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Kurzfassung

Schwermetalle umfassen einen Grof3teil der Elemente im Periodensystem und koénnen iiberall
in der Erdkruste bis zum Erdkern gefunden werden. Abhéngig von ihrer Konzentration
iibernehmen sie mitunter wichtige Funktion in der belebten Natur, kénnen jedoch auch eine
Gefahr fiir Gesundheit, Leben und Umwelt darstellen. Im Gegensatz zu organischen
Materialien sind sie nicht biologisch abbaubar und konnen sich so anreichern. Durch
menschliche Aktivititen werden Schwermetalle zudem an die Erdoberfldche befoérdert. Durch
Korrosion entstehen ionische, wasserlosliche Spezies. Da diese bereits in geringen
Konzentrationen eine Gefahr darstellen, schldgt die Weltgesundheitsorganisation (engl. World
Health Organization, WHO) Grenzwerte vor, wie beispielsweise 5 ug L' fiir Blei (Pb) in
Leitungswasser. Die Uberpriifung der Konzentrationen erfolgt mittels etablierter, hochst
sensitiver Labormethoden wie der Atomabsorptionsspektrometrie (AAS) oder der induktiv
gekoppelter Plasma - optischer Emissionsspektrometrie (ICP-OES). Diese sind jedoch ortsfeste
investitionsintensive Methoden und erfordern eine entsprechende Infrastruktur und
geschultes Personal. Um point-of-care (PoC) Anforderungen gerecht zu werden, wurden
mobile Gerite fiir elektrochemische Nachweisverfahren entwickelt und deren Potential in
wissenschaftlichen Arbeiten demonstriert. Bisher konnten sich diese Anwendungen jedoch
nicht durchsetzen, wéhrend elektrochemische Sensoren in anderen Bereichen, z.B. fiir pH-
und Blutzucker-Messungen, weit verbreitet sind.

Zur Erhohung der Sensitivitit und Selektivitit bei der elektrochemischen
Schwermetalldetektion konnen die eingesetzten Elektroden chemisch modifiziert werden.
Ublicherweise bestehen modifizierte Elektroden aus verschiedenen Kohlenstoffmaterialien wie
glasartigem Kohlenstoff, Graphit oder Nanorohrchen, auf die Bismut, welches aus
Umweltgriinden Quecksilber in dieser Funktion abloste, und Nafion®, ein perfluoriertes
Polymer mit Sulfonsiurefunktionalitit, aufgebracht werden. Uberdies kann die
Ionenselektivitdit durch Modifikation mit Metallionen-komplexierenden Molekiilen erhoht
werden. In der wissenschaftlichen Literatur werden Elektrodenmaterialien beschrieben mit
Nachweisgrenzen (engl. limit of detection, LOD) weit unterhalb der WHO-Vorgaben.

Die Extraktion von Schwermetallen ist neben der (Ab-)wasseraufbereitung auch durch die
Riickgewinnung von Metallen aufgrund ihres 6konomischen Wertes motiviert. So wird im
Themenfeld der Hydrometallurgie an Extraktionsmitteln geforscht, die moglichst selektiv sind
und hohe Extraktionskoeffizienten ermoglichen. Dabei konnen unter anderem ionische
Fliissigkeiten (engl. ionic liquid, IL) eingesetzt werden.

ILs sind Salze mit Schmelzpunkten unter 100 °C bzw. Raumtemperatur (RTIL) und bilden
eine Klasse an Substanzen mit vernachlassigbarem Dampfdruck und elektrischer Leitfahigkeit.
Aufgrund der grolen Anzahl an Kombinationsméglichkeiten von Anionen und Kationen und
der Modifikation der chemischen Konstitution, insbesondere bei organischen Ionen, und den
damit einhergehenden, einstellbaren, physikalisch-chemischen Eigenschaften, werden ILs fiir




