This paper reports on a novel approach for detecting changes in the con-
centration of zinc in water using electrical and a microwave sensor method, adopting two planar sensors: one
was functionalised with a screen-printed β-Bi2O3 based coating, while the other was uncoated. Results show that
both electrical and the microwave sensor responses were dependent on the presence and concentration of Zn in
water with R2= 0.93–0.99. The functionalised sensor with a 60 μm thick β-Bi2O3 based film offers improved
performance compared with both uncoated and functionalised sensors with 40 µm thick coating for detecting the
changes of Zn concentrations in water for low levels (100 and 500 µg/L). This novel sensing system could be a
cost-effective alternative to the current offline methods.

1. Introduction

Extraction and processing of metal-bearing minerals has caused
global environmental problems, due to the dispersion of toxic metals
(zinc, lead, cadmium, copper) which are neither degraded nor de-
stroyed by micro-organisms [1]. Therefore they persist in the environ-
ment and can migrate and accumulate in various media under different
geochemical and hydrological settings that may directly or indirectly
impact plants, animals and humans [2].

In mining regions, zinc (Zn) is one of the most common trace metals
found in surface waters and is a worldwide human [3] and environ-
mental health concern [4]. Generally, the ionic form of Zn (Zn2+) is
considered most toxic. However, other weakly complexed species
(oxides, hydroxides and sulphates) and organic colloidal phases are also
a cause for concern. Zn will exist primarily in ionic form at pH < 4.5
and will precipitate or sorb to other phases as the pH increases [5].
Globally, Zn concentrations in mine water can be greater than 500mg/
L, with typical concentrations ranging from 0.1 to 10mg/L [6]. En-
vironmental standards for Zn are derived from the UK Technical Ad-
visory Group on the Water Framework Directive (UKTAG) and the U.S.
Environmental Protection Agency, which established limits of en-
vironmental quality standard (EQS) for the Zn in surface water

respectively of 8–125 µg/L and 59–210 µg/L [7,8].
There are numerous examples documenting the environmental im-

pact of mining and metal pollution on water resources and animal and
human health [9]. In 2015, a major failure of the Fundão and Santarém
mine tailings dams in Minas Gerais, Brazil, caused a release of 62
million m3 of sediment and water into the Rio Dulce and the Atlantic
Ocean (approximately 650 km of rivers were impacted). Furthermore,
historical mining in the Rio Tinto Mining district, Spain, for more than
5000 years, has polluted more than 90 km of the Rio Tinto with ex-
tremely high concentration of metals and low pH (< 3): 8.1% of the
global dissolved Zn flux in rivers come from the Rio Tinto [1].

It is difficult to characterise water resources accurately in polluted
mining areas in situ [10]. This is a problem because the current methods
available for evaluating the state of Zn-polluted water are laboratory-
based spectroscopic techniques that include: atomic absorption spec-
troscopy (AAS), inductively coupled plasma – optical emission spec-
trometry (ICP-OES), inductively coupled plasma – mass spectrometry
(ICP-MS) and instrument neutron activation analysis (INAA) [11]. Al-
though these techniques have advantages such as the low limit of de-
tection, high sensitivity and the possibility to detect simultaneously a
large range of metals simultaneously, they suffer from some drawbacks:
they are bulky, require of costly chemicals, and necessitate the use of
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specialised staff to operate them [12]. The fact that they are offline
means they are not able to provide early warning of contamination
events or provide the spatial and temporal data resolution necessary to
advance our understanding of toxic metal dynamics in river catch-
ments. Therefore, proper impact assessment and an appropriate re-
mediation strategy, based on adequate water properties monitoring
using advanced sensor technologies are essential steps for the optimal
environmental management and polluted water remediation [4].

The Water Framework Directive (WFD) and the Clean Water Act
(CWA) are the major bodies of legislation for the protection and sus-
tainable use of European and United States freshwater resources re-
spectively, which in turn creates the need for low-cost continuous
monitoring technologies [13]. Accordingly, research have been carried
out to monitor and analyse the impact of Zn ion toxicity in the en-
vironment [14]. The dominant areas of development of sensing tech-
nologies to measure the concentration of Zn in water include optical
fiber sensors [15–17], biosensors [18,19], and electrochemical sensors
[20–22].

