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Abstract

Abstract

Worldwide, tousands of pollutants threat freshwater and environmental health.
Therefore, toxic metals from point and diffuse sources in abandonéagnaireas need

to be efficiently managed and monitored.

As of yet, no method can measure toxic metals in watesitu and in reaftime,
guaranteimg a clear picture of water quality continuously. Microwave spectroscopy has
been shown to give a retiine response dependent on the sample composition as soon as
a water sample interacts with the electromagnetic waves.

Consequently, this work aims tpecialise microwave sensors to monitor toxic metals in
mining-impacted water. Planar microwave sensors haen integrated with mixtures of
materials (such as metal oxides and chelating polymers) using -frnetmg
technology. These novel sensing stoues are defined as functionalised electromagnetic
sensors (EM sensors). M sensors, compared with urated sensors, were able to
qualify with higher sensitivity and selectivity toxic metals (Zn and Cu) in simple lab
prepared solutions at various centrations.

F-EM sensors were then adapted to directly probe water samples and tested in the
laboratory withcollected freshwater samples using the standard addition method. Data
were analysed using a novel approach based on multiple peak analysis tad selec
frequencies. Subsequentlyi=M sensors were test@dsituin mining-impacted water in

four polluted mning areas in the UK. The results were compared and the possibility to
qualify and differentiatén situ pollutedwater was assessed.

In conclusion a combination of variousEM sensors, defined as &&EM sensor array

is a valuable solution for monitog and managing contaminated freshwater resources,
by providing practical, rapid,in situ and lowcost measurements for evaluating

unexpected varteonsin water composition.
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Chapter 1 Introduction

Chapter1| nt roducti on
1.1 Background information

Freshwater is an indispensable resource, but it is limited in quantity and quality. Water
management is becoming increasynghallenging owing to factors such as climate
change, overexploitation and contamination from both point and diffuse sources due to
agricultural and industrial activitiegNordstrom, 2009) Legislation to protect the
environment firsappeared in the early 1970s, when the European Community and the
United States made water quality a priority with the First Enviemtal Action
ProgrammegEuropean Communities, 1973; European Parliamentary ResBareite
(EPRS), 2018pnd the Federal Water Pollution Control Act, respectively. Since then,
several EU and US directives were introduced to prevent, monitor, reduce, emwatrol
remediate pollution of river basins in Europe and worldwide. Cuyretite most
importantpieces ofrelatedwater legislation are the European Union Water Fraonke
Directive (EU WFD, 2000/60/EU) and the United States Environmental Protection
Agency Clean Water Ac{US EPACWA). They aim to assure good water quality by
controlling and limiting contaminants to established standards that are regularly revised
(Brack et al, 2017)

Inorganic metals pose a substantigk rto almost half of the water bodies recently
monitored in Europe. One of the major causes of their dispersion in freshwater bodies is
due to the exploitation of sulphide minerals for the extraction of valuable metals. These
includepotentiallytoxic metls, such as zinc (Zn), copper (Cu), lead (Pb) addaan

(Cd) which are not degraded by normal biogeochemical cycles and can movengom
environmental sector to anoth@li et al, 2019) They are also accumulated in living

organisms including human organs through the food diBgime et al, 2012)
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Theeatymetab denomination, widely used by m:
describing potentially toxic inorganic elements is NG&€&diin this thesis. This definition
generally includs proper metals and semimetgatsetalloids) such as Zn, Cu, Cd, Pb, As

and Hg, but it is considered confusing by the International Mine Water Association
(IMWA) asit includes elements that are nbeaw nor ametal such as arsen{®uffus,

2002; Wolkersdorfer, 2008y hey are more coectly denominated gstentially harmful
elementsPHESY, potentially toxic elemenf$TES9, trace metalandtoxic metalsin this

work, Cu, Zn, Pb, Cd, etc. are referred tamsc metals

1.2Mining areas and pollution

Mining activities have been an imgant contributor to global wealth but mineral
extraction disfigures the landscape and generates huge quantities of waste materials

in potentially toxic metals. They can severely impact the ecosystem and be detrimental to
human healtljwolkersdorfer, 2008)

The metalliferous veins from which the metaisnterestare extracted in neooal metal

mines are mostly sulphide minerals, such as galena (PbS, lead sulphide), sphalerite (ZnS,
zinc sulphide), pyrite (Fe§ iron sulphide) and chalcopyrite (Cuke®opper iron
sulphide). They are quarried in open pits (reémg the surface layer), underground mines
(through horizontal tunnels, shafts) or both (Figure 1.1). The valuable metals were
comnonly separated using grinding, leaching and electrolysis. The waste materials
derivedfrom the extraction of the valuableaet s, defi ned as fAgang
in waste rock dumps or abandoned in river beds. They are still highly rich in potentially
toxic materials, which are mobilised in the environment. These waste materials have

varied granulometry, which determines timotential for the toxic elements to be
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dispersed. The smaller the granulometry (e.g. fine tailings), the higher the exposel surfac

- k':

is to weathering.

£

il
b

Figurel.1 An example of a mining areRarys Mountaimmine site (Anglesey, UK)

The major mechanism associated with the mobilisation of metal ions in miningsareas
the oxidation and consequent hydrolysis of sulphide minergdssexby mining activity

that increases the surface area exposed to weathedigeaconsequent releasfametals
(Johnson, 2003)

This process, which is typically called acid mine drainage (AMD) or acid rock drainage
(ARD), leads to the dispersion of metal ions in water bodies withhhgulplate
concentrationand low pH levels (acidic water), well described by the oxidation and

dissolution of pyrite (formula 1.X)¥ounger et al, 2002)

”n \J LA} X e 7, e ”n, U LA} e 7,
oQ"Y =0 OLO%"0Q ¢YU ¢O
C (1.1)
pyrite  weathering water iromio sulphates acidity
(s) @ 0] (aq) (aq) (aq)
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Discharges are not only highly acidlmjt they can also be circumneutral. This mainly
depends on the following twiactors. The first is the ore mineralizatiaself, as the
oxidation of other sulphide minerals (e.g. galena, sphalerite) do not produce acidity

(formula 1.2). This process is known as-akdaline mine drainage (NAMD).

0@Y¢l © 0w YD (1.2)
galena weathering lead ion sulphates
(s) @ (aq) (aq)

Thesecond is the neutralisation of the acidity caused by calcium carbdnagséntin

the embedding rock) (formula 1.3).

OWO0 O % 6w 000 (1.3)
calcite acidity calcium bicarbonate
(s) (@ (aq) (aq)

Generally, the ionic metal form is considered thest toxic, although other weak
complexed species (oxides, hydroxides, and sulphates) and organic colloidal phases are
also cause for concern. The metal ionic form and its precipitation or sorption to other
phases are related to the pH, the sorbate iglesntid its concentration, and the sorbent
composition, et¢Smith, 1999)

Besides pollution by extracting agents is another serious problem. For example, the
extraction of Au from host minerals is achieved by cyanidation, and the cyanide (CN
highly toxic) and other waste material are stockethilings impoundmen({Da Pelo et

al, 2009)

Therefore, adequate monitoring and accurate assessme required to minimise the
environmental sk posed by both acidic and neutral mine drainage from active and

abandoned mining sites all over the world.
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1.2.1Abandoned mines and the freshwater environment

Surface water is the preferential dispersion eoaf these toxic elements even at
considerable dtances from their source, and several reactions occur in the watershed
with the consequent possibility of polluting drinking water supplies. Pollution sources are
mainly grouped into two categories: poimdadiffuse sources. Point sources are mostly
drainage aditgFigure 1.2), which are groundwater that rises after the pumping used for
the mining activity has stopp€BEnvironment Agency2008) Diffuse sources are mainly

due to leaching from deposits of waste materials (Figure 1.3) either piled up in heaps,
along river beds or burig@erkins et al, 2016 hese toxic metals sources are not always
easily identified as metals molsidition depnds on environmental conditions, such as

stream flux, changes in pH and riverbed mate(i@idu et al, 2011; Gozzard et al, 2011)

Z))
Z
Z

-

Figurel.2 Example ofa drainage adit in the Montevecchio Mine district (BeiMtest Sardinia, Italy)

Mobilised metals can also be transported from headwater catchments to coastal areas

(Mayes et al, 2013)
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Several natural attenuation processes atfluence the dispersion of metal ions. For
example, e bioprecipitation process of hydrozincite is responsible for the natural
reduction of Zn in stream wat@vledas et al, 2012}he adsorption of metals on Hydrous
Ferric Oxides (HFO) generated by changes in(Bkhith, 1999) natural wetlands or
biogeochemical barriers which attenuate the metal concentratibresimnwater systems

(De Giudici et al, 2017; Dean et al, 2013)

Figurel.3 Leachate from tailings heaps in Nant y Mwyn lead mine (Central Wales, UK)

The most commometals that are related to mining areas are zincddpper (Cu), lad

(Pb) and cadmium (Cdandexcessive concentrations can be harndfliving organisms

(Byrne et al, 2012)They are also callemlace metalsdue to their toxicity and presence

i n t he environment at generally l ow cc
Consequety, global and European legislation has established environmentatyqual

standard¢EQS) as fAsaf e ¢ onc e nibfreshtvdateo Mablé 1 reviewst o x i
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the EQS established by the UK Technical Advisory Group on the EU WFDTAIR)

(UK Techncal Advisory Group on the Water Framework Directive, 2088) US EPA
(EnvironmentalProtection Agency) (United States Environmental Protection Agency,
1986)for Zn, Cu, Pb, Cd and sulphates well as the metal concentration range for
polluted rivers in mining areas worldwide. Pb and Cd are itehiiséhe priority list for
their elevated toxicity at nano levélgency for Toxic Substances and Disease Registry,
2017) Besidesinsomeminingsimp a ct e d ar e ametatlehekisalfieadyg abaeveé i n e O
the EQSs, despite the extraction activitiBgecenty, the Department for Environment
Food & Rural Affairs (DEFRA) hasreconsideredstandard values bgvaluaing the
pollution above th baseline metal concentrationespecially for Zn,recognising the
importance of local baseline variabilifppepartment for Environment Food & Rural
Affairs, 2014; Hudson et al, 2018)

Their bioavailability is regulated by sewatrphysical and chemical factors, such as
temperature, pH and wosequent differential adsorption, phase association,

thermodynamic equilibrium, and complexation kinetitshounwou et al, 2IR).

Tablel.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 and UK EQS (mg/L) for US EPA EQS (mg/l)  Global concentration

sulphates inland and other for freshwater (acute ranges in polluted
surface water and chronic) (United = mining surface water
(Environment States Environmental ~ (mg/L) (Byrne et al,
Agency, 2011) Protection Agency, 2012)
1986)
Lead (Pby 0.0072 0.00150.065 <0.0072>12
Zinc (Zn) 0.0080.12% 0.0590.210 <0.008>420
Copper (Cu) 0.00%0.028& 0.0170.03%4 <0.00%:>240
Cadmium (Cd)? < 0.00008 0.0002%¢ 0.000660.0018 <0.00008>2.6
Sulphates (SQ) 400 250 <400->16,000

apriority substances (by ATSDR);
bdissolved concentration (<0.44n);
‘depending on the annual mean concentration &dza

There are many examples wheresteafrom themining industry has posed a risk to water
resources and to animal and human health. In 2015, a failure of the Fundédo and Santarém

mine tailings dams in Minas Gerais, Brazil, caused the release of 62 miflafrsediment
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and water. This cutfbpotable waer supplies, blanketed more than 650 km of rivers, and
flowed into the Atlantic Ocean. In January 2019, another tailing dam collapsed in the same
area. Another example is the accident in the Gahdy Mine, Colorado, where the water

and tailngs from the mine spiinto Cement Creek which was turned bright yellow during
the attempted remediation. The Rio Tinto Mining district in Spain, which has been
working for more than B00 years, has polluted motiegan 90 km of rivers with an
extremely hgh concentration of metals and low pH (<3): 8.1% of the dissolved Zn flux in
the global rivers consfrom the Rio TintgHudsonEdwards, 2016)Numerous attempts

at reclaiming mining areas have not been completely efficient, because not effective
studies nor consideration of detailed reseaarhied out by Universities. An example is
Baccu Locci mine in Italy, where the remediation solved the problem related with the
reduction of acidity and Pb concentration, without considering that the increase of pH

determines a higher dispersion of (ddau et al, 2013)

1.2.2European andUK overview

Europe was one of the mosbgductive mining regions in the worl&achcountry still
suffers from water metal pollution problems caused by past mining activity which include
rising mine waters (which sometimes intercept important aquifeng),sarface water
pollution arising from tk discharges of spoil heapé/olkersdorfer & Bowell, 2005;
Wolkersdorfer et al, 2012)n England and Wales alone, there are 4,923 abandoned metal
mines (Mayes et al, 2010)vhich pollute wéer bodies9 % of rivers in England and
Wales, and 2 % in Scotlancarry some of the biggest discharges of metals such as zinc,
copper, lead and cadmium to the seas around Bri@lmgf targetsfor good chemical

and ecological status established by DVFor instance, Table 1.2 summarises some

examples of polluted water in mining areas with high Zn, Cu and Pb concentration for
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some selected countries in Europe (Spain, Italy, Finlawdway, North Macedonia,
Germany) as well as in the United Kindom, thodVales. Generally, in England and
Wales the pH of water is mostly circumneutral (&%), as pyrite based mineralisations

are sporadi¢Mayes et al, 2010)An exceptionis Parys Mountain mine, where the ore is
based on chalcopyrite, galena and sphalerite, with abundant pyrite forms a unique deposit
in the UK, which produces very acidionditions, pH of 2 in the river basiiiBoult et

al, 1994)(Figure 1.4).

./‘vj

Figurel.4 Afon Goch River (Parys Mountain mine, Anglesey, UK)
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Table1.2 Zn, Cu and Pb average concentration ranges in seatex impacted bypon-coal minein

Europe*

UK

1.2.3Problem statement

It is difficult to identify, characterise anquantify point and diffuse sources of toxic
metals in polluted mining areas. As previouslx p| ai ned,

are involved in reactions between water, solid phases and orgammstar different

Country | Mining district

SP Rio Tinto

IT Montevecchio
Fi Luikonlahti

NO Lakken

NM Zletovo

GE Kupferschiefer

Force Crag Mine
Parys Mountain Mine
Cwm Rheidol Mine
Afon Twymyn

Nant y Bai Lead Mine

Parc Lead-Zinc Mine

*(SPi1 Spain; ITT Italy; FIT Finland; NO- Norway; NM1 North Macedonia; GE Germany)

Europe and in the UK

Zn (mg/L)
56-420

0.251,200

1.64.1
30-50
0.0626.11
0.41-1.05

0.21-2.95
1-10
13.5
0.011.7
0.5

0.270.34

Cu (mg/L)
24-240

0.21-3.4

0.0030.5
5-10
0.031.05
0.080
0.360

0.01-3.0

<0.030

Pb (mg/L)
0.1-:24

0.56-3.60

<0.030.08
0.06-0.08

0.0050.097

0.75
0.01-0.4
0.28

0.382.60

Reference
(HudsonEdwards et
al, 1999)

(Cidu et al, 2011)

(Wolkersdorfer &
Bowell, 2005)
(Alderton et al, 2005)
(Bozau et al, 2017)

(Jarve et al, 2019)
(Dean et al, 2013)
(Mayes et al, 2009)
(Byrne et al, 2013)
(Natural Resources
Wales, 2014)

(Gao & Bradshaw,
1995)

met al

geochemical and hydrological settings in addition to human adiiBymse et al, 202).