die unterschiedlichsten und insbesondere elektrochemischen Anwendungen untersucht. In der
elektrochemischen Schwermetalldetektion werden ILs bisher fast ausschliel8lich als Binder bei
der Elektrodenprdparation eingesetzt. Die IL Betain Bis(trifluoromethylsulfonyl)imid
[HBet] [NTf.], deren selektive Extraktionseigenschaften fiir Metallionen aus wassriger Losung
untersucht wurde, vermag verschiedene Metalloxide aufzulosen, wobei die anschliel3ende
elektrochemische Detektion dokumentiert wurde. Das Gemisch aus [HBet][NTf.] und Wasser
weist thermomorphes Phasenverhalten auf. Oberhalb der oberen kritischen
Losungstemperatur (engl. upper critical solution temperature, UCST) liegt bei allen
Zusammensetzungen ein einphasiges System vor. Kiihlt das Gemisch ab, trennen sich die IL-
reiche und wasserreiche Phase. Dieses Verhalten kann sich bei der Extraktion zunutze
gemacht werden, wodurch Riithren zur Vergrof3erung der Phasenaustauschfliche umgangen
werden kann. Dies konnte in einer mobilen Anwendung mit kleinen Volumina und
hochviskosen ILs Vorteile mit sich bringen.

Eine weitere Disziplin innerhalb der PoC ist die Entwicklung integrierter, mikrofluidischer
Sensoren. Fiir den Einmalgebrauch sollen diese klein sein und aus kostengiinstigen,
verfiigbaren und unkritischen Materialien bestehen. Papier-basierte Materialien erfiillen diese
Anforderungen als Fluidkanal und Substrat und stellen bereits einen prominenten Vertreter in
dieser Funktion dar.

Um stérende Interferenzen bei der Detektion mit anderen Ionen in einer Probe zu vermeiden
und gleichzeitig den Einsatz kostengiinstiger Arbeitselektroden zu ermdglichen, sollen in
dieser Arbeit elektrochemische Methoden mit einer vorangeschalteten Extraktion des Analyten
(hier Pb?*) untersucht werden. Eine IL soll dabei sowohl als Extraktionsmittel als auch als
Elektrolyt fungieren. SchlieRlich soll dieses Konzept auf die Anwendung in Papier-basierten,
mikrofluidischen Sensoren iibertragen werden. Die IL muss daher die Anforderungen an ein
Extraktionsmittel, an einen Elektrolyten und an ein Flussmittel in einem Papierkanal vereinen.

Trotz vergleichsweise hoher Wasseraufnahme eignet sich die IL [HBet][NTf.] aufgrund der
Extraktionseigenschaften durch die Carboxy-Funktion des Kations und wurde iiberdies
aufgrund ihrer thermomorphen Eigenschaften fiir diese Arbeit gewahlt. Wassergesittigte
[HBet] [NTf.] konnte mithilfe der Anfertigung des Walden-Plots charakterisiert werden. Die
Extraktion von Pb?* aus wassrigem Medium nach Erwédrmung tiber die UCST konnte mittels
ICP-OES bestétigt werden. Die Analytkonzentration konnte dabei sowohl durch die Erhohung
des initialen Wasser-zu-IL-Verhéltnis als auch durch die Zugabe von zwitterionischem Betain
zu dem Gemisch erhoht werden. Eine Erhohung der Wassermenge fithrte jedoch schlieRlich
zu einer vollstindigen Auflésung der IL-reichen Phase.

Pb?* konnte in der IL nach der Extraktion mithilfe der SWV (engl. square wave voltammetry)
detektiert werden, wobei Methodenparameter, {ibernommen von wassrigen Systemen, hin zu
stirkeren Signalen optimiert werden konnen. Eine Messung bei erhohten Temperaturen
(42 °C) fithrt zu einer weiteren Signalverstarkung, was mit der geringeren Viskositdt und der
hoheren elektrischen Leitfahigkeit begriindet werden kann. Die Zugabe von zwitterionischem
Betain kann die gemessenen Signale verstirken, jedoch sinkt die Leitfdhigkeit mit
zunehmender Zugabe und der Effekt ist nicht mehr detektierbar. Die starke Erhohung der
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Konzentration bei der Extraktion fiihrt somit nur begrenzt zu grof3eren Signalen in der
elektrochemischen Detektion.