No single system available today can fully address the needs of
monitoring the concentration of Zn in water resources, continuously
and in real time, to the desired sensitivity level, bearing in mind the
requirement for system portability and cost-effectiveness. Therefore,
novel real-time monitoring techniques are necessary. One technique
potentially capable of meeting this current demand is based on mi-
crowave sensing [23], as presented in this paper.

2. Microwave sensing system

2.1. Operation principle of a traditional microwave sensor

The principle is based on the interaction of propagating or re-
sonating EM (electromagnetic) waves with the material under test. The
amplitude and phase of the reflection coefficient (S11) (Fig. 1) will vary
depending on the properties of the analyte presented to the sensing
structure. These properties can be described in terms of electrical
parameters such as conductivity, capacitance, resistance, inductance
and permittivity. Their combination is strongly related to the material
composition at specific frequencies. The novel approach considers how
a change in the S11 signal can be linked to the type and amount of the
pollutant in the water sample being tested. The response of the sensor
manifests itself as a resonant frequency change, alteration in the signal

amplitude or a resonant peak shift [24].
Microwave planar printed patterns for various sensing applications

are increasingly used due to their versatility, flat profile, small size and
weight. Their design can be tailored to suit particular applications,
coupled with reliability and cost-efficiency. Another distinct advantage
of this novel sensor is that typical sample volumes are 400 µL for the
test and no additional chemicals are required - a feature not available
with comparable methods.

The real-time nature of the measurements and potential portability
of the sensor makes the suggested approach a valuable alternative to
lab-based methods of a wide range of applications including health
monitoring [25] and quality control in the food industry [26], and
environment [27,28]. In recent years, the authors have demonstrated a
number of possible uses of such devices in water quality analysis,
particularly in relation to wastewater [29,30].

2.2. Functionalising EM sensors

Cheap, sensitive and selective sensor to monitor Zn-impacted water,
is achieved by the integration of a chemical coating onto planar inter-
digitated electrodes (IDE) sensors using screen-printing technology
[31], which is known for its flexibility and cost-effective mass pro-
duction [32]. Thick films are rugged, reproducible, cost-effective and
have also been identified as useful for integration into remote mon-
itoring systems [33]. By functionalising planar sensors with certain
materials that are specifically sensitive to the pollutant of interest in a
water sample, it is possible to obtain the desired sensitivity and/or
selectivity of the water quality monitoring system. This can be achieved
not only with the adoption of the appropriate mix of materials, but also
by choosing the optimal thickness of the film and the sensor geometry
[34,35].

The synergy between microwave sensing technology and chemical
material is still at a premature stage with certain advantages deemed to
be of interest [36]. Among these, nanomaterials as inorganic oxide
compositions are considered to be most advantageous, owing to their
strong adsorption and rapid electron transfer kinetic [12,37]. Recently,
a number of approaches make use of Bi based electrodes [38], which
has replaced the mercury electrode mostly in electrochemistry for the
detection of trace metals due to their low toxicity, excellent resolution
of neighbouring peaks, and their low limit of detection toward metals
(< 0.1 µg/L) [39]. The modification of graphite screen-printed

Fig. 1. Scheme of the S11 responses (amplitude and phase).
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electrodes with a bismuth oxide (Bi2O3) precursor has been showed in
several experiments to have superior sensing characteristics toward
metals compared to Bi bulk electrodes [40,41].

In an effort to combine the benefits of both approaches, in this work,
gold IDE sensors were functionalised with β-Bi2O3 based thick-film with
the purpose of increasing the reaction and consequently the sensitivity
and selectivity between Zn water solutions and the sensing material.

The objectives of this work are (1) to measure changes in electrical
parameters (capacitance and resistance) for Zn concentrations in water;
(2) to evaluate the feasibility of using microwave techniques for de-
tecting Zn in water solutions, especially in the critical concentration
range 0–1mg/L; (3) to compare responses obtained with uncoated and
functionalised EM sensors with Bi2O3 based film at different thick-
nesses.