Currently, water resources in a watershed require sampling at different lscatidn
consequeniaboratory analysis of tise samplesExisting laboratorybased methods are

able to detect ppb range levels of metals in mm#tal water samples, butdy are

ons

expensive, bulky and cfine. This allows the determination of pollution of a particular

site at a particular moment, tiitiis not enough for evaluating the impact assessment or

efficient remediation strategy; it is necessary to enable a moadedieexploration of
metal dynamic$Jarvis et al, 2019Moreover, laboratorpased aalysis is not applicable
for an early warning oén unexpectedariations in water compositiorilso, to apply

efficient remediaon strategies it is necessany monitor their effect continuously once

they are in place, as well as taking accourgeafsoal variation(Mayes et al, 2009)
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Consequentlyit is necessary to develop lemost sensing systesfor in situ monitoring
of water resourcet® minimise the environmental risk posed by mine drainage from both

active and abanded mining complexe@ltenburger et al, 2015)

1.3 Purpose of this study

The purpose of the current Plboject is to develop an@sta novel reatime sensing
plattorm based on functionalised electromagnetic wave sensded (sensors)
(Figurel.5) far thein situdetection of toxic metals in water.

Microwave spectroscopgan continuouslydetectchangesn material properties. This
work has investigated the possibility of using microwave spectroscopy as a solution to
detect toxic metals in water.

Ealy experimentghat were performed using already developed planar sensors at LIMU
demonstrated the posdity to detect changes in the concentration of Zn, Cu and Pb . The
technique needed improvement, however, to detect smaller changes in metal edhtent (
mg/L) and to distinguish between similar toxic metals. Consequently, this PhD project
has investigatethe integration of functional materials on planar electromagnetic (EM)
sensors to improve the performance of microwave spectroscopy for monitaxiog to

metak in water.

1.3.1Novelty

The novelty of this PhD project is thhesearch andlevelopment of innovates FEM
sensors. For the first time, plamarcrowavesensorswhich werealready developed at
LIJMU, wereintegrated witrscreenrprintedthick films based on combinati@of various

materialsusing screeiprinting technology
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The novelty of this work is sygorted by peereviewed papers that are published in
international journals and conference proceedings of work presented at various

international cordrences.

FUNCTIONALISED

SCREEN-PRINTED ELECTROMAGNETIC (f-EM)

COATING SENSOR
_ INTERDIGITATED
ELECTRODE (IDE)
PATTERN
PLANAR w .
SENSOR SMA

- » CONNECTOR

Figurel.5 Example of a functionalised electnagnetic wave sensorEM sensor)

1.3.2Aim and objectives

This PhD project aim toresearch andevelop a novel redime sensing systenbased
on microwave spectroscopyand fEM sensors for detecting the presence and
concentration of toxic metals in pollatevater in reatime, and forgeneraing a more
specific response between similar toxic metals.
The objectives for accomplishing thien of this work are:
01) Evaluate themprovedperformance of variousedeloped f-EM sensorsin
the laboratory, which afeased on selected functional materifds detectinghe
concentratiomf single metasolutiors (Pb, Zn and Cu)sing microwave anldbw-
frequency impedance measuremeatslcompaing the response with uncoated

Sensors
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02) Investigate thenicrowaveresponse of adaptedEM sensorsvhendirectly
probing water samplesollectedfrom mining-impaded areas ithe UK, which

wereprocessedsingthe standard addition method

03) Testmultiple f-EM sensos for more specific characterisation of the water
sampes and perform field trialin four miningimpacted watexin the UK to

evaluate the feasibility oh situ monitoiing using microwave spectroscapy

The specific objectives are restatettli expandedt the beginning of eadaf the Results

and Discussiomhapters 5, 6 and 7which correspond respectively to O1, O2 and O3.

1.4 Chapters overview

This sectiordescribes the structure of this thesis by chapter.

Chapter 1 outlines the problem associated with mining areas and the consequent
pollution of water resougs, particularly related to the dispersion of toxic metal in
freshwater. Limits related to currentethods for metal analysis are introduced and the
need for developing a sensing system t@atmonitor toxic metalsn situ and in real

time is explained. @rsequently, the approach and the solution proposed in this work is

introduced by explaining the ajmovelty and objectives.

Chapter 2 describes both the established methodsnawve! trendgor monitoring toxic

metals in water. The chapter is dividecintt hr ee parts: the firs-
standard techni gques 0waeb With afocas oathedr hdyastagesne t ¢
and disadvantages. The second part describes the ongoing research that is taking place

for solving the problem dbck ofin situ monitoring, with a small indication of what is

Frau, llaria 13



Chapter 1 Introduction

available on the market. Finally, th@rd introduces microwave spectroscopy aittM

sensors as a possible solution.

Chapter 3 definesthe technology in use, specifically microwave spectmpgcahe

required theory, the interaction with water, its potential and its limitation. It intreduce

the principle and thapproachesther researchers a@kingt o det ect fAmat er
environment. Then, other research carried out around the gl@bi@dally investigated.

The emphasis is then moved trthe novel methodologies that are usedifioproving

the performancefamicrowave spectroscopy for specific purposes, mainly focusing on

the material integration. Finally, the choices of tegeach approach used in thigork

arejustified byconsulting relevanpastand upto-date literature.

Chapter 4 describesthe research methodology. Firstly, coating preparation and the
development of the EM sensors are explained. Then, sample preparatmoalection

are described. This is followed up by a description of the measuremeptfeetthe ests

carried out, which includedoptical low-frequency impedanceand microwave
measurements, and the description of how the sensing system was adaptesitfior
analysis. Coating characterisation techniques before and after metal interaction with
functional materials are then described. Finally, it is explained how the spectral responses

are investigated for evaluating the sensing performance.

Chapter 5, 6, and 7present results and findingShapter 5 describegesults for small
volume analysis (400 pL) afimple water samp$e such as Zn, Cu and Pb solutions at
various concentrations, using uncoated a&dff sensors, with coatings based on diverse
materal mixtures. Specificallythese coatingsare based on a mture of chelating
polymers (lcysteine and chitosan) and metal oxidésB{(zOs, M10, ITO, RuO,

BiCozZnO) Results are analysed, compared and discussed
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Chapter 1 Introduction

Chapter 6 delineates the response of varideEM sensors for more complex water
samples. It also desbes results forthe strategiesdopted forin situ monitoring (e.g.
immersed sensors in water, portable VNAs, etc). Two novel approaches for microwave
sensing are described: i) the standard amtditnethod for metal analysis and ii) the
multiple peaks andhultiple parameter analysigq, fo, FWHM, H, A) usingLorentzian

fitting functionrs.

Chapter 7 presents results foexperimentalin situ field testing using various-EM
sensors and a portable ¥¥\Nn mining-impactedwatess from selectednining areas iithe
UK (e.g Parys Mountain, Wemyss and Nant y Mwyn mines). The conceptrafan f-
EM sensor arrays presented fgorovidinga morespecificresponse, especially for multi

metal solutions with aoplex matrices

Finally, Chapter 8 concludes the thesis, summarising the main findings.
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Chapter2 St aottehaer t and new trends: tc
2.1 Current methods for metal detection

Current techniquethat are able to detect toxic metals accurately inveatedestructive

bulky laboratorybased machines, which require sample collection, preparation,
expensive consumables, time and highly trained geaiya et al, 2017)However, their
biggest limitation is the inability to give a specific, réate in situ response. Gold
standard methods provide difie monitoring, lowfrequency data sampling and delays
between sampling and availability of the results. This limits the ability to characterise
point and diffuse sources related to metal dynamics when environmental candition
change, and to detect an unexpected change in teta pollution as soon as it happens.
Consequently, worldwide researchers are working on developing novel techniques able
to identify and distinguish toxic metal ions both qualitatively and quantdgtia situ.
Specifically, it is interesting to notiddat there is an enormous difference between on
site andin situ measurements. Explicitly, esite means that the system is portable,
although the probe cannot be immersed directly in the water, sang#d to be collected

and prepared; insteaith, situ means the sensor is probing in water, and the sample is not
collected (Holmes et al., 2018).

This thesis describes the novel research of a method for toxic metal detection which is an
application thahas not found a tangible and practical solution ud not.

This chapter describes i) the Agold stanc
and ii)the progress in other research areasriaitu monitoring, with a particular focus

on theirpotential and limitations.

Frau, llaria 16



Chapter 2 Stateof-the-art and new trends: toxic metal analysis

2.1.1Water samples collection aphysicochemicaparameters

Nowadays, the characterisation of polluted minimgacted water is evaluated by
expansive and timeonsuming campaigns, with consequent costly laboratory analysis.
Samples are collected manuallyaadpecific site, in a partidar moment, with specific
ervironmental conditions (Figure 2.1a). The problem of sampling rate at a specific site
can be addressed using astmpling equipment (Figure 2.1b) which can collect samples
when there are variations in environmental condit{@eng. daily or flow variation They

are programmed to collect a fixed water volume at specific time intervals (e.g. every few
hours or every few days). However, this can still introduce errors into measurements if

samples are left in the field for too prbefore collection and redec one ds abi

determine a significant event because of the sampling frequency and consequent analysis.

Figure2.1 Manual sample collection (a) and automatic sampler dolgprogrammed samples (b)

Sampling is always also accompaniedrbgitu measurements of other parameters, such
as conductivity (EC) pH and temperature (T) (Figures 2.2a,and c). These

physicotr e mi ¢ a | parameters ar e fge bebvedn théfield a s

t

and the laboratory where the samples are processed and analysed. The EC can be an

indirect measure of pollution: generally, a sample with a higher EC and lower pH, will
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be morepolluted than a sample with a lower EC and higher pH. éd@w this is not

always true, as a high EC can be also generated by a high bacterial charge. Consequently,
physicochemicgbarameters are necessary for the first evaluation of variations related to
other environmental conditions that can influence metaanhic.

After samples are collected, they are processed. Generally, an aliquot is filtered to
0.45um for evaluating the dissolved toxic metal component; another one is measured as
unfiltered, genrally considered as total, particulate and complexeddésxicomplexed

with organic matter, etc(De Giudiciet al, 2019) Then, samples are acidified, using 1

2% v/v of nitric acid (HNQ) or hydrochloric acid (HCI}o i) preserve trace metals in

solution and ii) avoid or reduce precipitation.

Figure2.2 Exampk ofin situ physicochemicagbarameters measurements: EC using a fpaltameters
meter (a), pH using a pH meter (b) and mplrameter probe, AQUAREAD (c)

Several other technologies have been recently developed as alternatives to traditional grab
samplng and laboratory analysig1 Colorado,Chapin (2015)nd his research group

from the U.S. Geological Survey developed a water sampler, the MiniSippertable
acidify, filter samplesrd grab water samples with high frequency, thanks to its capacity

to collectup to 25 5 mL samples. This uses gas bubbles to separate a small volume of

samples (for ICRMS analysis) in a long tubing coil. This new approadhdgantageous
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for detectingan unexpected event (due ite capability to collect samples with high
frequency), for the capacity to prepare samples diremthgite for analysis in the
laboratory, and for improving our understanding of the geochemicabmespto
temporally variableprocesses. However, this is not able to solve the high costs of
laboratory analysis. Als@ long period between samples collectamd analysis inthe
laboratory can result in alteration of samples composition due to chebimabical,

and physical regtions( Radovanovi.l et al, 2019)

2.1.2Laboratory-basedanalytical detection techniques

The accredited laboratoiyased techniques for detecting toxic metals in water include
inductively coupled plasm& optical/atomic emission spectrometry (KCES/ICR

AES), inductively coupled plasmanass spectrometry (IGKS) andatomic absorption
spectroscopy (AAS)YMorton et al, 2009) These methods are highly sensitive and
selective, although they need sample preparation, trained staff, expensive disposable
equipment and gas for running experimdhtset al, 2003)

Spectroscopy and spectrometry do not describe the same method and the terms are not
interchangeable. Spectroscopy studies how electromagnetic ragliatiany frequency,
interact with the matter and prodseespecific spectrum. Spectrometry can be consder

as a method of studying spectra. This is not necessarily as intensity as a function of
frequency. For instance, atomic absorption spectroscopy studies the absorption of light
by a particular element atspecific wavelength; while mass spectrometry speglot

intensity versus mag3odoli & Mermet, 2008a)
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2.1.2.1ICP-OES

ICP-OES(Figure 2.3 and ICRAES have been used for the last few diessand represent

the same technology and method. This technology was introduced and developed in the
mid-1960s and is still one of the masidely used techniques for analysing cations in a
water sample. fie principle behind it is the interaction withlagma and electromagnetic
radiation. The sample enters a chamber and is ionised with argon gas throughaa torch
high temperature (10,000°C). Then, the mixture gas emits photons which are collected by
a lens. The photodetector converts the excited wagtesnto an electrical signal, which

is processed by a compu(&idu, 1996) In ICP-OES, the ions are excited by a vertical
plasma, emitting photons that are separated on the basis of their emggedengths.
ICP-OES is able to detect more thab élements simultaneously, but it is not able to
detect concentrations in the ppt range. Its main disadvantage is the potential of
interferences in the spectral response and a-Vofime gas installationafgon) in a
laboratory. It is used for analysiswater with more total dissolved solids (TDS), with a

tolerance up to 30%, by comparison with @IS (up to 0.2%).

Figure2.3 An ICP-OES at LIMU

Running ICPOES samples requires specialised lab staff watthniical expertise for

samples preparation using analytical solvents, calibration, assessment of the
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measurements using certified reference materials (CRM) and mainté&aldeéf et al,

2019)

2.1.2.2ICP-MS

The ICRMS (Figure 2.4) is the dominant technique to detecemetalconcentrations

in water. This technique combines the plasma coupling technology with a mass
spectrometer system, which separates the ions based on theitorohasge ratios,
allowing a highesensitivity of metal ion detection (in the pphge). This method suffers
from interferences, caused by the matrix, ttageats, and the plasma gases, but they can
be identified and corrected. IS combines the plasma coupling technology with mass
spectrometry, allowing the determination of tracensénts in the ppt range with a wider
dynamic range than IGBES Moreover, it is able to measure the isotopic elemental
concentrations in liquids. It can detect a larger number of elements (82) simultgneous
compared with the IGI®DES, and requires a lowsample volume (a few mL depending

on the programme, and on how many elements and repetitions are requipgdprigbe
configurations must be applied by a skilled specialist, as it is more difficuletthas

the ICROES. The maimnancecost is also 20 3 times higher than an IGPES, and it
requires the use of an internal standard in the analysed samples, which is a small volume
of a rare element not found in the analysed water (e.g. rhodiumTR#hpperation and

purity reagent cost are also mudgher(Cidu, 1996; Todoli & Mermet, 2008b)
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Figure2.4 An ICP-MS at LIMU

2.1.2.3AAS

The AAS is a spectroscopic technique and it is used for single toxic metal analysis
determination. The principle is based on the absorption of optical radiation (light) at
specific wavelengtf) by metal ions and their concentratisndescribed byhe Beer
Lambert Law. The sample under test is first converted to an aerosol by a flanmegtom
and mixed with a gas (e.g. acetylene) in a spray chamber. Then it is irradidtétkan
resulting light is passed through a monochromator which separates the specific
wavelength for the single element under test. The specific absorbed radiation is
distinguished by a detector and the elemental concentration is qua(fdiedndez et

al, 2019) It is a quick lowcost method, but it is not genadly used for analysing toxic
metals in water from mining areas as the water is complex and polluted by several toxic
metals simultaneously. Consequently, it is noivamient to run a single analysis for each

pollutant on each sample, despite being nmaleraper than the two ICP described earlier.
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Figure2.5 An AAS at LIMU

2.1.2.4Advantages and disadvantages

In summary, thesgold standard methods for toxic metal analysis present several
advantages, includingdg sensitivity, high precision, low detection limit (DL) (lower for
ICP-MS and AAS), and the opportunity to detect many trace metals simultaneously (ICP

OES and ICRMS). Their performances are compared in Table 2.1.

