
Microwaves and Functional Materials:
A Novel Method to Continuously Detect
Metal Ions in Water

Ilaria Frau, Stephen Wylie, Jeff Cullen, Olga Korostynska, Patrick Byrne
and Alex Mason

Abstract Protecting water from chemical pollutants is a major societal goal. Metal
ion dispersion from abandoned mines is a global concern and one of the principal
causes of metal pollution in water. Toxic metals are a particular concern because they
are not degraded by normal biogeochemical cycles and cause adverse environmental
and human health effects even with low concentrations if there is long-term expo-
sure. Current laboratory-based methods are not suitable for monitoring adequately
water pollution in the environment. Consequently, it is necessary to develop and
deploy new sensing systems to investigate water quality continuously. Microwave
spectroscopy has been demonstrated as an effective method for offering continuous
measurement of material properties, nevertheless, this method suffers from a lack
of selectivity and sensitivity (Zarifi et al. Sens Actuators B Chem 255:1561–1568
(2018), [1]). This chapter presents a feasibility study using unique functionalised
electromagnetic (EM) sensors for continuous monitoring of zinc in water. The reac-
tion between Zn and a Bi2O3 based thick film that is screen-printed onto a planar
interdigitated electrode (IDE) sensors starts within 30 s, and the adsorption equilib-
rium was attained within 10 min. The response is faster during the initial stage and
slows as equilibrium is reached. Results show good linear correlations between C
(capacitance), S11 (reflection coefficient) and Zn concentration. Also, the recovery
time of sensors is evaluated to be 100–150 s demonstrating the sensors reusability
and potential for continuous monitoring.
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Need for Research—Statement of a Problem

Water, especially freshwater, is an indispensable resource, but it is limited in quantity
and in quality. Assuring a high quality of water and protecting it from chemical con-
tamination is a major sustainable development goal [2, 3] that is becoming increas-
ingly hard to achieve owing to factors such as climate change, overexploitation and
contamination from agricultural and industrial activities.

Polluted drainage from both contemporary and historical mining and mine wastes
are an issue of international concern that can result in significant water quality issues
[4]. Point and diffuse sources determine the dispersion into the environment of toxic
inorganic pollutants, mainly metals (zinc, lead, cadmium, copper, mercury, arsenic,
etc.), in addition to problems associated with high sulphate concentrations and acid-
ification of watercourses. Surface water, directly connected with groundwater [5],
is the predominant route of dispersion of these toxic elements even at considerable
distances from the source, with the consequent possibility to pollute drinking water
supplies.

Metals are considered trace elements due to their presence in the environment at
generally low concentrations (μg/l range to less than 100 mg/l). Their bioavailability
is regulated by several physical and chemical factors, such as temperature, pH and
consequent differential adsorption, phase association, thermodynamic equilibrium,
complexation kinetics, and so forth [6].

Consequently, European andworldwide legislation has established environmental
quality standard (EQS) for metals in surface water, which is the major route of
dispersion of these pollutants. Table 1 summarises the EQS established by the UK
Technical Advisory Group on the EU Water Framework Directive (UKTAG) [7]
and US EPA (Environmental protection agency) [8] for toxic metals concentrations
and sulphates (strongly related to them), and the typically investigated metal ion
concentrations in mining catchment areas [9, 10].

Generally, the ionicmetal form is considered themost toxic, althoughotherweakly
complexed species (oxides, hydroxides, and sulphates) and organic colloidal phases
are also a cause for concern. The metal ionic form and its precipitation or sorption to
other phases are related to the pH, the sorbate identity and concentration, the sorbent
composition, and so forth [12].