3. Materials and methods

3.1. Paste mixture preparation and thick film properties

The functionalised EM (f-EM) sensors were prepared by screen-
printing using a semi-automatic screen-printer (Super Primex) to coat a
paste mixture based on Bi2O3 onto gold eight-pair IDE sensors
(Fig. 2a–c). The paste mixture was prepared by mixing three materials:
(1) a functional material (powder form, 92.5 wt%): bismuth (III) oxide
nanopowder 90 < Φ < 210 nm particle size, tetragonal phase (β-
Bi2O3) and a space group P 4̄21c (1 1 4), (Sigma-Aldrich 637017); (2) an
organic binder (solid form, 7.5 wt%): PVB, butvar B98 (Sigma-Aldrich
B0154); (3) an organic volatile solvent (liquid form, few drops):

ethylene glycol butyl ether (Sigma-Aldrich 579556) [42]. These last
two materials operate as a matrix for designing the appropriate con-
sistency to be screen-printed (0.1–10 Pa s). The coatings were built by
successive printing, with two f-EM sensors having 4 and 6 layers, which
correspond respectively on average to 40 and 60 µm, and a set of sen-
sors was left uncoated (Fig. 2c). The exact thickness was evaluated with
an electronic micrometer (TESA Micromaster), a digital vernier caliper
(AOS Absolute Digimatic) and a surface profiler (Teylor Hobson - Form
Talysurf 120). Each layer was cured in an oven at 170 °C for 1 h be-
tween each printed layer.

The repeatability, reproducibility and stability of the coatings
screen-printed onto microscope slides, were evaluated by analysing the
properties before and after contact with Zn polluted water samples.
Optical absorbance, was measured using a UV–Vis Spectrophotometer,
Jenway 7315. Structural properties were analysed with a scanning
electron microscope, SEM, model FEI-Quanta 200 (Fig. 2d) and an
optical microscope, ZEISS AX10 (Fig. 2e). Likewise, elemental proper-
ties were determined with an X-Ray Fluorescence Analyser, (XRF,
model INCA-X-act).

3.2. Sample preparation

Seven samples of Zn in water at different concentrations (0, 0.1, 0.5,
1, 10, 50, 100mg/L) were prepared by dissolving a defined volume of
Zn 1000 ppm ICP standard solution certified (Sigma-Aldrich 18562,
1000mg/L Zn in 2% nitric acid, prepared with high purity Zn metal,
HNO3 and water) in deionised water. The specific conductivity of the
Zn solutions was measured using a conductivity meter (PCE-PHD 1, PCE

Fig. 2. (a) Sizes of the gold pattern and the aspect of the coated sensors (all dimensions are expressed in mm); (b) 3D schematic drawing of a functionalised planar
gold eight-pair IDE sensor on PTFE substrate with displayed thicknesses; (c) the three sensors used in this experiment (from left: uncoated sensor and with 40 and
60 µm of Bi2O3 based coating; (d) an optical (×20) and (e) a SEM image of the morphological substrate of the coating where are highlight the particle sizes, resulting
between 90 and 400 nm.
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Instruments) and described in Table S1. All measurements were per-
formed in an air-conditioned environment at a constant temperature of
20 °C.

3.3. Electrical and electromagnetic measurements

Zinc solutions were analysed with a programmable LCR meter and
microwave spectroscopy. Capacitance (Cp) and resistance (Rp) were
measured using a HAMEG 8118 LCR (L= inductance; C= capacitance;
R= resistance) bridge configured with a bespoke coaxial probe at a
frequency range between 20 Hz and 20 kHz, with constant 1.00 V open
circuit voltage and using a LabVIEW software interface (Fig. 3a–c). A
gold-plated sensing structure with two electrodes was used for mea-
suring 400 μL of sample volume, held in place by a designed holder
integrated onto a microscope slide (Fig. 3d). Five repetitions were
performed for each Zn concentration.

In this work, three sets of gold eight-pair IDE pattern printed on
planar PTFE substrates were used: one sensor was uncoated and the
other two were functionalized (as described in the Section 3.1). The
microwave IDE sensors were connected to a Rohde and Schwarz ZVA
2.4 VNA (Vector Network Analyser) via a coaxial cable. Molex edge
mount connectors were used in this work as SMA type connectors. All
the equipment was specified for 50Ω impedance. The VNA used a one-
port configuration to enable S11 measurements, in the 10MHz–15 GHz
frequency range (60,000 discrete points). For each measurement (n= 5
for each concentration), 400 μL of Zn solution was dispensed onto the
sensor using a pipette, with the solution held in place by a well – a
holder manufactured specifically for these sensors.