Table2.1 Summary of the performancebfh e figol d ssb a forienretdl analgsis.h o d

ICP-OES ICP-MS AAS

Sample separation plasma that eoited plasma which generate flame atomizer
atoms, which emit cations
photons

lon detection wavelength of emittec massto-charge ratio wavelength of absorbe
light light

DL in the ppb range ppt range ppbrange

Multi -metal analysis | YES YES NO

Sample preparation YES YES YES

In situ NO NO NO

N of elements detectec 73 82 >70

Extra higher TDS tolerance @+ isotopic analysis

Cost £ 30,000- 50,000 £ 150,000 250,000 £ 15,000 40,000

However, they also have several drawbacks: they are expensive, they requstaatcon

supply of costly chemicals, reference materials are required to ensure the quality of the
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results obtained and welained staff are essential for performing the rrstiéip sample
preparation and analytical procedurédso, only total metal concerdtion can be
determined, while speciation data is only possible with complex extraction and separation
techniques. The biggest disadvantage is the impossibiligiafy usedn situand real

time at remote sites and to detect the immediate effects afeatal or unexpected
contamination events. Considering the limitation of the current gold standard methods, a
more suitable technique, that is able to monitor toxic metadslloted water is required

(Li et al, 2018)

2.2Novel strategies and frontiers for toxic metal analysis

The emergent drive for water qualityshacreased the demand for devices to monitor the
presence of toxic metals in waigforostynska et al, 2013bMeeting the requirements

set by the EU WFD requires research and dewedoptof novel strategies for effectively
monitoling freshwater resourcg®rack et al, 2017)Traditional grab and automatic
sampling with consequent laboratory analysis limit the ability to quantify the correct
concentration of selected tioxmetals, and to evaluate their behaviour in particular
environmental conditions, whichcan determine accidental pollution events.
Consequently, the requisite of-ine systems to monitor polluted water has sparked the
development of remote detection amanitoring systemm Considering its importance,
attention toin situ monitoring systemss increasing, and researchers and industries
around the globe are working on finding affordable and effective sensing technologies
that can guarantee a rapid respotiseugh continuous measureme(@Flynn et al,
2010)

In this section, current trends and interesting innovations in water quality monitoring are

discussedResearchers mudevelop appropriate smart sensors and sensor systems that
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will be able to survey freshwater, with a particular focus on toatals monitoring, as

no current sensing system can be integrated as a part of a national water security
monitoring network(Mukhopadhyay &Mason, 2015) During the last two decades,
technologies for analysing water quality have evolweih the aim of offering e
advantages of operational surveillance and early wainiagu. Modern approaches are
based on different methods for-site monitoring including electrochemical, optical and

biosensors (Figure 2.6).

Figure2.6 Example of research fields for water quality monitoring focused on toxic metal detection

Although they suffer from lintations, these sensing technologies are addressing the

challenge of producing portable devices with a rapid respM@sen & Daniel, 2018)

2.2.1Electrochemical methods

Electrochemical methods are considered the only current senstegmsywith high

sensitivity and that can be adapted and adopted fsitermonitoring(Tesarova eal,
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2009) They are lowcost and give a rapid response. They comprise three parts: 1) an
electrochemical sensing system) 2lectrochemical detecting instrument; 3) an
electrolyte. The detection device is usually composed of three electrodes: agworkin
electrode (WE), reference electrode (RE), and counter electrode (CE). The modification
of the surface of the WE allows theesific identification of selected metal iofisu et

al, 2018) Metal cations are reduced on the working electrode surface and transfer
electrans, which generate a measurable signal. The principle is based on the quantification
of the metal ions under test depending oradation in electrical parameters, such as
resistance, potential, current, or the curaritage curve.

These methods predeseveral advantages, such as high sensitivity, accuracy, and
speciation determination, although they tend to have low selgatiifol et al, 2014)
Commercially available electrochemical deviege capablef on-site monitoring (as

they canbe portablg but they require sample collectionyhich makes thenunsuitable

for continuousn situ measurements (probing the egtandfor detecing variations in

water contaminatian

Current research to detect more specifically diverse metal iongasngfLi et al, 2018)
Electrochemical analysis can be catégedas voltammetry or potentiometry, but the
only electrochemical method, which offers high sensitivity and can guarantsigeon
monitoring, is voltammetry. Moreover, the evaluation and modification of the material of
the surface of the WE is a condtaesarch area for improving the sensitivity and
selectivity(Lu et al, 2018)For exampleBansod et al (201 #htegrated several biosensor

electrodes for improving the sensitivity.
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2.2.1.1Stripping voltammetry

Stripping voltammey corsist of two essential steps. The first one is the- pre
concentration, which is determined by i) the Faraday reaction, which reduces the metals
to zerovalent metals and with the application of a negative potential specific for
particular metalsvhich are atracted on the WE surface; or by ii) the adsorption and
complex formation between specific ligands and metal cations, which reduce them to
zerovalent metals. The second step is the dissolution, and it is carried out by anodic
stripping voltammetryASV), stripping the electrode potential to the anodic direction to
obtain a specific output (current, in A) for a particular voltage (V) for specific metal ions
and materials on the WE surface (Figure 2.7). The applicatiorpofeatialdifference

usingselectal materials allows the determination of a specific metal.

Peak height:
f/\ concentration
om v w2 |
7= . 3\
.., B e 3
T a = f \
2z / \
/ Jl'
% \/
Pre-concentration Stripping Peak potential:

Potential (V
V) Selective metal

Figure2.7 ASV principle

Depending on the fAti me waveformso that ati
common voltammetry techniquese dassified as cyclic voltammetry, square wave
voltammetry (SWV), linear sweep voltammetry (LSV), and differential pulse
voltammetry (DPV). Between these, DPV and SWV have the lowest detectioifLimit

et al, 218; Lu et al, 2018)

Several research projects have been carried out using a large number of different materials

and variations. Among the most recerglmes et al (2019)eviewed work on metal
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analysis using voltammetric analyses iforsitu measurements of free metals in water.
Ismail et al (2019have experimented with the direct simultaneous determination of Pb
and Cd using the square wawadsorptive stripping voltammetric (SWASV) technique
using a composite electrode based on carbon graphite and lanthanum impregnated zeolite.
The reported work showed high selectivity for samples of single metal ions or mixtures
of up to 3 metal ions, budnalysis of mixtures consisting of more than 3 metal ions as
well as freshwater samples are still of great challenge. Electrochemical based techniques
can guarantee sensitivity, as they havew detection limit, even though they et
sample preconcentréion, and they can enable-gite analysis and nat situcontinuous
monitoring. The most important issue is that the electrode surface does not guarantee
long-term stability and reusability because of absorbing compounds, or ioridat

(Shimizu et al., 209).

2.2.1.2Potentiometry

lon-selective electrodes (ISEs) convert the activity of ions dissolved in a solution to
electrical potential. Depending on the material on their membranse éine mainly
categorisedhto three groups: polymeripolycrystalline and glass membrane ISEs. Only
the target ions pass through the membrane. They are selective, low cost and portable for
in situ monitoring. They are also promising in terof miniaturisation and integration

into standalone sensing uniffang et al, @18), but they are onlpble to detect a single
preselected metal ion at a time, and they have limited durabilisp, they also suffer

from interferences from other ions and potential drift after a period of time.

Parat & Pinheiro (2015Jeveloped the ISIDORE probe based on the Donnan membrane
technique, that was able to determine free Zn, Cd and Pb concentration in freshwater.

This was also promisinir in situ monitoring, lut they did not proceed with this aim.
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2.2.1.3Lab-on-a-chip

Novel research is evaluating the integration of microfluidic processors and voltammetry
with the aim to miniaturise the device for toxic metal detection. This is based on
microchips, hence adab-on-a-chipd They are manufactured at lesost (as thy can be
paperbasedNie et al, 2010)and with a diameter of a few centimetres, they are portable.
Lab-on-chip can enable chemical reactions and can be made to communicate with a
smartphone apfLi et al, 2018) Wooseok et alZ011)describe a polymer labn-chip

sensor for ossite Pb (ll) detection using SWASVIt claims reusability, an
environmentdy friendly electrode, as it replaces mercury and bismainti, hashigh

repeatability and a low DL.

2.2.20ptical sensors

Optical sesors are capable of identifying the presence of toxic metals at specific
wavelengths inwater using conventional methods, such as absorption, reflection or
luminescence spectrometry. These sensors can be disposable, such as test strips, or by
using opticalfibres, capillarytype devices and fluorescent compour(@®hme &
Wolfbeis, 1997)but, they suffer from paelectivity, high DL and reversibility. As with
electrochemical sensors, optical devices can also be integrated witn-daip

(microfluidic) devices.

2.2.2.1Fibre optic sensors

Fibre optic sensors can give fast and accurate responses. Optical fibresafamiss

and claddings with a different reflection index. They are connected to a light source and
a light beam traved through it and produsean optical response ohe target. The

monitoring of toxic metals simultaneously in water was not investigatydintil recent
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years. LatelyKopitzke & Geisinger (2014have developed a novel optical fibre sensor
array with the inclusion of a fluorescent compound for Cu and Zn detection which gives
fast and accurate nalss (RSD 10%), with high sensitivity and selectivity (DL of sub
ppm). FurtherHalkare et al (2019xperimented with the integration of bacte&acOli

B40) on nanoparticles, and obtained a fast response (10 min) with a much lower DL
(0.5ppb) for transitional mets, although the selectivity was only proven by comparing

Cd and Hg, which are chemlbaquite different.

2.2.2.2Fluorescent colorimetric sensors

During the last decades, fluorescent sensors have become more popular than absorbance
ones, due to higher sensitigs to the direct measurement of light intensity, instead of
through the medium. Fluescent sensors have been developed and tested for toxic metal
analysis. For instanceliao et al (2019eveloped a novel fluorescent sensor array
integrating quantum ds (QDs) for Cu, Ag, Cd detection obtaining a unique fluorescent
response. Responses wsiftedfor selectivity and sensitivity using principal component
analysis (PCA)with high sensitivity (30 ng/L). AlsoYarur et al (2019have described

the detection capabilitior Co, Fe, Pb and Hg in the blue and red fluorescent band using
carbon dots (CDs)Guo et al (2019)developed a highly sensitive and selective
chemosensor for distinguishing Cu from other metals.

For improving the selectivity of metal detectjodduang et al (2019have recently
developed a simple and effeciglectronic tongugeas a colorimetric sensor array using

dithizone, for diinguishingl5 different metal ions.
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2.2.2.3UV-Vis Spectrophotometer

In analytical laboratories, U¥is spectrophotometecan detect substances (mostly
molecules) in water by simply easuring the absorbance and transmittance at specific
wavelengths£200-1000nm). To adapt this simple method to toxic metal analysis, metal
ions would need to be complexed using specific agEnen thouglthis method is very
simple and low cost, it is astly used for single metal analysis and high metal
concentration. Bcently, Zhou et al (2019have experimented a novel method for
simultaneously measuring Zn, Cu and Ni using-\i¥ spectrometry without sepaiat
steps, by integrating radio spectra derivatives and algoritimesise measurements over
time and producanestimation of unknown concentrations. Although this can detect ppm

concentrationgt is problematic for both osite andn situ monitoring.

2.2.3Biosensors

During recent years, biosensors have been widely imatet for detecting toxic metals

in water. They are constituted by the integration of sensitive biological components, such
as enzymes, nucleic acids, bactaaiatjbodies, antigenstc.on a sensing structu¢eong

et al, 2013) These biological elements, interact or bind with a specific analger test.

Their main advantage is the ability to measure bioavéitliKim et al, 2020) The
transducer can be optical, electrochemical or electroluminesaeexdmple Eltzov et

al (2015)have produced a new portable whotdl biosensor for detecting water toxicity.

The prototype is integrated with two systems: -d@posable (optoelectronic
instrumenation) and disposable (bioluminescent bacteria immobilised in oalciu

alginate matrix pads) par{Bigure 2.8)
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Figure2.8 Schematic image of the biosensors developeBitzpv et al (2015fadapted figure)

Different toxic pollutants, including Cu and Zn, were detected with the prototype in the
laboratory andn-site The findings have shown a highly sensitive resgoto some of

the tested contamings. This device is attractive due to its ease of maintenance,
measuring procedures, portability and sensitiviiyhoughits sensitivity (ppm range) is

too high for detecting Cu and Zn in miningpacted waters, it issposable, and feasible

for on-sitemonitoring, but not fom situ. As an alternative,ukyanenko et al (201%jave
developed another biessor integrated witta disposablemicrofluidic chip for Cu
detection (DL = 2.5ng/L, so relatively high), with the airaf future integration for

unexpected pollution in water.

2.2.4X-Ray Fluorescence

Recently, XRay Fluorescence (XRF) spectroscopy has been identified as a potential
portable méhod for detecting toxic metals in water-site. This method involves using
X-rays to excite the electrons from the inner level, which release energy in fermresc

form when they decay down. Although it has a higher DL than laborbtsgd ICP
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methodsit does not need sample preparation or dilution, and can be used in the field with

a wider dynamic rang@earson et al, 2018)

2.2.5Near-Infrared Diffuse Reflectance Spectrospy

Another technique described lgbal et al (2017})s promising for odine monitoring of
toxic metals in waterThis method is based on neafrared diffuse reflectance
spectroscopy (NIDRS) and chemometdietection. This is a rapid and cedtective
technique, although it requires a large sample volumsg,(and has poor selectivity,

which can be in part overcanby applying partial least square (PLS) regression models.

2.2.6Examples of commercially availdb sensing devices

Despite the large amount of research that is currdmtiiyg carried out for toxic metal
analysis, a sensing device does not exist yet thabis to monitor in situ and
continuously metal pollution in water. During the last decadely a few instruments
have been commercially available for toxic metal detectiomsit@y but notin situ,
limiting the possibility of detecting an unexpectediiege in metal concentratiomhe
existing methods are mostly based on voltammetry analysisheso need sample
preparation (preoncentration) and are limited in terms of simultaneous métalsin
situmonitoring. Among the few commercial products, itinest efficient portable systems
are theMetalyser® Portable HM1000 and HM30@Ftom TraceO, Figure 2.9a), the PDV
6000 plus (from MODERN WATER, Figure 2.9b), the Nanotek2000 (from Labsun Co,
Figure 2.9¢c) antiM-3000P (from Skyray Instruments), which Besed on voltammetry
principles(Modern Water, 2012)Thus, they have a low DL (ppb), can be usegitn
but notin situ, need sample preparations and are not able to detectmmatitis

simultaneously (only 2 metals simultaneously)ib®@minutegCasesUtrera et al, 2015)
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Besidesthese instruments are large and arguably too expensive to be deployed as part of
a monitoring network. Some other available portable cheap option is given by analysers
based athecolorimetric principlgBarton et al, 2016)T'he indicatotbased colorimetric

Visual Dip& Read Test Stripes (from SanSafe) are an example, as they are cheap,
disposable, semuantitative and give a quick respopdéhough they are able to detect

only a few individual metals selectively, including As, Pb, Fe and Cu, or the sum of
multiple-metals, such a#/ater Metals Chegkwhich can detect Cu, Co, Zn, Ni, Pb.etc

As it is based on a colour evaluation comparison, it can be different for each examiner,

but they are still a valuable option for field grereening.