Zinc (Zn) is a hazardous toxicant, which when present at high concentrations for
a long-term, can cause such significant effects in humans as respiratory disorders,
bronchiolar leukocytes, neuronal disorders [13]. Zinc levels in non-polluted waters
range from 0.06 to 0.6μg/l. In drinkingwater, it is typically around 10μg/l but higher
concentrations than 2 mg/l are found especially when the water passes through zinc
pipes [14]. Globally, Zn in mine water ranges from<0.1 to>500mg/l [10], failing the
established EQS limit of 0.008–0.125 mg/l. TheWater Framework Directive and the
Clean Water Act, the main legal frameworks for the protection and the sustainable



Microwaves and Functional Materials: A Novel Method … 181

Table 1 UK EQS for some metals and sulphates in surface water and global range concentrations
from waters impacted by historical deep metal mining

Toxic metals UK EQS (mg/l) for
inland and other
surface water [7, 11]

US EPA EQS (mg/l)
for freshwater (acute
and chronic) [8]

Global concentration
ranges in polluted
mining surface water
(mg/l) [9]

Lead (Pb) 0.0072a 0.0015–0.065b <0.0072–>12

Zinc (Zn) 0.008–0.125b 0.059–0.210b <0.008–>500

Copper (Cu) 0.001–0.028b 0.017–0.034b <0.001–>240

Cadmium (Cd) 0.00008–0.00025a,b 0.00066–0.0018b <0.00008–>2.6

Iron (Fe) 1 0.3–1 <1–>1900

Sulphates (SO4) 400 250 <400–>16,000

adissolved concentration (<0.45 μm)
bdepending on the annual mean concentration of CaCO3

use of freshwater resources respectively in Europe and in USA, [15] require new
low-cost sensing systems for in situ monitoring, and managing water resources to
minimise the environmental risk posed by mine drainage from active and abandoned
mining complexes [16].

Current Methods for Metal Detection

Current methods for detecting Zn concentration (and the other toxic metals) in water
are mainly laboratory-based. Examples include atomic absorption spectroscopy,
inductively coupled plasma—optical emission spectrometry, inductively coupled
plasma—mass spectrometry [17]. Although these methods can determine multi-
metal concentrations with high selectivity and sensitivity with a low limit of detec-
tion, they have critical drawbacks. These bulky laboratory methods require sample
preparation, costly chemicals and trained staff. They are unable to provide real-time
and in situ measurements which limits the possibility to detect an unexpected event
(i.e. the failure of a mine tailings dam spill) [18, 19] or to understand metal variations
when environmental conditions change (i.e. during a flood event) [20]. Moreover,
without a continuous in situ monitoring, traditional methods cannot give an answer
to alterations of each metal concentration changes due to differences between high
flow and low flow [21], variation in pH and temperature, presence or absence of
hydrated iron oxide (HFO) on the riverbed in polluted mining areas [12, 22–24].

Water quality monitoring for emergency detection and management using
advanced low-cost sensor technologies are essential for polluted water remediation.
Accordingly, significant research is in progress for in situ and real-time measure-
ments of heavy metal ions, and appreciable results have been reported using optical,
electrochemical techniques and near-infrared spectroscopy [25–27].
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Although these methods are sensitive and stable, they can also be cumbersome,
time-consuming, expensive and laborious. Hence, the UN Agenda for Sustainable
development calls for a low-cost sensing system for online and in situ monitoring
[15]. Therefore, further work is needed to develop simple, reliable, and cost-effective
techniques for remote detection of pollutants, to better understand the processes that
regulate metal dispersion and allow for an emergency response to unexpected events.

F-EM Sensors as a Solution

A new and rapidly developing method capable of providing a continuous monitoring
of metals in freshwater, namely Zn in this work, is an electromagnetic (EM) wave
sensor system combined with functional materials, operating at microwave frequen-
cies [28]. This method is highly adaptable and, depending on each scenario, can take
the form of planar sensors [29–31], resonant cavities [32], flexible sensors [33], for
example. Their design can be tailored to suit particular applications and is coupled
with reliability and cost-efficiency.

Microwave planar printed patterns, in particular, have been increasingly used for
various sensing applications due to their versatility, flat profile, low weight, simplic-
ity, low-cost [34]. In fact, planar sensors can be easily integrated with microfluidic
techniques [35], nanostructures [36], thin and thick films [37], for specific sensing
purposes.