For each technique and Zn solutions (0–100mg/L) the coefficient of
determination (R2), the sensitivity for each 100mg/L changes of Zn (as
the slope of the calibration curve), and the precision, as the relative
standard deviation (RSD, %) were measured. The RSD is the ratio of the
standard deviation to the mean.

3.4. Adsorption experimentation

The absorption of the Zn ions on the coating was estimated by
performing a sorption experiment as described by Dada, Olalekan [43]
and modified as Frau, Wylie [44]. Part of thick-films screen printed on
microscope slides was immersed on each Zn solution (0.02 g,

2× 2 cm2, as the coatings, Fig. S3). The concentration change was es-
timated by measuring the difference in conductivity (R2= 1 for con-
ductivity and Zn concentration, Table S1) before and after 5 and
10min. From this difference, it is possible to estimate the percentage of
adsorption of Zn ions on the f-EM sensor substrate.

4. Results and discussion

4.1. Results

Results obtained measuring the Zn solutions at different con-
centration with the techniques previously described are summarised in
Table 1, which shows R2, sensitivity (for each 100 µg/L of Zn con-
centration) and relative standard deviation (RSD) in order to demon-
strate the repeatability and reproducibility of the measurements.
Spectral responses for capacitance and resistance at the investigated
frequencies (20 Hz–20 kHz) for Zn concentrations 0–100mg/L are il-
lustrated in Figs. S1a and S2a: it is notable how the capacitance and
resistance reflect an inverted behaviour. The capacitance increases how
the Zn concentration and the specific conductivity increase (Table S1),
conversely the resistance decreases. Moreover, the Cp decreases moving
towards higher frequencies, contrariwise the Rp remains stable. The
part of the spectrum that shows a higher relation between these two
parameters and Zn concentration was identified between 200 and
600 Hz (magnified in Figs. S1b and S2b). Two frequency were selected
as representative of this this frequency range for assessing the corre-
lation between Cp and Rp and Zn ion concentration (250 Hz and 500 Hz,
respectively).

Low-frequency electrical measurements were able to detect changes
in Zn concentration. The capacitance measurements show a good linear
correlation with Zn concentration at 250 Hz, with R2=0.9991.
Otherwise, the resistance and Zn concentration are correlated with a
power trend with R2=0.9468 at 500 Hz. Fig. 4 shows these two
electrical parameters where Zn concentration is expressed with a
logarithmic scale to permit to distinguish also a calibration curve under
1mg/L (0.1 and 0.5 mg/L).

The adsorption reaction principle and microwave propagation in the
whole sensing structure are illustrated in Fig. 5, which shows a cross
session of the f-EM sensor with a Zn sample and the propagation of the
EM field with electric and magnetic field lines. Zn ions are adsorbed
onto the Bi2O3 based thick-film. The EM field interacts with each
component of the f-EM sensor and the change in spectral response will
depend on the changes in permittivity that is related with the Zn

Fig. 3. Experimental setup: (a) LCR meter and LabVIEW software interface with
a bespoke coaxial probe (assembled with a FR4 circuit board as shown in (b),
back view, and (c), front view) measuring a water sample (400 µL) held in place
by a specific holder (as magnified in (d).

Table 1
Summary of statistical features obtained for optical, electrical and microwave
measurements of Zn water sample.

Properties R2 Sensitivitya RSD (%)

Capacitance (at 250 Hz) 0.9991 0.5 nF 2.5%
Resistance (at 500 Hz) 0.9468b 119.9Ω 2.5%

Reflection coefficient
(S11) – uncoated IDE
sensor

At 502MHz 0.9914 0.0035 dB 0.6%
At 1.26 GHz 0.8377 0.0014 dB 0.6%
At 2.46 GHz (peak) 0.9563 0.0065 dB 1.1%

Reflection coefficient
(S11) –
functionalised IDE
sensor (4 layers,
40 µm)

At 511MHz 0.9915 0.0032 dB 1.3%
1.26–1.35 GHz 0.8301 0.0018 dB 1.1%
At 2.51 GHz (peak) 0.9682 0.0054 dB 2.1%

Reflection coefficient
(S11) –
functionalised IDE
sensor (6 layers,
60 µm)

At 599MHz 0.9993 0.0028 dB 1.8%
1.57–1.68 GHz 0.9318 0.0022 dB 2.0%
At 2.56 GHz (peak) 0.9466 0.0069 dB 2.8%

a For every 100 µg/L change of Zn concentration.
b Power correlation.
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adsorption onto the coating. The permittivity of the coating material
after the adsorption of the Zn will determine a change in permittivity
that determines a variation in the spectral response equally to a shift in
frequency and/or amplitude.