HM3000 PDV6000plus Nanotek2000
(Trace,0) (MODERN WATER) (Labsun Co)

Figure2.9 Available toxic metals analysers for-aite monitoring: HM3000 form Trac® (a); PDV6000
plus from MODERN WATER(b); Nanotek2000 from Lubsun (o)

2.2.7Summary of limitations

No single system available today can fully meet the need to determine -imeathe
composition of water to the desiredsgivity level and cost for longerm monitoring of
water bodies affected by metal mine drain&jerent methods suffer frothelimitations
thatare summarised in Table 2Phewordingi we a k , i 1mn the colurgrmudtis s o

metal analysisneans that@me recent researdias shown the differentiation between
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two or three metals but the method itself cannot perform smdtal amlysis and more
research and development is necessary.

Selective and sensitive methods (ICPs and AAS) require sample awmilgotbblematic
sample handlingnd are laboratofipased; voltammetry and potentiometry techniques are
not selective enough andsalrequire pre&oncentration, so they can be useesia but

not in situ. Biosensors and fibre optic sensors are promising,niore research and

improvement is necessary fiorsitu continuous monitoring.

Table2.2 Simple comparison of promising techniqudeson-site andn situmonitoring of toxic metals in

water
Detection Sample Multi -metal On-site In situ DL
method preparation analysis
ICP-OES YES YES NO NO ppb
ICP-MS YES YES NO NO ppt
AAS YES NO NO NO ppb
Voltammetry YES weak, in YES NO ppt
progress
Potentiometry YES NO YES weak, in ppb
progress
Fibre optic YES weak, in YES weak, in ppb
progress progress
Fluorescent YES weak, in YES NO ppt
progress
UV-Vis YES NO NO NO ppm
Biosensors NO weak, in YES weak, in ppm
progress progress
XRF NO weak, in YES NO ppm
progress
NIDRS YES weak, in YES weak, in ppm
progress progress

2.3Novel trend: microwave spectroscopy aa potential solution

Despite the many technological advances, significant wask still neededfor the
continuousevaluaton of toxic metalspollution in water Microwave spectroscopis
highly adaptable because diet different configurations of the sensing structiires
promising fa in situ continuous monitoring as it can guarantee an immediate specific

response as soon as the EM waves are in contact with a material under test (M&T). T
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methodology offers thpotential to reduce cosksy combining wireless sensing systems
and consquently offering continuous monitorimg situ.

For this reason, this research project fesus the developnent andestingof a novel
reattime sensing systemoperating at microwge frequenies for detecting toxic metals
at low concentratiosin mining-polluted waters.

The rext chapter describ@s more detaithe principle currentresearch carried out using

this technologyand theadopted strategider improving its sensitity and selectivity.

Frau, llaria 36



Chapter 3 Microwave spectroscopy

Chapter3Mi cr owave spectroscopy
3.1Introduction

Using EM wave at microwave frequencidsr sensing purposds an active research
approach with potentidbr commercialgation. This novel sensing approach has several
advantagedncluding norrinvasiveness, nedestructiveness, immediate response when
the EM waves are in contact with a MUT, lmwest and poweproviding the opportunity

to guarantee continuous monitoring of freshwater resources.

Ongoing research on microwave spectroscopy hasttgademonstrated the ability to
detect changes in many materials, thanks to the adaptability of the sensing structure.
Although, it suffers from lack of specificity, sensitivity and selectivitiierefore more
research is needed to specialise this fadicig novel technology for addressing
environmental problems, such as water quality monitorinigal experimenal work
showsthatthe method was not able to distinguish between similar pollutants er.wat
Consequently, this thesis investigates novaltegies for specialising this technology to

detect low concentratierof varioustoxic metalsn water.

3.2The electromagnetic spectrum

The EM spectrum (Figure 3.19 characterised ibands from low frequecy (100 kHz)

and high wavelength (10 km) to higtequencies (ZHz) and low wavelength (1 pm).
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Figure3.1The Electromagnetic Spectrum (adapted from 2005 SURA)

Electromagnetic waves travel through a vaouatthe speedof light. They are made by
two commnents: an electric field (Eand a magnetic field @@ which oscillate
perpendicular tone anotheand perpendicular to the propagation direction (Figure 3.2).
EM waves propagate with a harmonic confagion and the wavelengthcorresponds to
the disance betweethepeaks of two consecutive cycles. Equation 3.1 describesahe
EM wave with frequency'Q travelling in a vacuum (relative permittivity, = 1) atthe
speed of lightd.
&7’ (3.1

- 0

If EM waves propagate immedium with a@- andrelative permeability’( ) higher than

1, the speewill be reducedaccording tdequation 3.2

6 (3.2)
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Electric field (E)

Magnetic field (Hy)

Figure3.2 Scheme of EM waves propagation showing electricgdB&d magnetic (Hifield

The energy of the EM radiation éefined by Equation 3.3, whef@is energy (J)Qis

Plankés constant (6.62103* Js) andQs thefrequency of the electromagnetic wave (Hz).

0 M (3.3
Generalisingthe bands at lower frequencies than 100 GHz (microwave radiations) are
consideed electronic and agenerally described usirfigequeng. More energetic bands
such as optics are describedvavelengths. Terahertz (as Raman spectroscopy, between

150 GHzand 6 THz) sit between the electronic and optic regions

3.2.10verview of EM Sensing

Spectroscopy methods are widely used in analytical chemistry. The absorption or
transmissiorof the EM radiation at specific frequencies or wavelesgdm be related to

the structure or concentration of a gas, liquid or solid material. For sensingjcspecif
spectroscopy methods are used depending on i) the frequency or wavelength; ii) the form
of the material under test; iii) the sensing purpose, as,i@emental composition,

molecular determinationThe nature of thenteraction dependsn theenergyof the
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radiation. Analysing the EM spectrum from high to lewergies gamma and >ay
radiation break chemical bondsiltraviolet radiations cause traitions between
electronicenergystateswithin a molecule; infrared and Raman cause internal vibrations
within the moleculeandmicrowaves causes molecules to rotatee microwaveoutput

is similar to other spectrihat are measurebut it operates ah lower frequency range

and low energy

3.3Microwave sensing

Microwave radiatiorforms part of theEM spe¢rum betweerd and100 GHz. Microwave
sensing technology is a developing approach whashbeemised for reatime and non
destructive measurements.

The domestic microwave oven operates at a specific frequency (2.45/&H2) high
power electron tubaer{agnetron), whiclgenerates and emitse EM energy(Laverghetta,
2005) The sensig principle that $ currently under investigation ar@hn measure
changes in materials properties operates at low powdr{0as 1mW) andovera broad
range of frequencies.

During the last 3 decades, microwave spectroscdpy liquid sensinghas been
investigated. However, measurements of ligace complex and not fully understood,
astherotationis hindered by intermolecular forces, ahdbandwidths are much greater.
The microwave isan oscillating electromagnetfeld andif the molecule is par, the
microwave field can couple with the molecular dipole and cause it to rotat@taiidn

is hindered so thenoleculecannot reorientate fast enough to follow the field reversals
exactly. Thus it loses energy which appears as Baatcally, thee are two components

to consider: i) the dielectrigermittivity and 2) the dielectric logSilani et al, 2012)
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3.3.1Microwaveprinciple

The principle of microwave spectroscopybigsed on the singular interaction between

incident waves at specific frequencasdthe analyte presented to the sensing structure

The change in thepectral response at specific frequenaepends on variations in
permittivity and/or conductivity, whichcan be linked tothe composition and
concentration of the measured solutiGonductivityaloneis not sufficient to explain the
variations in complex permittivitfLi et al, 2019) Accordingly, permittivity { ) as
defined in Equation 3.4 r el eleckisfieldand isa
complex value which varies with changing frequeang temperature@nd accounts for
both tte energy stored by a materig)(which indicates the abilitto be polarised by the
externalelectric field and any losses of energlyat occur (U), which quantifies the
efficiency with which the electromagnetic energy is converted to heat.

- - T (3.4)

The response of the sensor manifasielf as a resonant frequency changeaar

attenuation of the signgKorostynska et al2013a) Different materials have diverse

mat

permittivities, and a mixtue has a permittivity value, which depends on the permittivity

of each component and its struct(igfors, 2000) The correlation of thegmittivity of
a material with its composition candicate the propeties of the material, with a
consequent identification of the changes in the madenarameter.

The MaxwellGarnett model describes the effective dielectric constant)(for a

dielectric medium such as water, whideludesconducting particles, as it is described

by Equation 3.5:

- - (3.5)
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where- is the relative permittivity of water; is the relative complegermittivity of
the particle under test, amd"@ the volume fraction of the particles. Then, the is

described byequation 3.6

- - Qe -2 G—
7 T (3.6)
where- and-= are the real and imaginary part of the permittivity of the particle;

, Is the conductivity of the particle; is the vacuum dielectric constant; ands the
operational frequencfAbrahamyan et al, 2019)

By analysing how the characteristic details af EM spectrumin the MHzGHz
frequency range vary upon properties of the analyte presented to the sensing structure,
such as congttivity and permittivity, the change in the signal can be linked to the type

and amount of sample under test.

3.3.2Microwave measurements

The pinciple of using microwave spectroscopy is based on the interaction of
electromagnetic waves with the tested samplrough a sensing structure. The
measurement is based on the unique interaction between EM waves at microwave
frequencies and a sampl€he source is a Vector Network Analyser (VNA), which
provide a stimulus at low power (<rdW), and monitorshe resposeas Sparameters

(S, Scattering parameters), which use matched loads\(5® characterise EM
behaviour A VNA canbe configured with om or tweports (Figure 33). A oneport
configuration (91 measurement) measagte reflection coefficienfreturnl o s s ofor )
a MUT, which deperglon how muchthe incident wavepropagates through, or is
reflected by the sampleTwo-port configuration $:1 measurement) allowshe

measuement ofthe transmission coefficient, which depermh how muchEM power
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propagées fromoneport (port 1)throughthe MUT andis receivedat the second port
(port 2). This configuration allows the determination of bimémsmitted and reflected

signak. S-parameters vary with frequency.

Vector network analyser
(VNA)

PORT 1 PORT 2

. S
Incident 511. A
Reflection Transmission
wave L. -
coefficient coefficient

Material
under test
(MUT)

Sensing structure

Figure3.3 Sketchof measurement seip and output (& and $1)

This method is very attractive for its nonwasiveness and netestructiveness, its low
cost andts immediate respons&he output can be displayed as magnitude, phage,an
Smith chartor polar(Figure 3.4) Theoutputhas an amplitude and a phaseis a vector
quantity Amplitude (reflection coefficient magnitude,1{} is shown as a spectral
response in dB @axis) versus frequencies-@xis) and represemtheamount of energy
that is absorbedt that specificfrequeng. Summarising, they all desioe the variation
of the response at specific frequenctkge tothe permittivity of the MUT. At low
frequencies these are described usirgpedance(w) measurementscomprising

resistanceR) andreactanceX) (Equation 3.7).

e Y O (3.7)
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As the frequency increases, voltage and current become harder to define because the
wavelength beconssmall compared to the circuit dimensionkeTeflection coefficient
magnitude |S1|, described as 15 in this work) then becomes a more useful
represetation. A reflection coefficiendf O dB represents a mismat@00% reflectior)

a Si0of - b dBis a perfect matcf0% reflection/100% transmiss).

Figure3.4 Example ofraw output dataasareflection coefficienfrom a VNA: magnitude, phase, Smith
and polar

By investigating theEM spectral responsé is possible to identify specific variatie

related to the MUT. Although, the response is also dependent on variations in other
parameters,such as temperature, density, pressure, et be overcome by
understanding the causes and interferences in the output signal

In a simple case of two cgronents in a MUT, it is possible to presume the variations

in S11 which are related to one of thwo componentgNyfors, 2000) Although, if the
sample under tess complex and variations are related witloren constituents in the
sample, more research and deeper signal analysis are necessary foideletifieation
Thesimultaneous existence of multiple variables such as temperature, density, moisture,

structurewill affect the microwaveesponse
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3.3.3High adaptability: current research and applications

Microwave spectroscopangive an immediate respsa as soon as a sample is in contact
with the EM through asensing structure. This technology has many advantagessas
norrinvasive, nordestructiveand inexpensive which makes ithighly adaptabldor a

wide range of materials. For these reasons, microwave spectroscopgeising
increasing interest across a variety of applications. In many fields, including for water
quality, as was extensively desceih in the previous chaptesxisting methods areot

able to give an immediate respomsethey requireample preparation.
Consequently,microwave spectroscopy has emerged in recent years as a novel
monitoring technique in the foaddustry(Mason et al, 2016healthcardWang, 2018)
sports sciencéGreene et al, 2019puilt environment(Heifetz et al, 2017)structural

analysig(Zarifi et al, 2018a)and water quality contr¢Korostynska et al, 2014a)

3.3.4Sensing structures

Onereason thatakeshis methochighly adaptablés the various physical forsthat the
sensing structure camake resonant cavities, waveguides, horn antennas, flexible and
planar resonant sensodepending on the form of MUTFigure 35 illustratessome
examples of thesesensing devices and their applicatwithin the Radio Fregency&
Microwave (RFM) group at LIJMU. Specifically, flexible sensors were used for
measuring blood lactate and glycogen variations during physical a¢t&sgéene et al,
2019; Mason et al, 2018igure 3.5a), horn antennag foeasuringnoisture and sel
reinforcementcontent or failure in concrete blockKot et al, 2017)(Figure 3.5b)
resonant cavities for oil validations (Figure 3.8c) and planar sensors for water quality

monitoring (Figire 3.5d).
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Biofuels c
analysis
Food quality & 2
Healthcare analysis e
\ / Resonant cavities
Applications
/ AN d
Structural Water
' monitoring monitoring -
.;“ 2 V! e Planar sensors
Horn antennas

Figure3.5 Examples of sensing strures for various applicationgthin the RFM groumat LIMU

For theanalysis of liquid, waveguides and horn antennas aregeoterallysuitable,so
resonant cavities and planar sensarg,morecommon.
The rext sectiondescribes the principle of thet@maction between EM radiation at

microwave frequencies and water.

3.4Microwaves and water

3.4.1Microwave rotational spectroscopy

Water molecules are polaas they have a partial minus in the oxygen atom and a partial
plus in the hydrogen atoms (Figure 3.6)eTartial dipolesend to align with thelectric

field andso thewater molecules rotatdhis dipolar moment depends on i) the charge
separation ah ii) distance between the effective charddsubesh, 1973)In the gas

phase, molecules aema | | and Afr eedp o lmmnowiave eadiatidno | | o
quite easily The water dipole attemptse tontinuously reorient ithe electromagnetic

radiation's oscillatinglectric field butin the liquid phasetheyare packed bhydrogen
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bonding Consequentlywhenamolecule tresto rotate, there isreoppositdorce because
the hydrogen bonds try &iop it rotating.The né result is tkat thewater cannot follow
the applied field perfectlwhich leads tavibrationrather thamotation with a consequent

loss of energy which appears as heat

| ¥ | + | -
Partial negative charge | Alternating

(pole)

:electrlc field (wo, Tet) (i

' +
PR kS £
\ =
Partial positive charge | =aean # y < >
(pole) | '
|
|

+

Molecular
b rotation

Figure3.6 Scheme othe polar orientation of the water molecules with the EM field at microwave
frequency and molecules rotation

It is alsoimportant to consider the interaction between the microwave radiation and
charged ions in water. Generally, ions collect watelecules (polar) around themselves,
due to their positive charge (Figure 3.7). Water molecules that are attached directly form
the F'hydration sphere where water molecules are ordered (inner hydration shell). Then,
other molecules are attached to théwy hydrogen borgland form the % hydration
sphere (outer hydration shell), and water molecules are@e@ied. It is possiblto go

to X number of hydration spheres and exterior water is randomly distributed (bulk water).
The attraction becomes weakehenthe water molecules are more distaotn the ion

and less attracted. Hence, thelecules orthe outside of the clustereavery muchmore
weakly attracted @n thosecloser to the metal ion. The bulk water will constantly

interchange water molead with the hydration sphere
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Outer hydration shell (semi-ordered water)

Inner hydration shell (ordered water)

; 4— Bulk water (random distribution)

Figure3.7 Example of ion hydration spheres

The ske of the hydration radius for free ions depends on i) the charge and ii) the ionic
radius This is because the conductivitycreases as the ionic radius increases (Figure
3.8). For hydrated ions, it is the other way around: the hydration radius increases as the
ionic radius decreases.