Die Signalintensitit der SWV konnte durch Modifikation der Arbeitselektroden mit Nafion®
und Bismut weiter gesteigert werden. Der starkste Effekt zeigte sich, wenn Bismut bei der
Elektrodenprédparation gelost vorlag. Die Zugabe von Kohlenstoffmaterialien (Ruf3 bzw.
Graphit-Pulver) fiihrte zu keiner Steigerung, offenbarte jedoch die Notwendigkeit weiterer
Parameteranpassungen bei Anderung des Elektrodenmaterials.

Eine Kombination aus erhOhtem, initialem Wasser-zu-IL-Verhaltnis und Betain-Zugabe bei der
Extraktion mit Temperaturerh6hung und Elektrodenmodifikation bei der Detektion fithrte zu
einer Nachweisgrenze (engl. limit of detection, LOD) von 30 ppb. Dies liegt oberhalb der
WHO-Vorgaben, demonstriert jedoch das Potential der Kombination aus Extraktion und
Detektion.

Schlieflich konnte die Detektion von Pb?* in [HBet][NTf,] nach der Extraktion in einer
Papier-basierten Zelle durchgefiihrt werden. Hierzu wurde aufgrund der Flussgeschwindigkeit
der IL in Papieren Glasfaser-haltiges Material verwendet. Trotz kiirzerer Zeiten zur
Anreicherung des Analyten und mit nicht optimierten Extraktionen und Elektroden wurden
um ein zehnfaches hohere Signalintensitdten gemessen, bei gleichzeitig um ein hundertfaches
geringeren Widerstinden. Zudem erlauben die kleinen Abmessungen der Papier-basierten
Zelle mit dem geringen Elektrodenabstand den Einsatz von geringen Mengen Elektrolyt.

Zusammenfassend konnte in dieser Arbeit die Kombination der Extraktion mit anschlie@ender
elektrochemischer Detektion mithilfe der thermomorphen IL [HBet][NTf.] demonstriert
werden. Moglichkeiten zur Analytanreicherung im Elektrolyten und der Erhéhung der
Signalintensitdten konnten ausgemacht und genutzt werden. Das Konzept konnte auf Papier-
basierte Zellen iibertragen werden. Die geringen Elektrodenabstinde verringern den
Zellwiderstand und hohere Signalintensitdten konnten gemessen werden.
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Abstract

Heavy metals comprise a large proportion of the elements in the periodic table and can be
found anywhere from the earth's crust to its core. Depending on their concentration, some
perform important functions in living nature, but can also pose a risk to health, life, and the
environment. Unlike organic materials, they are not biodegradable and can therefore
accumulate. Human activities additionally bring heavy metals to the earth's surface. Corrosion
produces ionic, water-soluble species. As these pose a risk even in low concentrations, the
World Health Organization (WHO) proposes upper limits, such as 5 ug L for lead (Pb) in tap
water. The concentrations are usually monitored using established, highly sensitive laboratory
methods such as atomic absorption spectrometry (AAS) or inductively coupled plasma optical
emission spectrometry (ICP-OES). However, these are stationary, investment-intensive
methods and require laboratory infrastructures and trained personnel. In order to meet point-
of-care (PoC) requirements, mobile devices for electrochemical detection methods have been
developed and their potential demonstrated in scientific work. So far, however, these
applications have not been able to establish, while electrochemical sensors continue to be
used in other areas, e.g., for pH and blood sugar measurements.

To increase the sensitivity and selectivity of electrochemical heavy metal detection, the
electrodes used can be chemically modified. Modified electrodes usually consist of various
carbon materials such as glassy carbon, graphite, or nanotubes to which bismuth, which has
replaced mercury in this function for environmental reasons, and Nafion®, a perfluorinated
polymer with sulfonic acid functionality, are applied. In addition, ion selectivity can be
increased by modification with metal ion-complexing molecules. Electrode materials with
limits of detection (LOD) far below the WHO specifications are described in the scientific
literature.