The absorption experiment estimates that about 4% of Zn is ad-
sorbed on the coating after 5min and 6% after 10min (Table S2). This
was the time estimated of the interaction between the Bi2O3 film and
the Zn solutions to reach adsorption equilibrium [44]. However, it is
probable that the EM wave promotes the adsorption of Zn ions onto the
sensing surface.

The elemental pattern (Fig. 6a) and its percentage composition
(Fig. 6b), were determined with the XRF after its use, to confirm the
presence of Zn ion in the sensitive layer adsorbed by the coating. This
was determined after 2 h of continuous measurements and 10mg/L of
Zn concentration sample, considering that the used XRF was not able to
determine the presence of Zn ions after short usage and using samples
with low Zn concentration, due to instrumental sensitivity limitation.
More experimental work will be performed for a more accurate un-
derstanding of the Zn adsorption at low concentration (e.g. performing
X-ray photoelectron spectroscopy (XPS) analysis) and the maximum
capacity that the f-EM sensor can adsorb before reaching a saturation
level.

The response for the microwave technique with uncoated and
coated sensors demonstrates a shift in signal amplitude, which corre-
sponds to the different concentrations of Zn tested. During the mea-
surements, significant resonant peak shifts were noticed for the

different concentrations of Zn ions in water as soon as they were in
contact with the EM field through the sensing structure. The distinct
feature is the change in the resonant peak amplitude, clearly visible in
several parts of the spectrum, especially between 100MHz and 3 GHz,
with the amplitude decreasing with increasing Zn concentration, for
peaks at frequency<1GHz, and increasing for peaks
identified> 1GHz. Figs. 7 and 8 illustrate the S11 magnitude respec-
tively of the uncoated microwave sensor and one coated with 60 µm
Bi2O3 based thick film in contact with various Zn concentration solu-
tions. A number of resonant peaks can be identified to serve as an in-
dicator of the Zn content in a solution. The microwave spectra are
different for each Zn solution at various concentrations with the most
pronounced resonant peaks, indicating sensitivity, at around 2.5 GHz
for all the sensors used. Fig. 9 shows two frequencies and a frequency
range (599MHz, 2.56 and 1.57–1.68 GHz) at which good correlations
(respectively R2= 0.9993, R2=0.9318 and R2= 0.9466) with Zn
concentration (expressed with a logarithmic scale to permit to distin-
guish also 0.1 and 0.5mg/L of Zn) and S11 occur, using the 60 µm Bi2O3

based sensor. Generally, at the most pronounced peak, the sensitivity is
higher, but RSD is higher and R2 is lower than the other points. Con-
sequently, it is advantageous to find an appropriate compromise de-
pending on the particular analysed condition. However, the measure-
ments are precise and repeatable, considering the RSD< to 2.8% for all
performed measurements, lower than the variation for each parameter
(ΔnF, ΔΩ, ΔdB) to determine significant changes in Zn concentration.
Also, the sensors are reusable, considering that the sensor output re-
turned to its baseline level (air spectra) when Zn polluted water samples
were removed and the sensor was rinsed and allowed to dry (Fig. S4).
This indicates that planar EM sensors are reliable and reusable, prob-
ably due to the weak solubility of metal oxides [45].

By comparing the spectral response between electrical and EM
measurements at microwave frequencies, it is notable that microwave
multi-peak spectra offer a more specific characterisation of the water
samples under test with its high spectral resolution using 60,000 dis-
tinct points. Contrariwise, low-frequency capacitance and resistance
responses gave a less specific signature, considering their “flat” profile.

4.2. Effect of the thick-film

The response changes due to the effect of the Bi2O3 based thick film
has been compared with the uncoated sensors noting significant dif-
ferences. This functionalisation enhances the sensor performance sig-
nificantly leading to a higher sensitivity compared to the bare IDE
electrode, particularly around 1.5 GHz for Zn detection.