Another mechanism that influences the microwave adsorptimms in water is the ionic
chage mechanism. As soon # microwave radiation interacts with cations and/or
anions in water solutiomill tend to move irthe direction of thelectric field The field

is in constant polarityso theions are oscillang backwards and forwards.

lonic N Hydration
radius Conductivity radius
Li* - -
Na+

K+
Rb*
Cs* —

Figure 3.8 Example (group 1, period 1 in the periodic table) and their association with ionic radius,
conductivity and hydration radius

The presence and concentration of spe@bllutants is related to changescomplex

permittivity of the solution (e.g. dielectric permittivity and conductivity) which determine
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specific changes in the spectral respoibie.movement of the iomemoves energy from
the electric field, so in tems of the complex permittivity ieffectively increases the
- term(refer to Equation 3.6). If thirequency]( ) is very high, the ionsvill not react
quickly enough to generate any significant los3dss is why saltwater has a similar
transparency at visible wavelengtiio deioni®d water. Even metals stop being
conductors at high frequencies, so silver cannot be used as a mirror to reflgstike

it can for longer optical wavelengths.

3.4.2Microwave analysis of liquids

During thelast few decades, researctslm@en catied out to measue liquid materials

using microwave spectroscopy. Considering the variability of the sensing structures, the
most successful experiments for detecting a mixture of diverse liquids (e.g. oil and water)
or target particles in liquids were obtainedngsresonant cavities and planar sensors.
Figure 3.9 shows the common connections tools between the sensing devices and the
VNA. Commonly, a flexible coaxial cable is used for connecting/tié with a sensig
structure. Generalising,-lype connectors angsed for connecting the coaxial cable to a
resonant cavity; SMA connectomshich are smallemresolderedo planar sensors.

Coaxial cable Connectors (N-Type and SMA)

Braid __

outer
Outer conductor \
covering

/—- Dielectric

Center
Conductor

= \\\ | N-Type Male N-Type Female

A
SMA Male SMA Female

g = ‘l

N
X
]

<

Figure3.9 Example of connection between analyser and sensing structure:laadtéaand connectors
(N-type and SMA)
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Current research{Kapilevich & Litvak, 2007) has demonstrated the possibilityf
identifying the presenceand quantifying the concentrationof specific components in
waterincluding a mixture of waterand other liquids (e.g. water and alcohol, water and
fuel).

A good sensing device must meet 4erié (Benkhaoua et al, 2016)

1) a small sensor size and consequenthperateat subGHz frequency range;

2) a high Qfactor, forreducing measurement errors;

3) agood linearity of sensing;

4) agood sensitiity.

3.4.2.1Resonant cavities

Cavities resonat@henthe wavelength of the excitation within the cavity coincides with

t he <cavi t \w0This vhvelarggth will change if a spte with a different
permittivity is placed inside the cavityTeng et al, 2017)They enable nenontact
measurementss liquid samples in plastic or glasentaines with known dimensions
and properties, cabe inserted into the cavityFigure 3.10 showvan example for
cylindrical (left side) and rectangular cavities (right side) and thefyp¢ connectors,
where the sample containers are respectively in glass and plastic.

Several experiments have shown resonant cavities to be able to detect theepardenc
concentration of various rtexials. Table 3.1 summarises some examples of work that has

been performed for measuring composition and concentration of liquid materials.
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Cylindrical resonant cavity Rectangular resonant cavity

Figure3.10 Example of cylindical andrectangularesonant caties

Table3.1 Example ofresonant cavitieand their tested application fabJT measurements

Sensing structure Specification Tested LUT CINC® | References

Resonantavity Cylindrical Water  hardnes: NC (Teng et al, 2017)
(Ca™)

Resonant cavity Cylindrical Nitrates NC (Cashman et al, 2017

Resonant cavity Cylindrical Silver material NC (Ateeq et al, 2017)

Resonant cavity Cylindrical NaCl, KMnOs NC (Kapilevich & Litvak,
methanol 2007)

Resonant cavity Cylindrical Gagdliquid two- NC (Oon et al, 2016)
phase flowegime

Resonant cavity Rectangular Drip loss NC (Mason et al, 2016)

Resonant cavity Rectangular Nitrates and NC (Gennarelli &
sulphites Soldovieri, 2013)

Substrate Integrate + microfluidic system acetone and wate NC (Wei et al, 2018)

Waveguide Re

Entrant

Cavity

aC = contact measurement; NC= nroontact measurements

Despite the success of using resonant cavities for liquid measurements, they are not
practicafor in situmonitoring of polluted freshwater. A possible solution to this problem

is thefluidic channelswhere thewatersample ispumped through the senspes in the
substrate integrated waveguide developedABi et al (2018)for acetone and water
mixtures. Recently Andria et al (2019)lesigned and modelled a coaxial structure for the

reattime measurement of waten-fuel for the automotive field
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3.4.2.2Planar sensors

Between the numerous possible resonant structures, planar sensors have the potential to
give high sensitivity and accuradRahman et al, 2017They have the advantages of
smallsize, robustness, and lgwice fabrication. They are light and practiéal in situ

and continuous monitoringhey can be rigigKorostynska et al, 2014ay flexible (Nag

et al, 2019bandsolderedvith SMA connectors (Figure 3.1,Xdr connecting to a coad

cable

P LY

Planar flexible sensor Planar rigid sensors
Figure3.11 Example of flexible and rigiglanarEM sensors
During the lasfew years, several planar microwave sensors with different conformations
have been developed and tested for divegsedisample compositions deionised water
(DW) and various mixture for both qualitative and quantitativeoncentration
measurements. Some examples are summarisédhbie 3.2 They can work both in
contact with a LUT or noncontact, for example integting a fluidic system which
pumps water onto the sensor using a smba#é fuélez et al, 2019Figure 3.12)Another
exanple of noncontact measurement ovided by Wiltshire & Zarifi (2019) who
embededthe resonators with 3D microfluidic channel for a closer contact with the
LUT. Summarising, most of the tested microwave resonant structures (both resonant
cavities and plaar sensors) were tested for nitrates, chlorides, and various alcohol
mixtures,amongothers. So, thdéeasibility to quantify various particles in water and
matrix componerst(e.g. water, oil, alghol) at specific frequencies of the EM spectrum

has beenemonstrated
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Table3.2 Example of planar structure atiteir tested application for water liquid analysis

Sensing structure Specification Tested LUT C/NC?  References

Coplanar waveguide with interdigital Nitrate and Phosphat C (Harnsoongnoen €
capacitorloaded al, 2018)
electricLC resonators

Planar muiband Split Ring Resonator: Glyphosate NC (Castillo et al, 2018)

sensor (SSRs) (herbicice)

Planar sensor Double side spliting = Alcohols and water = NC (Benkhaoua et al
resonator (DSSRR) 2016)

Planar sensor Complementary Split Water and ethanol = NC (Chuma et al, 2018)
Ring Resonatol
(CSRR)

Planar sensor E&C shape Glycogen NC (Greene et al, 2019)

Flexible planar IDE NaCl KCIMnCI CuCl  C (Korostynska et al

sensor 2014b)

Planar sensor IDE Tetraselmis suecica C (Moejes et al, 2018)

Planar sensor IDE Lincomycin and C (Mason et al, 2018b)

Tylosin Antibiotics

Planar sensor Double guadratic’ Ag nanoparticles ir NC (Abrahamyan et al
shape DW 2019)

Planar resonator with 3D printed ethanol andW NC (Wiltshire & Zarifi,
channel 2019)

Planar sensor IDE + microfluidic DW and alcohol; NC (Kilpijarvi et al,

DW and NaCl 2019)
dumbbell defect + microfluidic NacCl NC (Vélez et al, 2019)
ground structure

(DGS) sensor
aC = contact measurement; NC= proontact measurements

Betweenplanar sensing structurgsorostynska et al (2012onfirmed the action of a

novel planarsensomwith asensing element consisg of interdigitatedelectrodes (IDE,

also defined as interdigital by other researchemns}jal patterngsilver, gold and/or
copper)for water analysignitially observing changes the microwave part of th&M

spectrum analysg air, deionised water and tap waiar contactwith the sensing
structure. ThenMason et al (2018ndMoejes et al (2018)emonstrated the ability to

detect respectively Lincomycin and Tylosin antibiotarsd Tetraselmis suecicasing

gold (Au) eightpair IDE sensors.

IDE planar sensors and contact measurements were selected because, as evaluated anc
confirmed byVélez et al (2@9), this was the sensor whishows the highest sensitivity

for comparing various salts in water.
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Figure3.12 Example of measurement seip for aplanar sensoniegrated witha microfluidic system
and LUT (a); its side (b) and top view (€)Vélez et al, 20199nodified)

3.4.3Impedance neasurements at lovfrequendes

IDE sensors havelso been successfully used for liquid characterisation at low
frequencies using impedance measurements (Z, R, By dpplying a small AC signal

at different frequencies(lslam & Mukhopadhayay, 2017)As for microwave
measurements, changes in impedance measurements in materials can be associated with
ionic compositions and their concentration. Between sensing surféaes, IDE sensors

were successfully usedrfanalysing contamimas (Escherichia coli and phosphates) in
water, as shown in Table 3.3. Key advantages of IDE structures includesidersccess

to the LUT,; ii) control of the signal strength by chandingnumber and spatg of, and

between thefingers; iii) the possbility of spectroscopy measurements througharge

range of frequencies, and ivjhe convenience of integration of sensitive coatings

(Mamishevet al, 2004)
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Table3.3 Example of IDE sensors for lofvequencies impedance measurements

Sensing structure  Specification Tested LUT C/NC? References
Planar IDE + antibody Escherichia coli C (Wang et al, 2015)
sensors 0157:H7

Planar IDE Phosphates C (Nag et al, 2019a)
Sensors

aC = contact measurement; NC= roonta¢ measurements

3.4.4Degraded sensitivity and lack of selectivity

Microwave spectroscopy is an attractive option for detecting changes in materials in a
norrinvasive manner, at lowostwith the option of portability and rapid measurements.
This strategyhowever suffers from a deficiency of specificity, relatedow sengivity
(pdB related with s madlekctiitg (digensg speactral responsat e r
for similar pollutants)(Gennarelli & Soldovieri, 2013; Zarifi & Daneshmand, 2016)
Some of the disadvantages afsorelated to the capability to detawinor changein

the MUT whicharenot relatedo the changes in the target analyte, such as temperature
and density(Al-Kizwini et al, 2013; Buchner eil, 1999) Consequentlyi) researching

the causes of every change, ii) assessing how to correct them and iii) inwreshgat
strategies for improving the specificity of the measurements are fundamental steps for the
application of this technology in realorld ervironmens.

There has been increasing researchdmvelopment on understanding and improving the
sensing performance of microwave spectroscopy for a dempaysis of specific
pollutantsand small concentration changes related to them. Also, changes shape
patern of the sensing structure are not able to improve the performance of required
sensitivity and selectivity of pollutan{Salim et al, 2018)The bigger problem remains

the detection of more than two pollutants at low conceaatratas thaim of this project

is to overcome these limitations by applying novel strategies.
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3.4.5Progress and challenges

During the last decade, research has been carried out to improve the sensing performance
using microwave spectroscofyespitesigns @ progress irthe field, understanding the
microscopic polarization interaction between particular substances can help to develop a
high-performance sensor for more specific characterisation, there are no answers for the
specific response at distinct freancies for tk singular interaction between a substance
and the microwaved.i et al, 2019)

Novel straegies are being adopted to improve the sensitivity and selectivity using
microwave spectroscopyput no onehasyet demostratel the feasibility to distinguish

low concentrations of similar substances, such as Cu and\@irian et al (2019)
simulated the feasibility to detect between pure liquid materials, such as ethanol,
ammonia, benzene, pentene using a novel sensor design and mathematical approach.
Harnsoongnoen et al (2018gmonstrated the discrimination of organic and inorganic
materials using planar sensors and principamponent aalysis (PCA); and the
following year between phosphorus and nitrate using a similar apptdaaisoongnoen

et al, 2019) Other resa&hers are using machine learning features for selecting and
distinguishing a target materigiCashman et al, 2017; Kot et al, 201Bgnkhaoua et al
(2016)demonstrated aimprovement in sensitivity using@SS SRR (Figure 3.13and

b) for methanol and ethanol % in DW, with a larger shift in resonant frequency due to the
concentration of the EM field in the IDE (Figurel3¢. Mason et al (2018kgdopted a
combined sensor approach using microwavelysis with optical andimpedance
measurements for a moselective and sensitive determination of antibioticgchieve

ahigh sensitivity.
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Figure3.13a DSSSRR(a) developed and testé¢d) for ethanol and DW mixtures which show
improvement in sensitivity withesonance frequency shift) (modifiedfrom Benkhaoua et §P016)

Nonetheless, the selectivity asensitivityare a limitation for microwave spectroscopy.
Therefore, novel strategies need to be adopted for changing the spectril Amgna
attractive recent approach is the integration of sensing materialstlmmteensing
structure, which has been experimented uslagtrochemicaimpedancespectroscopy
(EIS) and IDE sensor@Afsarimanesh et al, 2018singdiverse coatings thicknesses and
gas sensin@.i et al, 2019) Planar sensors are an attractive option foirtipdementation

of materialssuch as thin and thick films aricrofluidic structure¢Zarifi & Daneshmand,
2016)

High sensitivity, selectivityfast response, recovery time, low hysteresis and long term
stability (Adhikari et al, 2019pre the requirements for a novel sensing system able to
monitorin situ toxic metals in water dow cost.Consequently, further improvement in
sensitivity and seleatity are essential steps for liquid sensing, especially in complex

mixtures(Zarifi et al, 2016)
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3.5Materials integration

The synergy between microwave sensing technology and chemical materials is providing
interesting advantages the field of quality monitoring for adapting this method to a
specifc purpose and it is consequently a promising area of research and development.
For a sensing platform to deliver high sensitivity and selectivity, the integration of
interface materia on planar sensors a novel, attractive approach for microwave and
impedance spectroscozmi et al 2017; Ebrahimi et al, 2014; Zarifi et al, 20180)is

has beeneacognised as being able to imprdaahreslution and specificitf{Chen et al,

2012)

The prirtiple is based on two pcesses: the sensing process, where the target analyte
interacs, viaphysical or chemical interaction, with the material on the sensing structure;
and the transduction process, where the interaction between EM waves, material and
sample generate a partlansignal(Li et al, 2019) This can be determined by noontact
measurements, whetke sensing materials integrated on the sensing structure e€hang
their physical properties; or with thdirect contact betweethe material and the analyte
under test, which changthe permittivity of each component, and the consequent overall
complex permittivity change The improvement can be associated with the increase of
material thicknesas well aghe composition itsel{Chen et al, 2012)