In addition to (waste) water treatment, the extraction of heavy metals is also motivated by the
recovery of metals due to their economic value. In the field of hydrometallurgy, research is
being conducted into extracting agents that are selective and enable high extraction
coefficients. Ionic liquids (ILs) can be used for this purpose.

ILs are salts with melting points below 100 °C or room temperature (RTIL) and form a class of
substances with negligible vapor pressure and electrical conductivity. Due to the large number
of possible combinations of anions and cations and the modification of the chemical
constitution, particularly in the case of organic ions, and the associated adjustable physico-
chemical properties, ILs are intensively studied, and electrochemical applications are being
investigated. In electrochemical heavy metal detection, ILs have so far been used almost
exclusively as binders in electrode preparation. The IL betaine
bis(trifluoromethylsulfonyl)imide [HBet][NTf.], whose selective extraction properties for
metal ions from aqueous solution were investigated, is able to dissolve various metal oxides,
and the subsequent electrochemical detection was documented. The mixture of [HBet] [NTf,]
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and water exhibits thermomorphic phase behaviour. Above the upper critical solution
temperature (UCST), a single-phase system is present for all compositions. When the mixture
cools down, the IL-rich and water-rich phases separate. This behaviour can be exploited for
extraction, whereby stirring can be avoided to increase the phase exchange surface. This could
have advantages in a mobile application with small volumes and highly viscous ILs.

Another discipline within PoC is the development of integrated, microfluidic sensors. For
single use, these should be small and consist of inexpensive, available, and non-critical
materials. Paper-based materials fulfil these requirements as a fluid channel and substrate and
are already a prominent representative in this function.

In order to avoid disturbing interferences during detection with other metal ions in a sample
and at the same time to enable the use of inexpensive working electrodes, electrochemical
methods with upstream extraction of the analyte (here Pb?*) are to be investigated in this
work. An IL shall be employed as both the extraction agent and the electrolyte. Finally, this
concept is to be transferred to the application in paper-based, microfluidic sensors. The IL
must therefore combine the requirements of an extracting agent, an electrolyte, and a fluid in
a paper channel.

Despite comparatively high water uptake, the IL [HBet][NTf:] is suitable due to its extraction
properties provided by the carboxy function in the cation and was chosen for this work.
Additionally, it features thermomorphic properties. Water-saturated [HBet][NTf.] could be
characterized using the Walden plot. The extraction of Pb?* from aqueous medium after
heating above the UCST was confirmed by ICP-OES. The analyte concentration could be
increased both by increasing the initial water-to-IL ratio and by adding zwitterionic betaine to
the mixture. However, increasing the amount of water ultimately led to complete dissolution
of the IL-rich phase.

Pb2* could be detected in the IL after extraction using square wave voltammetry (SWV),
whereby method parameters can be optimized for stronger signals starting from parameters
for aqueous systems. Measurement at elevated temperatures (42 °C) leads to further signal
amplification, which can be explained by the lower viscosity and higher electrical
conductivity. The addition of zwitterionic betaine can amplify the measured signals, but the
conductivity decreases with increasing mass ratio of the zwitterionic betaine, and the effect is
no longer detectable. The strong increase in the concentration during extraction therefore
only leads to larger signals in electrochemical detection to a limited extent.

The signal intensity of the SWV could be further increased by modifying the working
electrodes with Nafion® and bismuth. The strongest effect was seen when bismuth was
dissolved during electrode preparation. The addition of carbon materials (carbon black or
graphite powder) did not lead to an increase but revealed the need for further parameter
adjustments when changing the electrode material.

A combination of increased initial water-to-IL ratio and betaine addition during extraction
with temperature increase and electrode modification during detection led to a limit of
detection (LOD) of 30 ppb. This is above the WHO guidelines but demonstrates the potential
of the combination of extraction and detection.