The principle of microwave spectroscopy is based on the singular interaction
between incident waves at specific frequencies with the properties of the analyte
presented to the sensing structure (such as conductivity, capacitance, resistance,
inductance and permittivity, as well as temperature, chemical structure, molecular
composition, etc.), as illustrated in Fig. 1a. The change in the S11 reflection coefficient
can be linked to the composition and concentration of themeasured solution (Fig. 1b,
c). Accordingly, permittivity ( 2r) as defined in (1) relates to a material’s ability to
transmit an electric field and is a complex valuewhich varieswith changing frequency
and accounts for both the energy stored by a material and any losses of energy which
might occur.

εr � ε′ − jε′′ (1)

The response of the sensor manifests itself as a resonant frequency change or
attenuation of the signal [38].

Microwave spectroscopy, however, suffers from a lack of selectivity, specificity
and sensitivity. A feasible solution to this problem is to integrate EM sensors with
functional materials.
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Fig. 1 (a) Scheme which describes the reflected signal (S11) at discrete frequencies as spectrum
response (b) with the unique interaction of the incident wave with the sample under test (c)

Synergy with Functional Material

Microwave spectroscopy connected with the appropriate sensing system could be
able to analyse changes in properties and composition of several materials and com-
ponents. Notably, the lack of selectivity is a limitation in designing a microwave
sensor for a particular purpose [39]. A possible solution are planar waveguide-based
chemical sensors [40]. The synergy between microwave sensing technology and
chemical coatings provides interesting advantages in the field of water quality mon-
itoring and is consequently a promising area of research and development [34, 41].

By functionalising planarEMsensorswith certain sensitivematerials, it is possible
to obtain the desired sensitivity and/or selectivity to one or more specific analytes.
This can be achieved not only with the adoption of the right sensing material but
also by choosing the right thickness of the functional film and sensor geometry [42,
43]. Moreover, coatings prevent short-circuiting and oxidation when the sensor is
exposed to a water sample.

The principle of using a distinct chemical coating and the interactionwith selected
analytes is based on the variation in the resulting electrical impedance due to the
change in complex permittivity. The spectral response due to this variation will
generate amplitude and/or frequency changes at specific frequency ranges [34].

Considerable progress has been made in the last decade in developing chemo-
sensors that are able to distinguish specific metal ions, such as Zn, by using differ-
ent functional materials including synthetic and biological receptors [44], zeolites,
inorganic oxides [45], organic polymers, biological materials [46] and hybrid ion-
exchangers [47].
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Screen-Printing Technology

The goal of a cheap, sensitive and selective device tomonitormetal-impactedwater is
achievable by the integration of chemical coatings and planar sensors using screen-
printing technology [48]. These are known for their flexibility and cost-effective
mass production [49]. Screen-printing is a technique where a viscous ink (0.1 to
10 Pa s) based on functional materials is set in a screen blocking layer with a stencil
(a negative of the image to be printed), which defines an open area of the mesh. A
squeegee is moved across the screen and the ink passes through the mesh and a thick
film is created [50].

The main advantages of screen-printing as the application method for functional
materials is the high diversity of materials that can be processed at low cost, and
the possibility of printing a combination of different materials onto the same sub-
strate [51]. Designing functionalised sensors with the best-suited architecture will
help to increase the selective identification of multi-metal ions and other pollutants
simultaneously present in water [52].

Screen-printed electrodes coupled with specific sensingmaterials are an attractive
option for adapting diverse sensing systems to a particular purpose [50]. The screen-
printing technique is used to form a thick film on top of microwave sensors and
increase, by chemical or physical reaction, the sensitivity, specificity and selectivity
between the EM waves and the analyte. Thick films are rugged, reproducible, inex-
pensive and have also been identified as useful for integration into remote monitoring
systems [48, 51].

Among functional chemical compounds, bismuth (Bi) has been largely used in the
last 20 years in a number of approaches for detecting metals in water. Furthermore,
bismuth nanoparticles have shown in several experiments to have superior sensing
characteristics compared to the Bi film electrode for detectingmetals in water, mostly
using electrochemical methods [53–56].Moreover, nanomaterials as inorganic oxide
compositions are considered to be advantageous, owing to their strong adsorption
and rapid electron transfer kinetic [25, 45]. Nanostructured metal oxides are also
interesting for their nano-morphological, functional biocompatible, non-toxic and
catalytic properties. In this work, interdigitated electrodes sensors are functionalised
with β-Bi2O3 based coatings.