The prindple of using distinctieemical material and the interaction with selected analytes

is based on the variation in electrical properties (as capacitance, resistance, impedance,
etc) and the consequent change in complex permittivity. By evaluating and anderngt

the functionalisd sensor characteristic due to this, it is possible to obtain higher
sensitivity and selectivity for a specific purpose, particularly in this research project to

detect pollution of metals in surface water.
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3.5.1Materials

Progres ha beenmadein the last deadein developingchemesensorsusing mostly

optical and electrochemical techniqu@fiesecanrecognise specific metal ions using
synthetic, natural and biological receptphsagay et al, 2011 )eolites, inorganic oxides

(Sen Gupta & Bhattacharyya, 201byganic polymers, biological materigiSui et al,

2015) carbonbased materialéNanekaya, 2011andhybrid ionexchangerg¢Chatterjee

& SenGupta, 2011)The interaction betwedhe material andnetal ions is the base for
accredited optical and elestthemical sensing systems @atectingsmall concentrations

in water. Usually, the specific interaction involves ionic, covalent oraomalent bonds.
Between them, nenovalent bonds, such as hygem bonding, van der Waals forces and

pi p interaction etkctrostatic forcefAragay et al, 2011)were conglered the more
appopriate for the integration with planar sensors and microwave spectroscopy, as these
interactions are reversible. In addition, other materials and strategies, such as precipitation,
ion exchange and adsorption, which are mostly usethésemoval of toxc metas from
wastewaterhave alsobeennvesti gat ed, as the Atrapped
cangenerate a change in the spectral respddséhese adsorption is predominarits
advantages are regeneration, low cost arsg eandling/Awual, 2019) It is mostly used

for natural wastes (e.g. agricultural -pyoducts), metal nanoparticles, metal oxides,
polymerbased cmposites and carborbased materials. Chelating polymens also

widely used for metal ion removal or detection, thanks to their hydroxyl and amine
groups, which are reactive with specific metal igkeneswaran & Narayanaswamy,
2009) Moreover, they are able to improve the specificity especretign mixed with

metal oxides(Graunkeet al, 2018) Reently, the integration of mixtuseof various

functional materials and the development of metamaterialdifi¢ially made
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electromagnetic materiglss taking place for specifying a particular detection/removal
techniqugChen et al, 2012)

This work hasfor the first time,investigatedmixtures of conductive materials, metal
oxidesand chelating polymeifsr the purpose of improving the specificity of microwave

spectroscopy for water quality moniitag.

3.5.1.1Inorganic materials

Among these functional chemical compounds, inorganic oxide csiiqns are
considered to be advantageous, owing to their strong adsorption and rapid electron
transfer kinetic(Gumpu et al, 2015; Sen Gupta & Bhattacharyya, 20rganic
materials have attracted consideraditention owing to their low cost, compatibility, and
strong adsorptionf toxic metal iongCui et al, 2015)For instance, zinc oxideZHO)
nanopartites are well known for their strong adsorption®@r and Phons(Bhatia et al,

2017)

Recently, a number of approaches mage of Bibased electrodédsGv ancar a, et a
which have largely eplaced the mercury electrode in electrochemistry for the detection

of trace metals due to their low toxicity, excellent resolution of neighbouring peaks, and
their low limit of detection towardnetals (<0.1 pg/L)(Serrano et al2013) The
modification of grapite screefprinted electrodes with a bismuth oxideABd) precursor

has been shawin several experiments to have superior sensing characteristics toward
metals compared to Bi bulk electrodéivang et al, 2008; &dara et al, 2009Also, the
nanoforms such as nanoparticles, nanowires, nanotubes, nanochannels, graphene, etc.
have beemvidely investigated for their capabilityf increasng the surface aresompared

with bulky materials, both as electrode modificatandmaterial integration in stripping

analysis and ioiselective detectiofAragay & Merkogi, 2012)
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3.5.1.2Chelating polymers

Functional organic chemical materiddave also beeunsedfor increasinghe sensitivity

and selectivity toward a specific polluta@Ghelating polymers havargelybeen used for
theremoval and analysis of toxic metals in water. They contain ligand gvahiph are
capable of attractive interactions between two or more binding sites from the same ligand
group and a single specific ion (eltydroxyl and amine groujpsMulti-dentate lgands

are abundantly used to create complexes with metal ions, thathlesdioelation between

them and metal cations. A large number of organic polymers which chelate with metals
ions have been successfully tested, @ys$teine and chitosan (schematisespectively

in Figure 3.14a and [iCui et al, 2015; Verma & Gupta, 2015)

a

L-cysteine Chitosan

amlne group \

2 D
o Ho "4; Q
XN . )
C ++ ’)Nq_ S N OH
L A~ 4 <l> -
o ,» N

hydroxyl group HOY N N o

Figure3.14 3D ball and stick structure model (on the top) and its sketched model (on the bottom) for L
cysteine § and chitosamvith copper ion (pgenerateénd verified using Chem 3D

Research shovwanimprovemenin performance thanks to the integration of clatoor
toxic metals detection and sorptidfor exampleNiu et al (2019)usedfunctionalised
cotton fibre with chitosan for the improved adstion of Cu and Pb from aqueous

solutions;Munim et al (2020)ntegratecchitosanand cellulose to improve the adgtion
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capacity. The mixture of chitosan with other materials, such as ZnO, polypyrrole
(Hassanein et al, 201,270, (Verma & Gupta, 20153hows improvement in the metal
sorption. Likewise,-cysteine and other material mixtures haverbkighly utilised for
toxic metal interactio{Guang & Kim, 2008; Koneswaran & Narayanaswamy, 2009;

Priya et al, 2017)

3.5.2Depositional methods

Integrating materials onto microwave sensors is a novel strategydmwave sensing.
The most efficient techniques that can be used for IDE planar séhswtonalisation
are i) spin coating for the development of thim (>0.1 um) (Nag et al, 2015; Teka et
al, 2016) and ii)screenrprinting technology for the development of thick filmed.(i 100
um). Between these two, screprinting was seleetd because of itsain advantage of

printing a combination of different materials onto the same subgiake et al, 2014)

3.5.2.1Thick-film technology

The goal of a cheap, sensitive and selective device to monitor-imetaited water is
achievable by the integration of chemical coatings and planar sensors usingsaoteen
technology(Ferrari & Prudenziati, 2012pcre@-printing is a technique where a viscous

ink (0.1r 10 Pa $ based on functional materials is set in a screen blocking layer with a
stercil (a negative of the image to be printed), which defines an am=of the mesh. A
squeegee is moved across the screen and the ink passes through the mesh and a thick film
is createdPrudenziati & Hormadaly, 2012} is more compatible with the highscosity

paste mixtures (0i% Pa s) as it helgs dispensehe correct amount of materiafto the
substratéLeng et al, 2019)Thick film is a generic term ielectronics in which specific

formulated pastes are applied onto a kecaor insulating substrate using a definite
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pattern Designingfunctionalised sensors with thestsuited architecture will help to
increase the selective identification of multetd ions and other pollutants
simultaneously present in wat&creenrprinted electrodes coupled with specific sensing
materials are an attractive option for adapting diverse sensing systems to a particular
purpose(Ferrari & Prudenati, 2012) The screenrprinting techniquehas beerused to
integratea thick film onto microwave planar sensors and increase, lbhemical or
physical reaction, the sensitivity, sjfesty and selectivity between the EM wavaad

the toxic metal ionsThick films are rugged, reproducible, inexpensive and have also been
identified as useful for remote monitoring systgfsrrari & Prudenziati2012; Kohl et

al, 2014)

In this work, several materials were selectpteparedand sceenprinted on planar
sensors fotestingwith toxic metal ions in wateiThis can be achieved not only with the
adoption oflhe appropriate mix of materidisit alscby choosing the right thickness of the

film and sensor geometfigreja & Dias, 2006; Reimhult & H66k, 2015)

3.6 F-EM sensors

By functionalising planar sensors with certain sensitive matersig) screeprinting
technology it is possible to obtain the desired sensitivity and/or selectivibyie or more
specific analyte in wateAccordingly, such work has the foundations for developing new
methods, based on EM sensors and functional chemical matesiableof determining

metal content in abandoned mining areas, both qualitatively and quantitalitielse
sensors are defined in this work as functionalised electromagnetic seriSkrsénsors).

This research is mostly based on the practical experinmmtat novel thickfilm on

planar IDE sensors, which were designed, developed and tested with polluted water

samples prepared in the laboratory and miimpacted waters
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3.6.1Proof of concept

A proof of concepthatdemonstrate the feasibilityof detecing P ions in DW using
microwave spectroscopy and a resonant cavaty providedy Korostynska et al (2016)
Considering its impracticability foin situ monitoring,this work initially demonstratd
thedetection ofPb"?ions using planar sensors at high concentratieitDmg/L). These
concentrationswvere very high compared with the typical concentrations iminmy
impacted watelOther experiments demonstrdigoorselectivelybetweerPb, Zn and Cu

at concentrations just below and above the EQS established by the EU WFD or the US
EPA. Consequently, this work investigated the possibility to detect and distiriguis

toxic metal (Cu, Zn an&b) concentrations by developing atesting f-EM sensors.

3.6.2Project progression and choices

The progression of the work wdstermined byl) theachievements and g)elimitations
that were identifiedby performing specific x¥periments (summarised ippendix 1
through a smart chart). Microwave spectroscogingplanar sensors for measuring toxic
metals in water were not able to detect lmmgemetal concentratia (<1 mg/L) or
distinguish betweesimilar toxic ions witi?* charge (Zn, Cu and Pb), whigeneratec
very similar electromagnetic response. ThereforEM sensors were developed and
tested to improve the features of selectivity and sensitilitis impliesthe possibility of
simultaneously analysing muitnetal solutions at low concentrations, to continuously
detect in reattime, water quality and to overcome the limits of lab methods.
Therefore, the integration of EM sensors with functional chemical materials and-screen
printed technology was demonstrated éalpromising approach for giving a distinctive
microwave response for different muftietal solutions, with particular focus on the

detection of toxic metal ions in the surface water of miimpgacted areas.
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Chapter4 Reseaethotohebog
4.1 I ntroduction

In this work, novel planar EM sensorgperating at microwave frequencies with and
withouta functionalised coating-EM sensorsweredesigned, manufactured and tested

in the engineeringlaboratores at LIJMU using screeiprinting technology,a high
resolutionoptical microscope and a series of low and high frequency analysers: The f
EM sensor material, pattertromposition ofthe functional layer and operational
parametedeterminationwere analysed for featuréaked toselectivityandsensitivity.
Optical, eletrical, and microwave properties of water metal solutions were detected at
separate frequency ranges of the EM spectrum, using a range of low afficegigincy
signal generators such as VNAs, LCR (L= inductance; C= capacitance; R= resistance)
bridge andUV-Vis Spectrophotometeilhe ®atings were analysed using $canning
ElectronMicroscope (SEMith Energy Dispersive Spectroscopy (EDS).

Initially, the prototypes were assessed with single elenstatslard¢Pb, Zn and Cu)
over a range ofoncentratios (0100mg/L), beforemovingonto more complex muki
elementsolutions For validation purposeswater solutionswere first analysedusing
conventional methodologies ftine detecton of metal concentratigdnCP-OES and/or
ICP-MS and colorimetic low-cod single metalisual dip & colourtest strips

Afterwards natural samples of water with different matrices and complex compositions
were collectedrom mining areas arounthe UK and analysed in the laboratory using
uncoated anftEM sensorsSeveral stategies wer@isedto adapt thesensing system for

in situmonitoring,includingwaterproofingheconnectorandthe use oportable VNAs.

This sensing system was thesedin thefield in four mining areas ithe UK: three in
Wales andne in ScotlandConsidering the infeasibility of having a metal composition

comparison ossite, a first assessment of the pollution severity was evaluatsitu
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measuring physicochemical parameters (pH, EC andaldpgside the samples
acquisition.For amore specific omposition characterisatiospllectedwater samples

were analysed in the laboratory using {8 andaVNA.

Datawereimported, analysed and summarised by graphiselation curves, statistical
analysisand numerical methogdsasing mostlyExcel CurveExgrtand OrigirPro 9.0.

This chapter describes in detail the research methodology that was developed for this PhD
research projectn the following three results chapters (Chapter 5, 6 and 7), a short

introduction describes specific matésiand method$atwereusedfor particular results.

4.2 F-EM sensors development

This projectincludedexperimerditionfor the first time onthe integration of thick films
(10-2100pm) onto planar EM sensors which operate at microwave frequenci®$Hz0

i 15GHz) for deecting toxic metals in water. Goldightpair IDE sensors on
polytetrafluoroethylene RTFE substrate (dielectric material) were selectedtlas
starting sensoiThese sensors were previously developed by other researchers at LIMU.
Among various planar sears, IDE were selected for this project because of their good
response for metal concentration in water. Uncoated sensorsEidsénsors were

developed and sted with water samples in the engineering laboratories of LIMU

4.2.1Screenprinted coatings

This workinvestigatedhe integration of materials onto the planar sensing strutdure
improvesensitivity (detect metal concentration below and above the EQ3igsta by
the EU WFD), selectivity (distinguish diverse but similar compoundsater) and

specificity. As described in the previous chapter, various inorganic metal oxides and
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chelating polymers were selected to be integratéd microwave sensongsing screen
printing technology.
Screerprinting technology is an attractive depositional mettisdnainadvantage is the
possibility of screenrprinting amixture of materials onto a flat substrate. This is possible
because the paste mixture is prepargtienaboratory.
The followingapparatus were uséar developinghef-EM sensors (Figure 4.1

(1) a screerprinter;

(2) a mesh with a stencil;

(3) a paste mixture;

(4) a planar sensor;

(5) an oven,;

(6) SMA connectors and solderingstation.
The process is based on the deposition of a mixture of material onto planar sensors using
a screesprinter. The pastenixture gos through a stencil (which is the negative of the
desired shape, square 2cm) on a mesh to a planar sensor thanks to a sqgeesga
mechanical arm. Then,EM sensors are placed in aven (130180°)for curing between
each printed layer. Finally, SMAbanectorsaresoldered tahe FEM sensors for allowing

measurements using VNAs.
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@ screen-printer @ mesh with stencil ® oven

Figure4.1 Required materials for the development-&M sensors: a screqurinter (1); a mesh with
stencil(2); a paste miture(3); a planar sensdd); an oven (5) and SMA connectors and a soldering
station(6)

4.2.2Paste mixture and coatings developnt

To attain apaste mixture of the desired viscosf:1i 10 Pa 3, three componentare
required

(1) one ormoreprincipal fundional materiad;

(2) an organic binder;

(3) an organic volatile solvent.
These last two components work as a matrix for developing the correct viscqmstef
to be printedover the planarsensors. During this PhD project, several material
combinatiors were pepared and tested.
A specific weight othe principal functionamaterias (in powder form)wasmixed with
7-8% of a polyvinyl butyral PVB), namelyButvar B98 (Sigma&ldrich B0154) (an
organic binderanda few drops of ethylene glycol butyl ether (Sigrldrich 579556)
(an organic volatile solvent Figure 4.2 showsraexample of paste preparation from

bismuth (lll) oxide powder to scregintable form. Thisvasthe first materiato be
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developed asa proof of concepof f-EM sensorandhave been puldhed byFrau et al

(2017)

Figure4.2 Paste mixture preparation procesgsecific weight of the material in powder form (a); addition
of the binder (b) and addith of some drogof solvent which resultsr a pintable paste mixture
(example usindp-Bi>Os based paste mixture)

The developed paste mixtures were prinieshg a semautomatic screen printer (Super
Primex)onto:
(1) Ag eight-pair IDEs thatwere screeiprinted on microscope slides
(2) Au eight-pair IDE on PTFE substrate(microwave sensors) which are named f
EM sensorghroughouthe thesis.
The materials that were used in this project were carefully handled using the safety data

sheet (SDS) of each prodwad areference

4.2.2.1Functionalised Ag eight-pair IDE on microscope slides
For a predevelopment and preharacterisation8-pair IDEswere screeprinted onto
microscope slidefFigure 4.3ausingreadymadesilver pastes (Dupont 5064Hrigure

4.3p) and Heraeu$ CT3410 conductorsand anIiDE stencil ona mesh (Figure 4.8).
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Initial repeatability and reproducibility of the IDEs were evadaby impedance

measurements (C,, ).