The effect of the Bi2O3 based thick film produced an overall shift
toward higher frequencies (dot-black arrows in Fig. 8), probably due to

Fig. 4. Power correlation between resistance (Rp) (expressed in logarithmic
scale) and Zn concentration (log scale) (in black) at 500 Hz; and linear corre-
lation between capacitance (Cp) and Zn concentration (log scale) (in red) at
250 Hz. Both parameters are measured with an LCR meter. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Partial cross-section of the functionalized sensor illustrating schematically the sorption sensing principle and the propagation of the EM field, showing the two
components: electric and magnetic fields.
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the decreasing of the dielectric constant [46]. Notably, with the un-
coated sensor, the peak was at 2.46 GHz (Fig. 7); with the functiona-
lised sensor (40 µm) at 2.51 GHz; and with the functionalised sensor
(60 µm) at 2.56 GHz (Fig. 8). An interpretation of the obtained results
suggests a change in dielectric proprieties due to the thickness of the
coating [46,47].

A higher R2 (=0.9993) is identified at 599MHz and measured with
the 60 µm Bi2O3 based film. Nevertheless, the linear correlation is
higher, the sensitivity is slightly smaller than that measured at 502MHz
with the uncoated sensor (respectively 0.0028 and 0.0035 change in S11
for every 100 µg/L change of Zn concentration). Possibly, this is due to
a permittivity change of the sensitive coating that induces a decrease of
the resonant response at the peak, causing a reduction of the amplitude
to the signal [48].

Additionally, with the coated sensors, the change in the resonant
peak amplitude was accompanied by a gradual shift in the frequency
between distinct Zn concentrations, which increases with thickness.
Specifically, the uncoated sensor had a resonant peak at 1.26 GHz
(Fig. 10a); the sensor with 40 µm thickness of Bi2O3 based film man-
ifests a frequency shift for 0–100mg/L Zn concentrations between 1.26
and 1.35 GHz (Fig. 10b); with 60 µm, the shift is more pronounced,
recognised at 1.57–1.68 GHz (Fig. 10c). Notably, for higher Zn con-
centration solutions, the peak is set at lower frequencies, at 1.57 GHz
for 100mg/L and at 1.63 GHz for 0.1 mg/L. Table 1 describes and

compares some statistical parameters, for this less pronounced peak:
nevertheless the RSD is slightly higher, the R2 and sensitivity are

Fig. 6. (a) Elemental spectra of the film after the adsorption and (b) the relative elemental weight % of sensing layer surface using 10 ppm Zn solution.

Fig. 7. Average microwave spectra data captured with an uncoated gold eight-
pair IDE sensor at 0.1–3.25 GHz frequency range for each sample concentration
of Zn. Three amplitude shift are marked, namely at 0.502, 1.26 and 2.46 GHz
(peak).

Fig. 8. Average microwave spectra data captured with a coated gold eight-pair
IDE sensor with 60 µm thickness of Bi2O3 based film at 0.1–3.25 GHz frequency
range for each sample concentration of Zn. Two amplitude shift are marked,
namely at 0.599 and 2.56 GHz (peak). Between 1.57 and 1.68 GHz is been
identified a shift in both, amplitude and frequency.

Fig. 9. Change in S11 of microwave spectra measured with a functionalised
sensors with 60 µm Bi2O3 based coating showing the correlation with metal
concentration (in logarithmic scale for showing 0.1 and 0.5 mg/L) at two dis-
crete frequencies and a frequency range, namely 599MHz, 2.56 GHz (peak) and
1.57–1.68 GHz.
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improved due to the adsorption between the Zn ions on the Bi2O3 based
coating (Table S2) and the consequent permittivity change.