The purpose of this chapter is to evaluate the feasibility of using functionalised
EM planar sensors (f-EM sensors) for continuously monitoring the concentration
of Zn in polluted mine water. The response time was measured for β-Bi2O3 based
sensing film using two sensing techniques: microwave spectroscopy and capacitance
measurements. Moreover, the sensors’ stability and reusability were assessed by
measuring their recovery time.
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Experimental Setup

The time of reaction between Zn solutions and the β-Bi2O3 based coating, on two
gold eight-pair IDE sensors on a planar PTFE (polytetrafluoroethylene) substrate
was analysed using microwave and electric techniques, by measuring respectively
the reflection coefficient (at 10 MHz–10 GHz) and the capacitance (at 30–200 kHz).

Fabrication of the Screen-Printed Sensors

Generally, for the development of a low-cost printable paste mixture of the desired
viscosity three components are necessary: (1) a principal functional material, (2) an
organic binder and (3) an organic volatile solvent. These last two components work
as a matrix for developing the correct viscosity of a paste to be printed over the planar
sensors.

Two sets ofAu eight–pair IDE sensorswere functionalised using a semi-automatic
screen printer (Super Primex). A series of Ag eight-pair IDE patterns were also
screen-printed in situ at LJMU on microscope slide substrates using a Silver con-
ductor (Dupont 5064H) for a secondary cheaper development and deployment of the
coatings and an initial characterization of them. Repeatability and reproducibility of
the IDEs were evaluated by impedance measurements (Cp, Rp, Z).

β-Bi2O3 nanopowder 90 < � < 210 nm particle size, characterised by tetragonal
phase and space group P 421 c (114), (Sigma-Aldrich 637017) was used as the
principal chemical for creating the paste mixture to form the thick film. 92.5 wt%
bismuth oxide nanopowders were mixed with 7.5 wt% of a polymer (Butvar B98)
used as a binder, and a suitable amount of ethylene glycol butyl ether (solvent) to
form the paste. The thickness of the β-Bi2O3 based thick film was increased by
multiple screen-printing, with the set of two sensors having 4 and 6 layers printed,
with suitable curing of the layers in an oven at 170º C for 1 h between each print.
The schematic diagram of the screen-printing process is shown in Fig. 2.

The thickness of the final films was measured using an electronic micrometer
(TESA Micromaster), a digital vernier caliper (AOS Absolute Digimatic) and a sur-
face profiler (Taylor Hobson—Form Talysurf 120), resulting in average of 40 and
60 μm respectively for 4 and 6 layers. Morphological properties and elemental com-
positionwere analysed before and after Zn detection using a scanning electronmicro-
scope (SEM), model FEI—Quanta 200 and a X-Ray fluorescence analyser (XRF),
model INCA-X-act—Oxford Instruments. Coating repeatability and reproducibil-
ity was measured through absorbance measurements of screen-printed microscope
slides with β-Bi2O3 based paste mixtures prepared on distinct days. These measure-
ments were performed with a UV-Vis Spectrophotometer (Jenway 7315) as shown
in Fig. 3.
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Fig. 2 Scheme which summaries the integration of functional materials with planar sensors by
using screen-printing technology and consequent production of thick films. Uncoated Au IDE
sensors (a, b) were screen-printed using a β-Bi2O3 based paste mixture (c) and a semi-automatic
screen-printer (d). The finished coated sensors have 40 and 60 μm thicknesses (e–g). In-situ Ag-
IDE were screen-printed on microscope slides using a silver conductor paste (d, h, i) and covered
as described for the Au IDE sensors (l). The front and rear view along with the dimension of the
sensor and the sensing area are shown in (a), (e) and (f)
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Fig. 3 Repeatability of coating method was assessed using UV-vis spectroscopy