Figure4.3 Example of developed ADE screerprinted on microscope slidé€a) using silver paste
readymade b) and neshwith theeightpair IDE stencil €)

Coatings based on singular materials and mixtures usngus percentages of the

functional materials werecseenprinted ontop of these electrodggigure 4.4).

Figure4.4 Example of some successful scrggimted coating on Agightpair IDE onto microscope
slides, showing their front and back view

This was @neto inexpensively eauatetheir printability, reproducibility, and theinitial

interaction between the coating material and toxic metals in water
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4.2.2.2Functionalised Aueight-pair IDE on PTFE substrate (FEM sensors)

The giccessful paste mixtures wetben sceenprinted onto Au eightpair IDE
microwave sensors on PTFE subssdiggure 4.%, b and xwhich were fabricated by

an external manufacturérhe layout and dimensions of taghtpair IDE patternsensor

is shownin Figure 4.5a. Goldwas used as the conductive metaltenial for both the
bottom layer, which acted as a ground plane, and the top pattern to maintain chemical
neutrality when the device is placed in contact withanalyte solution. The thickness of

the Au layers was 3% mThe microwave sensor was desigrana 1.5 mm thickPTFE
substrate. A distinct feature of IDE type sess®their higher sensitivity to change close

to the sensor surface, which redsicke variationdue tothe external environment

(Korostynska et al, 2014b)

gold eight-pair
l ~—._ IDE (35 um)

Top
pattern

v'iL

PTFE
(1.5 mm)

BottomT .y '
layer

gold ground
plane (35 pm)

oL

- B
I

F 4+

20

(in mm)

Figure4.5 Scheme with size ofreéAu eightpair IDE sensofmm) showing its front iew (a), 3D view (b)
and a picture of it (c)

Initially, somesensos werealso covered with a PCB lacquer spray coating (Figue 4.

for electrical cirait protection and to avoid oxidation of the gold electrodes.
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Figure4.6 Au eightpair IDE with aPCBlacqueredtoating

Table 4.1 summarises the most successfuhe developed paste mixtures based on
combinations and percentage of metal oxidasnguth (ll1) oxide,ruthenium (IV) oxide,

indium tin oxide, M0) and chelating polymerk¢ysteine and chitosan).

Table4.1 Summary of thesuccessful pastaixtures which describes the acronym of the developed
coating, the percentage of the added binder, the pegeeataach material and their CAS number

Name of the produced % Butvar B98 Materials composition CAS No.
coating
b-Bi203 7.5 wt. % 100%Bismuth (l11) oxide 130476-3
L-CyChRuO 7.5 wt. % 45%L-Cysteine 50-904
45% Chitosan 9012764
10% Ruthenium (IV) oxide 1203610-1
L-CyChBCz 7.7wt. % 40%L-Cysteine 50-904
40% Chitosan 9012764
20%Bismuth cobalt zinc oxide 185311798
ITO 6.5wt. % 100%Indium tin oxide (ITO) 5092611-9
(with Polymer dielectric asan LTD5301
underlying layer) (Haereus)
M10 7.2 W % 100% PalPower M10 (AQM)°, | 7439954

based mostly on:
58% Magnesium oxide (MgO),
22% Silicon dioxide (Si@),
14% Iron (111) oxide (FeOs)
% ofthetotal
bpredominantly a mixturef metal oxides;

Frau, llaria 72



Chapter 4 Research methodologies

Specifically, their assignegame, characterisscand curing temperature and time are as
follows:

1 b-Bi2Os: bi smut h (crri) oxi de nanopowder
characterised by tetragonal phase and space group P 421 c (114);A8igofa
637017) was used as the principal material. The thickrfess b-Bigs based
films (Figure 4.7a and byasincreasedusingmultiple screesprinting, with the
final coatings lvingeither4 or 6 layers printed, with suitable curing of the layers

in an oven at 170° C for 1 hour between each print.

8 ek fimeoating D
Thick film/coating Sample holder
7 - 4
/
-Bi,O
. B-Bi,0, |

/

: SMA connector

! |
T

Gold IDE

Figure4.7 Scheme of af-EM sensoibased oib-Bi-Osz which shove the coatings=thick film)
dimension (a) and the picture of the final produith a sample holder andsalderedSMA connector

1 L-CyChRu: Planar EM sensonsere functionalised with two chelating polymers,
chitosan and-tysteineas well asa resistive mtal oxide, ruthenium (VI) oxide
(4:4:1) (SigmaAldrich 168149, 448869 and 23805@igure 4.& and b. The
thickness of the {CyChRu based thick film was imeasedisingmultiple screen
printing, withsuitable curing of the layers in an oven at 150° Q foour between

each print.
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Figure4.8 Scheme (a) andpicture of fEM sensors based onCyChRu(b)

1 L-CyChBCZ: the L-CyChBCZ based mixture is based on three materals:
cysteine, chitosan, andbismuth cobalt zinc oxide with a proportion of 4:4:2
(SigmaAldrich 168149, 448869 and 63193®igure 4.9a and b)rhe particle
size of this material in nanopowderrois<100 nm Each printed layer was cured

in an oven at 150°C for 1 haur

a b

L-cysteine-
Chitosan-
Bismuth
Cobalt Zinc
oxide based
‘coating

Figure4.9 Scheme (aand picture (b) fHEM sensors based @mL-CyChBCZ coating

9 ITO: Theindium tin oxide (ITO)paste mixture th the appropriate viscosity was
preparedby mixing indium tin oxide (I80s/SnG) nanopowder, 30 nm particle
size (Sigma Aldrich,79034§. This paste was prepared under a HEPA filtered
hood, due to the particle sizEhe fEM sensors baseah ITO were preiously

screenrprinted with a norconductive materiaH40 um) (Heraeus, LTD5301p
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avoid short circuit; then they were screprinted with the ITO paste-(40 um)

(Figure 410a and b

a
ITO based

coating
\ &
“Non-conductive
\ material
Au eight-pair IDE

~ PTFE
substrate

Figure4.10 Schemeof the ITO based coating and its underlying nonconductive coating (a) and a picture
of the final product (b)

1 M10: PalPower M10is a material that has been recently developed by
Aquaminerals (AQM) (Finland) for remawy toxic metals from wastewater. It
corsists mostly ofa magnesium and iron oxides based adsorbent and has been
developedo remove Cu and Zn from wastewater, with subsequent recovery of
the material in other fore) such as covellite (CuS) after hydrometallurgical
treatment(Gogoi et al, 2018; Takaluoma et al, 2018his material was kindly
received from Esther Takaluoma, who ddsedi its successful experiments for
Cu removal at the ICARD Conference in September 2018, Pretoria, South Africa
(Takaluoma et al, 2018)in addition she prepared for my experiments an
appropriate granulometry to allow scrgamting (108500 nm),for testing with
the DE sensors (Figure 4.11)

The F-EM sensors wersoldered tdSMA connectors for conneaty thesensorgo the

VNASs.
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Figure4.11 Screenprintedf-EM sensors based on M10

4.2.3Thicknesses measurements

The thickress of thecoatingswas increased by multiple screpnnting, with suitable
curing of the layers in an oven between eacht prime final thickness of the coatings was
measured using an electronic micrometer (TESA Micromagteglire 4.12a), a digital
vernier caliper (AOS Absolute Digimatic) (Figure 4.12b) and a surface profiler (Taylor

Hobsoni Form Talysurf 120) (Figure 4.1pat LIMU.

Figure4.12 Equipment used for measuring the coating thickresslectronic micrometefa), a vernier
caliper(b) anda surface profilefc)
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4.3Water samples

In this work, water samples wittlevatedmetal concentrations (mostly Pb, Zn and Cu)
were prepared in the laboratory and then tested using microwave specttosaayae

the feasibilityof detecing these pollutants with the required sensitivity and selectivity.
After the analysis ofigple laboratoryprepared water solutions, more complex water
samples were analysed in thkeboratory including samplescollected from mining
impacted freshwater ithe UK. For all the samples, physicochemical parameters (pH,
EC, T) were measured. Theatfive concentratiaof the samples aremeasured using
ICP-OES and ICRMS and using a rapid qualitative screening of the metatentration

based on colorimetric test strips.

4.3.1Lab-samples

Initially, sampleswith different Zn, Pb and Cu concentratio(®&100mg/L) were
accurately prepared iafume cupboard byliluting a precise volume diCP standard
stock solution of singular meds in DW. The preciseolumefor preparing the desired

concentration was evaluated using equation 4.1:

& & (4.1)

where w is the volume to take from the stock (in ml); is the stock solution
concentration (in mg/; 0 represents the final desiredncentration (mg/L); and
denotes the volume of the final desired solution (in mL). The stock solutions of Pb, Zn
and Cu werel,000ppm ICP standard solution certifiedrgm SigmaAldrich,
respectively41318,18562 and 68921)Water samples weraccuately preparedy

diluting the V1 specific forthe desired sample concentration in arfiOvolumetric flask

Frau, llaria 77



Chapter 4 Research methodologies

(Figure4.13a), reading the bottom of tkencave meniscu@-igure 4.13b). Then, they
were placed irhigh-density polyethylene bottle@-igure 4.13c).DW samples were
prepared and then analysed for measuring the background signal and for evaluating any

contamination that may occur during sample preparation or collection.

Figure4.13 Exampk of metals tandard solutions prepared under fume cupboard usimgL5@lumetric
flasks(a) reading thébottom of theconcave meniscus (kthen, they were placed high-density
polyethylene bottleéc)

Subsequently, sampléased on mixtures of metal&re prepared and tedias samples
created by additions and dilution, for evaluating the capability to detect small (<1 mg/L)

concentration variation.

4.3.2Field samples

Following t h e testing o f -prBparedmsames de.g.l mobenatab t or y
polluted, miningimpacted waterwas sampled and analysed. Specifically, several
freshwater samples were collectiedm four polluted mining areas in the UK: three in
Wales and one in Scotland. These mining areas are:

1. Wemyss Mine (MidWales, UK);

2. ParysMountain mining district (Anglesey, North Wales, UK);

3. Nant yMwyn Mine (Mid Wales, UK)

4. Leadhills (Scotland, UK)
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These areas and their sangpdee describedh Chapter 6 Consequently, somm situ
measuremestusing the same sample locatiwere performed andthe results are

described in Chaptét.

4.3.3Physicochemical parameters

Physicochemical parameters which are fleeting, sucleesieal conductivity (EC), pH

and temperaturevere measuredfter appropria calibrationusing a multiparameter
meter (model PCEPHD 1, PCE Instruments].he EC was calibrated using a standard
solution of 1413 uS/cm, whichwas correctedfor temperature; the pH was calibrated
using pH calibration solutions 4, 7 and T@e empeature was also constantly mtored

using a digital and a necontact infrared thermometer (model 702C Lutronand 830

T2 Testo, respectively). Moreover, samples with distinct temperatures, pH and EC were
analysedo evaluae their effect on the chang# the microwave spectral r@snses. EC

and pH can be an indication of water qualayg described in Chapter 1,

4.3.4Effective concentration evaluation using certified methods

The netal concentratiorof the laboratoryprepared and collecteshmples wsanaly®d

using an ICP-MS, model 79@® Agilent Technologies (Figure 4.14a) (for low
concentrations of cations), aad ICP-OES, modelCAP 6500 DuoThermo Scientific

(for high concentrations, major cations and/or higher metal concentrations) (Figure
4.14b), both equipped witdin autosampler.Samples for ICP analysis were acidified to

1% v/v with high purity (>67%) HN@
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Auto-
sampler

Calibration
“" solutions °
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4. 7
= \Samples

. A

|
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Figure4.14 ICP-MS (a) and ICPOES (b) at LIMU eqpped with autesamplers

For these analyses, calibration solutions at wariooncentrations (depending on the

concentrations on the analysed samples) were prepared and measdeebp a

calibration curve. The detection limit (DL) for chemical analysis was calculated at 10

times the standard deviation of the blank solutidnsaddition, a certified reference
material (CRM), namely EPI-3 (Matrix Reference MateriaEnviroMAT Drinking
water, high, SCP SCIENCE 14125-032) was prepared (1:100 dilution of the stock

solution in deionised water) and analysedeterminghe accuray of the measurements

using equation4.3. The accuracyepresents the agreement in percentage between the

meanof themeasured valuwith thetheoretical valudor a quantity, and indicate how

much the measured resdiviatedrom thetrue value.

wom aow QI 00 AXQOAME T QO chooQ (4.3)
0 Wil G we G E 1 Qo @A

The precision(coefficient of variation (CV) orrelative standard deviatio(RSD))

indicates the repeatability of the dat# is evalatedusing equatiod.4, and it represest
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the standard deviation (SD) over the meatheimeasured valueultiplied by 100 are

widely used to evaluate the precision of the measurement.

o "0
51 0l Rt 3 (4.4)

Unfortunately, there was not the possibility to compare the microwave sensing response
with certified methods for esiteor in situmonitoringof metals Some collected same

were analysed usingvater quality tesistrips a screening colorimetric teclopie by
SanSafe (US PATENT #6541269) for selecti
Copper, 481142, Figure 4.15a) and for semiquantitative contamination checking ef multi
metals in drinking water (Ct, Zr?*, C*, Ni?*, PI#*, etc.) (Water Metals Check,
4813096). The procedure is simple: 1) a test strip is dipped into a2O@ater sample

for 30 seconds with constant back and forth motion (Figure 4.15b); 2) after removing, to
shake the strip once for removingetexcess of water; 3) to match the colaith the
provided chart within 60 seconds for semi quantification of Cu (Figure 4.15c). Although
this method is not highly precise, it gives an indication of the contamination level of Cu
and total metal pollutionThese test strips are developed for asialy drinking water,

which ha& a higher tolerance limit compared with freshwater EQS (e.g. US EPA

recommends 1.3 ppm for Cu the safe limit compared with 0.034 ppm for freshwater).