Notably, the sensor response to low-concentration of Zn depends on
the thickness of coatings. Due to the shift in both amplitude and fre-
quency, the sensor performance is improved with the 60 µm thick Bi2O3

based film for all Zn concentrations. Of particular importance is the

different response for low concentrations (100 and 500 µg/L) important
for detecting Zn level in freshwater superior to the EQSs
(> 125–210 µg/L), as highlighted with a red (uncoated sensor), orange
(40 µm thick f-EM sensor) and green (60 µm thick f-EM sensor) dash-
square respectively in Fig. 10a–c. The f-EM sensor based on 60 µm thick
Bi2O3 film was able to distinguish better 0.1 and 0.5 mg/L of Zn ion
concentration in water. Consequently, there is an increase of sensitivity
due to this shift in both amplitude and frequency, passing from
1.4×10−3 dB (uncoated sensor), 1.8× 10−3 dB (40 µm coating) to
2.2×10−3 dB (60 µm coating) change in S11 for every 100 µg/L change
of Zn concentration (Fig. 11).

These responses are probably due to the effect of a permittivity
variation of the sensitive chemical layer [31]. In fact, as described by
Bernou, Rebière [48], the electromagnetic wave propagates in each
component in the system. Furthermore, the β-Bi2O3 based film is stable,
repeatable and reproducible, as confirmed by absorbance spectra
measured of the screen-printed coating on microscope slides.

4.3. Feasibility of microwave spectroscopy for mine water monitoring and
future work

The experiments presented above confirm that microwave spectro-
scopy and f-EM sensors could offer a good alternative to the off-line and
laboratory-based monitoring technique, which cannot provide a con-
tinuous monitoring of Zn and other metal ions in waste water.
Microwave spectroscopy using f-EM sensors, which gives an immediate
response, could guarantee a continuous monitoring in polluted mining
areas and could be employed as an early warning device for con-
tamination events. Moreover, this sensing system could offer a support
for applying a suitable strategy of remediation, considering changes in
metal concentration due to alternate rainfall and aridity that influence
river stage alternately exposure contaminated river [49,50].

More work needs to be done to clarify the peculiarities in the che-
mical and electrical properties of Zn adsorption on the Bi2O3 based film.
An improvement of the synthesis method is also needed to enhance
sensitivity and selectivity to different metals, especially in presence of
other pollutants and/or different composition of water samples.

Advantages of the use of screen-printing as an application method of
functional material are the high diversity of materials that can be
processed cost effectively. Another aspect is the possibility of printing a
combination of different materials onto the same substrate or part [51].
The designing of the f-EM sensors with best suited architecture will help
in increasing selective identification of multi metal ions in water.

There is still considerable work to be conducted in this area, par-
ticularly to prove the technology in a real-world scenario. The proto-
type system will be tested in surface waters and the challenge of dif-
ferentiating and quantify between unknown multiple water pollutants,
namely various toxic metals, will be achieved using cheap portable
VNAs connected with f-EM sensors for continuous monitoring polluted

Fig. 10. Electromagnetic spectra part focus on the frequencies ranges where it
is identified the most pronounced effect of the coating and the increasing in
sensitivity measurements for low Zn concentrations (0–1) mg/L: (a) spectra
from the uncoated sensor, (b) 40 µm thickness and (c) 60 µm thickness of Bi2O3

based coating.

Fig. 11. Change in sensitivity with the thickness of the β-Bi2O3 based coating
for Zn concentrations 0–1mg/L.
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mine water on site.

5. Conclusion

This research was driven by the global need for developing a novel
real-time sensing platform for monitoring Zn in water in abandoned
mining areas that would be able to detect unexpected events of pollu-
tion and to clarify metal dynamics. The results described in this paper
using microwave spectroscopy and f-EM sensors based on Bi2O3 confirm
the potential of this novel combined sensing approach for measuring
continuous changes in Zn concentrations in water. Gold eight-pair IDE
were functionalised with 40 and 60 µm of β-Bi2O3 based thick films.
Good linear correlations were obtained with electrical and EM mea-
surements and Zn concentration in water (0–100mg/L). Specifically,
the f-EM sensors with 60 µm of Bi2O3 based thick film, although with a
slightly higher RSD (2.0% compared with 1.1% and 0.6% respectively
for 40 µm of Bi2O3 based film and uncoated sensor), provided an im-
proved performance when detecting lower Zn concentrations (0.1 and
0.5 mg/L). This is essential for distinguishing Zn concentrations at the
EQS established by global legislation (0–0.2 mg/L).

Further work and field trials are in progress to expand and progress
toward the realisation of a sensitive and selective sensor which can
offer the ability to monitor continuously various metals simultaneously
in water, in-situ and in real-time.
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