Table 2 pH and conductivity of the zinc solutions

Zn solutions

Zn concentration (mg/l) pH Conductivity

0 7.36 1.1 μS/cm

1 3.78 134.4 μS/cm

10 2.60 1.282 mS/cm

25 2.42 3.36 mS/cm

50 1.99 6.52 mS/cm

100 1.97 13.02 mS/cm

Sample Preparation

Six samples with different zinc concentrations (0, 1, 10, 25, 50, 100 mg/l) were pre-
pared by dissolving a defined volume of Zn 1,000 ppm ICP standard solution certified
(Sigma-Aldrich 18562) in deionised water. The chemical and physical parameters
(pH and conductivity, Table 1) for all the sampleswere evaluated at constant tempera-
ture using amulti-parameter probe (PCE-PHD1). All measurements were performed
in an air-conditioned environment at a constant temperature of 18.5° C (Table 2).

Measurement Setup

Functionalised Au IDE sensors coated with the β-Bi2O3 based film with 40 and
60 μm thicknesses were connected to a Rohde and Schwarz ZVA 2.4 VNA (Vector
Network Analyser) via a coaxial cable (Fig. 4a). In this work Molex edge mount
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Fig. 4 Configuration of the EM measurements with a VNA connected via coaxial cable with a
Au eight-pair IDE coated with β-Bi2O3 based coating. Set up of the HAMEG programmable LCR
bridge connected to a coated Au IDE planar sensor (b) and to a coated Ag eight-pair IDE on
microscope slide through a R&S HZ184 K measurable cable (c)

connectors were used. The reflection coefficient (S11) relative to the 50� impedance
of the VNA was measured with a one-port configuration in the 10 MHz to 15 GHz
frequency range, producing a detailed spectrumwith 60,000 discrete points. For each
measurement, 400 μl of Zn solution was dispensed onto the sensor using a pipette,
with the solution held in place by a specific holder (Fig. 2g).

Each solution was tested (n�3) for 30 min with both sensors. This technique
permits a continuousmeasurement and the output was extracted every 30 s tomonitor
any time variation in the interaction between the coatings (40 and 60 μm) and the
Zn solutions.

The sensor capacitance (C) and their interaction with Zn samples was measured
using a programmable LCR bridge HAMEG 8118 configured with a bespoke coaxial
probe (Fig. 4b) at the frequency range between 30 Hz and 200 kHz. Coated Ag-IDE
screen-printed on microscope slide were connected with the LCR bridge through a
R&S HZ184 K measurable cable (Fig. 4c). For consistency, 400 μl volume water
samples were used.

Once the sensors’ output in all frequency ranges was analysed using both Au and
Ag electrodes, 150 Hz was selected to determine the variation in capacitance over
30 min, with a measurement recorded every 5 s. The purpose of doing this was to
assess changes in electrical properties and the consequent reaction between the coated
sensors and Zn solutions. All Zn samples were measured at the same temperature to
eliminate possible effect of the temperature on the microwave spectra [36].
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Table 3 The percentage of adsorption between β-Bi2O3 based film and Zn

Concentration (mg/l) and % of adsorption

Zn concen-
tration
(mg/l)

After 5 min After 10 min After 30 min

Conc. % Conc. % Conc. %

0 0 0 0 0 0 0

1 0.96 4.1 0.938 6.2 0.938 6.2

10 9.6 4 9.39 6.1 9.4 6

50 48.3 3.5 47.3 5.4 47.25 5.5

100 96.7 3.3 94.9 5.1 94.8 5.2

Adsorption Experiment

The percentage of adsorption between adsorbent (β-Bi2O3) and adsorbate (Zn2+) was
estimated bymeasuring the difference of the initial concentration of each Zn solution
and the concentration after the adsorption, by modifying the procedure described by
Dada et al. [57] for simulating the capability of the coating to adsorb Zn ions. 0.02 g
of the thick film (printed on a microscope slide) was put in a plastic container with
20 ml of each Zn solution (0, 1, 10, 50, 100 mg/l). The concentrations in the solution
after the adsorption was measured after 5, 10 and 30 min.