Figure4.15 Example ofcolour stripsfor Cu screening analysis, John's Copper (a); a read test strip is
immersed in water (b) and the Cu concentratioagsesselly visual colour matching (c)
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4.4 Measurements

The principle of using microwave spectroscopy is based on the interaattithe
scattering parameteas microwavefrequenciesvith a solution undetest and the output
response as a spectral signal can be lingeatle presence and concentratadrspedfic
metals in water. As described in the previous chapter, the chiantpesspectral output
canalsobe related to changes in impedance parameters, such as R, C, X. Accordingly,
laboratoryprepared and collected minkigpacted water samples were anatysn
parallel using) opticd, ii) low-frequencyimpedanceandiii) microwavemeasurements
at separate frequency ranges of the EM specffaimimpedance and microwave analysis
were performed using uncoated and coated senBoesimpedance (capacitan@) in

F, and resistand®) in W) andthemicrowave (reflected coeffient(S11) in dB) properties

of thewater sampleg/ere measured usingncoatednicrowave sensors andeM sensors
based orvarious combinations of materiaSsach solution was tested 5 times us#agh

of these three techniqués assess repeatabilitiRapd and continuous measurements
were performd for evaluating the feasility to monitor reatime metal variations in
water Moreover, the application of thstandard addition methodsing microwave
spectroscopyvas carried out for the first timdeasurerents were performed in an air
conditioned environment at a constant temperatird9-20°C to minimise outside

influences.

4.4.10ptical measurements

UV-Vis spectrophotometry was used for measuring changes aptical absorbance of
water solutions atariousconcentrations, as a combined measurement of water pollution.
The UV-Vis absorption spectrum can be considered an optical signature of a water sample

due to the bsorption of electromagnetic radiation at high frequencies, in the ultraviolet

Frau, llaria 82



Chapter 4 Research methodologies

(185 400 nm)and visible (400800 nm) spectral region. This techniqueéscribedy
the BeerLambert law, whichmodelsthe attenuationof light propertiesas it crossea

sample(Mason et al, 2018b)helaw is described by equation 4.5

0 -0w (4.5)

whereA isthe absorbancé) is theabsorptivity(or molar attenuation coefficientf the
attenuating specig’*cmY),ci s t he sampl ebds concelistrat:i
the path length in cm.

Practically, the absorbanoé a solution is directly proportional to the concentration of

the absorbing speciestine solution and the path length. The absorbance of samples was
analysed by measuring appimately 3.5 mL of the water solutions in plastavettes
(759170, BrandTdy and analysed wita UV-Vis Spectrophotometer (Jenway 7315) at

the wavelength range 2a®@00 nm (Figure!.16)

I« Absorbance

spectrum
UV-Vis
spectrophotometer

200-1000 nm

Figure4.16 UV-Vis Spectrophotometer and its output as absorbance spectrum H@DOM

4.4.2Low-frequency impedance measurements

The mpedanc@roperties othesamplesysingcoated IDE on microscope slideandf-

EM sensors wermeasured using a HAME&L18 which isa programmable LCR bridge
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(L= inductance; C= capacitance; R= resistajtbafwas configured iadifferent manner
depending on the purpose. Parametacdidingredstance (R) and capacitance) (@re
measured between 20 Hz andd2(Hz. Capacitanceind resistance measurementmn
detect changes in matesal

The LCR meter made usé various connectors and/or sensing structure for sample and
sensors characterisation. Specifically, three configurations were used for specific
purposes:

1. Gold-plated sensor for impedance measurements of watemple with various
metal compositiomandconcentratios;

2. ACrocodile clipso: i) for measuring the IDE and coating repeatability and
reproducibility; ii) for monitoring the interaction between coatings (sereen
printedon Ag IDE) and metal water solutions;

3. F-EM sensors:i) for measuring4fEM sensosbrepeatability; ii) for measuring the
impedance variation of theEM sensors based on the interaction with metals;
Between these, the main purpose of using impedance measurement was the initial
characterisation of coating materials and water solutib@aiction usi ng A cr 0 cC

c | i forsinexpensive coatings development atiek decisionmaking process of
materials to screeprint for producingfEM sensors to use for microwave measurements.
Operational modes, such as impedance parameter sele@menicy range and/or single
frequency by timgwere selectedsing abespoke LabVIEVgoftware interfaceonnected

to a desktop computer for data acquisition

4.4.2.1Gold-plated sensor on sample
Metal water solutions (Pb, Cu, Zn) at various concentraticd®Q0ng/lL) were analysed

at a frequency rangd 20 Hz to 200kHz. The LCR programmable bridge (FigureZal
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was configured with a bespoke coaxial probe assemimedn FR4 circuit board
(Figure4.17b andc) terminating with a parallel capacitaith a constan1.00V open

circuit voltage via a LabVIEW software interface. A gglidted sensing structure
(Figure4.17d) with two electrodesvas immersed in 400 L o f s ampdlden v ol u
place by acustomisedholder integrated onto a microscope slide. The sersmigture

was a parallel plate capacitor and it was used for measuring C (in F) and)R{imetal

solutiors by measuring the relative change in dielectric constdr# electrodeweretwo
gold-platedrodswith alength of 4 mm and a diameter of Omién, with 4 mm separation
betweenthem Considering that the measurements were performed asiparallel
capacitor it was possible to measure the variation in the relative permittivity of the water

sanple under test usingvhichfor an ideal conductor iepresented bgquation 46:

0

& é_l (4.6)
whereC is the capacitance in F; is the permittivity of free space; is the relative
permittivity (dielectric constant) of threaterial between the plates, in thése apolluted

water sample;L is the rod length in meds; d is the separation distance fimetre$
between thewto rods; and r is the radius of the rodnimetreg(Mason et al, 2018b)
Considering tht for these measurements the configuration kegs constant, the only
variable is the relative permittivity. Consequently, it is possible to estimate the variation
in F of diverse water samples at various concemmstiwhich reveals thelielectric
congant change. Other variations were ke@ m@tinimum, such as the temperature of the

samples anthevolume. The capacitance values were repeatedly meagwgor the

whole range of frequenciésr the prepared wat solutions
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LabVIEW i

software §§
interface HE

Figure4.17 Experimental setip: an LCR bridge andabVIEW software interface with a bespoke coaxial
probe(a) (assembled withraFR4 circuit board as shown fh), back view, andc), front view)
measuring using a goldlated sasing with two electrodegods)a water sample (400 plheld in place
by a specific holder (as magnified(d)) (modified fromFrau et al (20193)

4422 Crocodile clipso

IDEs were screeprinted on microscope slidés reducadevelopmentostsandused for

initial coatings tests(durability, degradability, change in impedance measurements, time
responses, etc) for measuring miringpacted water using microwave spectroscaéyy.
eightpair IDEs were screesrintedto the slides, which werethen covered withthe
coatingspreviouslydescribed

The repeatability and reproducibility of the IDEs was evaluated by measuring the C and
R response for multiple IDEs. The experiment was configured by placing each slide
(Figure 4.Ba) onto a bespoke platfornfor assuring repeatability of the measurements

and connectedusingicr ocodi | e clipso (R&S HZzZ184
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(Figure4.18b). C and R were measured between 30 Hz and 200 kHz using the LCR bridge

usingthe LabVIEW softwee interface (Figure 48k).

LabVIEW
software
interface

Ag-IDE screen-printed
on microscope slide

Figure4.18 Configuration of "crocodile clips measurements" for measuring the repeatahitity
reproducibilityof the AgIDE screerprinted on microscope slides (a), connected through crocodile clips
(R&S HZ184 Kelvin measurable cabledgvated bya developed platform (bgonnected toraLCR
bridgefor measuring C and Rsing aLabVIEW software as data acquisiti (c)

ThecoatedDEswere measured in the same manhaultiple IDEs (3-5) screerprinted
with the same coating composition and thicknegre testedFigure 4.8 illustrates
example of thefunctionalised IDE with coatings includingl-cysteine (Figure 49%),
cysteinewith chitosan and ruthenium oxid€igure 4.19), and indium tin oxidewith
chitosan and pyrroléAn underlying layeof insulatingmaterialwas used t@void short

circuits (Figure 4.18).

~ “};‘ /

2 07
‘?, "
'1 Dielectric material
T, " (underlying layer)
L-cysteine | Indium Tin Oxide §
od Chitosan ; Chitosan
L-cysteine Ruthenium oxide j!_ Pyrrole

Figure4.19 Example of functionalised IDE connected tol&CR through crocodile clips, specifically
with coatings based orclysteing(a), I-cysteine, chitosan and ruthenium oxide (b) and on Indium tin
oxide chitosan and pyrrole, thian undeitayer of dielectric material (c)
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The measurements were also repeated for IDEs with a sample underuederstand
thevariation in impedancegsameterslue tathe interaction between the coating materials
and the metal ions in the water solution. Foesimeasurements, 400 uL ofater
solutionwere placed on uncoated (Figure 4a2@nd coatetDESs (Figure 420b).

Specific frequencies werthen selected for tilmm measurements, basedher on the
greatest Rand/or higheisensitivity, orusinga compromise between them. Measuring
the changes in impedance by timakes ipossible to estimate the interaction time, such
as the adsorption or chelatiocof the metalions on thesurface of theeoating materials.
Watersolutiors weretested for 30 minutassing various functionalised IDE sensdrke

output was extracted every 30 seconds.

Figure4.20 Uncoated (a) and fustionalised IDE on microscope slides with a 4@0sample held in
place by a specific hold€b)

Spectra measured withe IDE sensor were recorded for air asglveralconcentrations
(0-100mg/L) of Zn, Pb and Cio evaluae thedifferencesn outputbetweerthecoatings

for different samples.

4.4.2.3F-EM sensors
The best paste mixtures wesereenprinted onto microwave sensors for developing the
f-EM sensorsThe @pacitance (C) of somef the f-EM sensos were measuredo

evaluatethe repeatalhi ty. Their interactionwith samples was measured with a bespoke
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coaxial probe as shown in Figure #.@ver the full frequency rangewith 400l of
sample volumg Once the frequencyesponsewas analysed, two frequencies were
selected to determine thanation in capacitance over 30 minutes, with measurements

every 5 secondd his wasperformedto assess the reaction between the coated sensors

and metal solutions.

Figure4.21 Example of fEM sensor baseon b-Bi»O3z connected to the LCR bridge

4.4.3Microwave measurements

The principle of microwave spectroscopy is based on the interaction between incident
waves produced by a VNA, and a water sample in contdttt a sensing structa. In

this work, the VNA use a oneport configuratiorfor S;1 measurementsf thereflected
spectral response at specific frequencies, as illustrated in Fig@relf'Ae2uncoatedand

f-EM sensorswere used for measuring laboratepyepared and collectethining
impacted watesamples The rposeof using fEM sensors is to obtain a more specific

spectrafesponse for diverse sample compositions due to the specific physical or chemical
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interaction which changethe complex permittivity of theystem and &ws a more
sensitive and settive response.

Incident wave

Vec;‘c;]ra Il\;zt::ork /\ /\ /\ /\ /\ . Planar F-EM
VRV VAV

sensor sensor
with andior— with
Reflected wave sample sample

Port 1

S,; response

r

v

Figure4.22 Scheme of the interaction principle between an incident wave produced by a VNA which
interacts with a sample placed on a sensing structure and gererefiected signal (as,Sesponse) at
specific frequencies which is a spectrum

Initially, microwavesensors, both uncoated and coated, were connected to a Rohde and
Schwarz ZVA 24 VNA via a coaxial cable and SMA type connecatarsd with the
sensorsAll the equipment was spéied for50Y i mpedance and aas c
ZV-7235 calibration kit flowing the manufacturer standard protocdhe mcrowave
reflection coefficient (&), between 10MHz and 15 GHz (with 60,000 discrete points)
was measured usirige VNA by way of two configurations:
1. Small sample volume onto sensar for assessing the microwave response of
metal solutions with various compositions and concentrations;
2. Adaptation for in situ measurementsfor probing the sensing structure directly
in water to allev in situmeasurements.
The interaction between water solutoandthe excitation of the sensors at microwave
frequencies emits an electromagnetic field, which interacts with the solutions presented

to the sensor to enaltlee determination bthe composiion and concentration.
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4.4.3.1Small samplevolume onto sensor
The eflection coefficient magnituder small volume water samplesasmeasured with
a oneport configuration by connecting bothe uncoated and-EM sensors to a Rohde

and Schwarz ZVA 24 VNA thrazh coaxial cable§~igure 4.3).

\ == 400 ml
hﬁ\ of water
- sample

onto each
sensor

coaxial
cables

Figure4.23 Configuration of & measurements using a Rohde and Schwarz ZVA 24 VNA using an
uncoated and variousEM sensors with 400 pL of sample onto each one heldaicepby a bespoke
holder

The esponses measured wikief-EM sensors, were compared with the uncoated sensors
for evaluating the variation of the spectral response and the improvement of the sensing
performance for specific sample compositidhgt each masurement (n=5), 400 uL of
laboratoryprepared water sargs and samples which were collected in mirmgacted
freshwater weréispensed onto the sensor using a pipette, with the solution held in place
by a manufacturedell.

After data analysis, the fgeency range dhemeasuremen{®.01-15 GH2 was reduce

to focus on the bestelected frequencie¥ime measurement{gvery 30 secondsyere

also repeatedior measuring the feasibility of continuous measurements and the time

interaction between each ¢way and the metals ithewatersampleunder analysis.
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Variationsin the microwave responsegere alscanalysed for other parameter changes,
such as T and pH (Figure 4)2o demonstratthat the measured changesild berelated
to the metal compositiorand concentration and not other fastdhat influence

microwave responses.

Figure4.24 IDE sensors and measurements of pH calibration solutions (a), at pH 4 (b), 7 (¢) and 10 (d)

Consequently, the respafor water samples using this configuratizas compared with
other portable VNASs, such as a ZVL13 VNA (9 kiHA2 GHz, Rohde and Schwarz)
(Figure 4.5a), a PicoVNATM 106 (300 kHe 6 GHz, pico technology) (Figure 412),

a MS2024A VNA Master (2 MHE 4 GHz, Anritsu) (Figure 4.2c) and a miniVNA tity

(Mini Radio Solutions, 1 MHZ 3 GHz) (Figure 4.2d), to assess the feasibility to
perform some osite orin situ testing in miningimpacted freshwatehe cost of the
equipment used in this work for perfarmg microwave measurements usindgM
sensorsand water sample is shown in Table 4.2. Although some VNAs, such as the
ZVA24 and ZVL13, are costly, inexpensive options are availablee the resonant
frequencies aradentified In addition, compacmeasurerants instruments can be

developed for a totadost of ~ £50.

Frau, llaria 92



Chapter 4 Research methodologies

Figure4.25 Portable VNAs that were tested in laboratory using the 400 uL method onto the sensor: a
ZVL13 VNA (@), a picoVNA (b), a miniVNA tiny(c) and a MS2024A VNA (d)

Table4.2 Summary of cosbf equipment for microwave spectroscagsing the measurement
configurations, equipment and materials used in this work

Product Brand / Supplier Model / material Cost
VNA Rohde & Schwarz ZVA24 ~ £150,000
Frequency range:10 MHz to 24
GHz
VNA Rohde & Schwarz ZVL13 ~ £27,000
Frequency range:9kHz to 13.6
GHz
VNA Anritsu MS2024A ~ £6,000
Frequency range2 MHz to 4 GHz
VNA Pico technology PicoVNATM 106 ~£ 4,200
Frequency range300 kHz to 6GHz
VNA mini Radio Solutions miniVNA tiny ~ £400
Frequency rangel MHz to 3 GHz
Planar sensors Gold eightpair interdigitated ~ £2-5
electrode on PTFE substrate
SMA Edge JOHNSON Coaxial Connectgr Straight Jack. ~ £1.5
connector Solder,50 ohm, Beryllium Copper
Coatings Chemicals (mostly) from Sigme chelating polymers ~£0.02- 0.5
Aldrich
Functionalisation (x10 printing)
Coatings Chemicals (mostly) from Sigme metal oxides ~ £0.05- 2
Aldrich
Functionalisation (x10 printiy)
Sample Sigma Aldrich Toxic metal(Cu, Zn, Pb) standard ~£0.5-2
solution
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