The percentage of adsorption was evaluated using Eq. (2).

% adsorption � ci − ce
ci

× 100 (2)

where Ci is the Zn concentration before the adsorption and Ce is the Zn concentration
after the adsorption.

Results and Discussion

Results obtained with both electric and microwave measurements show how the
reaction betweenZn and the coating is observed to commencewithin 30 s of exposure
and reach an adsorption equilibrium time within 600 s (10 min). At this point, the
measurement of the percentage of adsorption demonstrates that approximately 4%
of zinc is adsorbed on the coating about after 5 min and 6% after 10 min, reaching
an adsorption equilibrium (Table 3).

Likewise, with the higher concentrations (50 and 100 mg/l), the percentage of
adsorption is slightly reduced presumably due to the lower pH (<2, see Table 1).
As a matter of fact, the adsorption of cations on metal-oxide minerals in the natural
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Fig. 5 a Partial cross-section of the functionalised sensor illustrating the sorption sensing principle;
b Scanning electron microscope (SEM) image of the coating after the sorption reaction with the Zn
ions where the particle size is highlighted as laying between 90 and 400 nm; c Elemental spectra
of the film after the adsorption and d the elemental weight percentage

environment is reduced when the pH decrease [12]. Therefore, it is probable that the
pH influences the Zn adsorption on the β-Bi2O3 based coating.

Figure 5a schematically illustrates the adsorption reaction between the Zn2+ ion
and the β-Bi2O3 based film. The SEM image of the coating after measurements
(Fig. 5b) and the elemental composition spectra and their weight percentage (Fig. 5c,
d) obtained with the XRF confirm the presence of Zn on the coating.

The microwave spectra obtained for the Zn solutions at the concentration range
0–100 mg/l were analysed for uncoated and coated sensors with 40 and 60 μm
of Bi2O3 based coatings. The higher linear correlation and sensitivity between the
S11 response and Zn concentration was identified in the frequency range between
2.25 and 2.53 GHz respectively for uncoated sensors and coated sensor with 60 μm
coating, as shown in Fig. 6.

Figure 7a shows the timeline responses within 30 min for the Zn solutions mea-
sured with microwave spectroscopy with the f-EM sensor with β-Bi2O3 based film
with 60 μm thickness at the most pronounced peak (2.53 GHz). Figure 7b and c
display the capacitance measurements at 150 Hz performed with the LCR bridge
using respectively the same kind of sensor and a coated Ag IDE, with the same
60 μm film, printed on microscope slide in situ and connected with the LCR bridge
through crocodile clips. This shows how the S11 and C parameters change during
the first 10 min and reach stability afterwards. Capacitance and S11 tend to increase
with Zn concentration, with most of the response occurring within the first 5 min
after application of the water sample on the sensor surface; then the signal tends to
stabilise by comparison and remains stable beyond 600 s. This demonstrates that the
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Fig. 6 Microwave spectra at
the frequency range
10 MHz–15 GHz for Zn
solutions 0–100 mg/l
measured with a 60 μm of
Bi2O3 based coating: the
best linear correlation
between Zn concentration
and S11 response was
identified at 2.53 GHz after
10 min

interaction between the functional coating and the Zn ion reach an equilibrium at
this point. It is appreciable how adsorption is fast at the beginning of the experiment
(first 5 min) and then progressively slows down till the equilibrium is reached.

Figure 8 shows the results obtainedwith f-EM sensors with 60μm thickness in the
frequency range between 1 and 3 GHz for the range of Zn solutions. A resonant shift
occurs depending on the zinc concentration at two resonant frequencies, around 1.38
and 2.53 GHz. The dash-lines express the initial points, after 30 s, the dot-lines after
5 min and the solid-lines after 10 min (equilibrium). The linear correlation for the
60 μm coating for both capacitance and S11 response was stronger and the response
more sensitive than the 40 μm coating.

Examples of linear correlations obtained for S11 (peak, 2.53GHz) and capacitance
at 150 Hz with 60 μm thickness coating at 30, 300 and 600 s are shown in Figs. 9
and 10. Also here is visible how the results with time change are more pronounced
in the first part of measurements and minimum after 5 min. As well as the linear
correlations between various Zn concentrations are similar between 300 and 600 s
for both reflected power (R2 = 0.97) and capacitance (R2 = 0.99). Figure 10a, b
compare the response obtained with the same coating thickness (60 μm) on Au IDE
EM sensor and the Ag IDE printed on microscope slides. The capacitance and the
R2 are lower with the coated Ag IDE demonstrating that the Au EM sensor performs
better for Zn measurements.

The sensor covered with 60 μm of β-Bi2O3 based coating result more sensitive
than the uncoated sensor and the covered with 40 μm coating. In fact, the change in
signal amplitude (expressed as dB/mg/l), at each peak (about 2.5 GHz) is higher for
the 60 μm film as shown in Fig. 11 where the data are normalised. The 0 ppm value
is cut off because not in line with the diverse Zn concentrations for the measured
electrical property of capacitance. This is reflected also in the microwave response
(S11) demonstrating the ability of these two methods to identify the presence of the
investigated metal.
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Fig. 7 Timeline response measured with a β-Bi2O3 based film with 60 μm thickness on the Au
eight-pair EM sensor measured for 30minwith amicrowave spectrometry at the peak 2.53 GHz and
bwith the LCR bridge at 150 Hz; c shows the timeline capacitance response at the same frequency,
with the same thickness of the coating on an Ag IDE screen-printed on a microscope slide
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Fig. 8 Microwave output obtainedwith coated sensorswith a β-Bi2O3 based thick filmwith 60μm;
it is been recorded the response obtained after 30 s (dash-lines), after 5 min (dot-lines) and after
10 min (solid-lines)

Fig. 9 Linear correlations between reflected power measured at the most pronounced peak (at
2.53 GHz) and Zn concentration at three different times: 30, 300 and 600 s measured with 60 μm
thickness of the β-Bi2O3 based coating

In the functionalised sensor, the electromagnetic wave propagates in both: the
substrate on which gold IDE are printed, and the top β-Bi2O3 based thick film.
Therefore, the overall propagationwill depend on the permittivity of each component
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Fig. 10 Linear correlation between capacitance and Zn concentrations measured continuously,
every 5 s for 30 min, and illustrate here at three specific times: 30, 300 and 600 s with 60 μm
thickness of the film printed on the Au eight-pair IDE sensor (a) and on the eight-pair Ag IDE
printed on a microscope slide (b)

in the system, such as a substrate permittivity and its thickness, and on the sensitive
material permittivity,whichwill changewith the adsorption of the zinc in the sensitive
layer.

As a result, a continuous measurement protocol must accommodate timing.
Regardless the results change with the time and Zn concentration output is related
to the reaction time which links to the percentage of adsorption on the film. Con-
sequently, it is more important to consider the relative change and not the absolute
value S11 or C, exploring relative measurements and to measure samples for the same
length of time enabling comparable results.
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Fig. 11 Sensitivity comparison between an uncoated sensor and two coated sensors with two
thicknesses (40 and 60 μm) respectively at each peak (about 2.5 GHz)

Sensor Recovery Time

It was noted that when the sensor is “dry” (unused), the reaction time is longer; when
it is “wet” (previously used), it is shorter, although the final results are similar. This
is possibly because the solution needs more time to saturate the voids in the film. So,
when it is dry the zinc takes longer to be sorbed on the β-Bi2O3 tetragonal structure.
Consequently, it is necessary to consider the state of the sensor when a water sample
is analysed with a thick film sensor.

In this experiment, the sensor recovery time was also evaluated using the LCR
bridge and the VNA as the time needed for the response of the sensor to return to the
90% of the original “air spectra”. The recovery time was assessed after each measure
and each f-EM sensor was rinsed in distilled water. It was recorded as being between
100–150 s, resulting in a return to the air value respectively of 31 pF and 35 pF
(Fig. 12) for 40 and 60 μm thickness of films with capacitance measurements. With
the microwave measurements, the results are approximately the same, returning to
the air spectra after 100–150 s (Fig. 13). The reaction does not alter the coating for
many hours of measurements, as also demonstrated by SEM and XRFmeasurements
(Fig. 5b, c). It will begin to alter after about 20 h of continuous monitoring, as
described in more detail in the next section.

Reversibility, Stability and Reusability of the Coating

The reversibility, stability and consequent reusability are presumably associated with
weak interactions between the sensitive layer and the analyte (physical sorption), very
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Fig. 12 Recovery time recorded every 5 s with the LCR bridge for the 60 μm thickness which
returned to the air value (35 pF) after several Zn solutions measurements at different concentration

Fig. 13 Example of (a) a sensor recovery spectra after 10 mg/l Zn measurements captured every
10 s for 5min using aVNA. The correlation (b) at 4.51GHz between recovery time and S11 response
is shown in the bottom left; stability is reached between 100 and 150 s
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similar to van der Waals forces, which are the dominant interactions between a large
range of metal oxides and cations [45]. Hence, desorption may be the ultimate result.
Consequently, there is no degradation of the film for several hours of continuous
monitoring and the relative standard deviation (RSD) is<3% for all measurements.

Despite this, after long usage, the film starts to be slightly modified probably
because of the 1% HNO3 of the Zn stock solution, and the consequent formation of
bismuth nitrate, mostly with high concentration due to the higher amount of stock
solution used formaking the standards. This is deducted by aminute change observed
in the air spectra and in the coating aspect.

Figure 14 shows the differences of the sensor with 60 μm coating before (a,
right) and after (b, left) the sensor is deteriorated and considered disposable, after
approximately 20 h of continuous use (see top images). SEM images (bottom) show
the morphological surfaces of the coating for the respective sensors: clearly, with
long-usage and continuous use, the sensors deteriorate. Specifically, the sensor tends
to recover from repeated measurements, but after significant use, this deterioration
alters the Zn characteristic response.

Considering reaction time, recovery time and sensor reusability, accomplishing
continuous monitoring in situ it will be necessary to use multiple f-EM sensors, with
the purpose to cover the time gaps caused by the recovery time of the sensor and
obtain a set of comparable and reliable results.

Future Progression

This experimental integration between Bi2O3 based thick films and microwave spec-
troscopy demonstrates the feasibility of using this approach for increasing the perfor-
mance of Zn detection using microwave spectroscopy. Future experiments will study
the possibility to use this novel method for real mine polluted water and multi-metal
measurements. Sensor arrays with specific functional materials for diverse toxic pol-
lutants in water will be integrated for simultaneous and continuous monitoring of
other metals in water.

Further work would focus on increasing the sensitivity, considering it has been
demonstrated in the mg/l range and the EQS for Zn is freshwater is above 0.125mg/l.
However, as an early detection method, the current sensitivity may be acceptable.

Conclusions

This chapter communicates the experimental results of measuring the response and
recovery times of functionalised planar type electromagnetic sensors coated with β-
Bi2O3 for the continuous detection of Zn concentrations in water. A comprehensive
set of complementary experiments using electrical andmicrowave detectionmethods
demonstrate that the state of the sensor and the time of reaction are important for
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Fig. 14 Photos (top) and related SEM images (bottom) which show the differences between the
sensor during the beginning of the measurement (a) and after 20 hours (b)

reaching a stability between the analysed sample, in this study zinc in water, and
the β-Bi2O3 based film. Typically the sensor stabilises 5–10 min after applying a
sample, and takes 2–3 min to recover to the original output levels after the sensor
is rinsed. This would ideally be faster, but for an unattended system it is still better
than sampling and for laboratory-based measurements.

The change in sensor output appears to be reversible (i.e. the sensor recovers),
the sensor can be reused, and the output is relatively stable. Re-use should be further
investigated since re-use is clearly finite; however, the cost of the sensor would be
low in large volumes, so a semi-disposal option is feasible.

This study has confirmed the potential of a novel EM sensing approach combined
with functional materials as an alternative method to current offline techniques for
Zn concentration monitoring of polluted mine water, and to provide an early warning
system for pollution events.
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