Finally, the detection of Pb?* in [HBet][NTf,] after extraction was carried out in a paper-
based cell. Due to the flow rate of IL in paper, material containing glass fibres was used for
this purpose, although detection was conducted without flux. Despite shorter times for
enrichment of the analyte and with non-optimized extractions and electrodes, signal
intensities were measured that were ten times higher and resistances that were a hundred
times lower compared to bulk cell experiments. In addition, the small dimensions of the
paper-based cell with the small electrode spacing allow the use of small amounts of
electrolyte.

In summary, this work demonstrated the combination of extraction with subsequent
electrochemical detection using the thermomorphic IL [HBet] [NTf.]. Possibilities for analyte
enrichment in the electrolyte and increasing the signal intensities were identified and utilized.
The concept could be transferred to paper-based cells. The small electrode spacing reduces
the cell resistance and higher signal intensities could be measured.
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WHO World Health Organization
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1. Introduction

Heavy metals embrace all metals in the periodic table of the chemical elements except for
alkaline and earth alkaline elements. They can be found across earth’s crust and to its inner
core. Some are vital for the animate nature, others, and of course depending on the
concentration, are toxic to organisms and are environmental hazards. Over the course of
human history, anthropogenic activities are extracting elements from the soil to the surface,
where they are processed to purified state, making value of their metallic properties.
Corrosion of these materials leads to water dissolvable ionic species and finally to pollution of
the environment. Due to their elemental nature, these pollutants are not bio-degradable and
do not decay over time. Posing a threat to organisms even at low concentrations, regulations
and measures have been put in place in order to limit the pollution and control the exposure.
The World Health Organization (WHO) lists three heavy metals (Hg, Cd, Pb) among the
“[ten] chemicals of public health concern”.!'! Mercury (Hg) is used in mining, illuminants and
is emitted to the atmosphere by the combustion of coal. Cadmium (Cd) is used in batteries,
corrosion protection and in pigments. Lead (Pb) is used in alloys, pigments, batteries and
formally also in gasoline additives and water-piping, where it has been widely banned. The
revised Drinking Water Directive, recently adopted by the European Parliament, targets a Pb-
limit of 5 ug L'! in tapped water within the next ten years.?!

Monitoring the concentrations in water and wastewater is commonly done via atomic
absorption spectroscopy (AAS), inductively coupled plasma optical emission spectrometry
(ICP OES), X-ray fluorescence and neutron activation analysis. All are well established
standard analysis methods with low limits of detection (LOD).!** Depending on the exact
method and device, femtomolar concentrations, few ng L!, can be quantified. However, there
are drawbacks to these methods: they require trained personnel and laboratory environment
for sample preparation plus the devices are costly, heavy in weight and use up a lot of
space.! This motivates the development of user-friendly, mobile and cheap techniques,
delivering point-of-care (PoC) qualities.

Electrochemical devices may meet mentioned criteria. In numerous publications, researchers
have demonstrated the feasibility of electrochemical detection of various heavy metals from
sources such as food, soil, and aqueous phase. Multiple electrochemical methods have been
developed.™ The underlying principle is the redox behaviour of the metals/metal ions. At
different potentials redox reactions occur with currents related to the amount of the reactants.
Computing the input signal and measuring the current and potential is done by
galvanostats/potentiostats and computing. Due to the rapid evolution in computing power
and electronic parts, more sophisticated methods are being developed and the technique is
becoming less expensive. >

Microfluidic devices make use of capillary forces for convection, use up little space and hence
are suitable for PoC application. Next to traditional materials, paper can be utilized as an
abundant, lightweight, biodegradable, and low-cost substrate. The technique has already been
studied in electrochemical applications and proven to be beneficial to heavy metal ion
detection in aqueous phase.[’™!




Today, electrochemical techniques are already applied for pH measurement, coulometric
water titration, in gas sensors and can also be found in physiological function monitoring such
as sensing glucose levels.['” For heavy metals, however, electrochemical sensors are not
prevalent yet. While reported sensitivities are astonishingly high, sensors still lack in
selectivity and stability. (Electro)chemical modifiers, membranes and coupling of different
techniques are being investigated to counteract the interference of metal ions. Adopting
principles from hydrometallurgy and water treatment, where metal ions ought to be
selectively and efficiently extracted, might open up another promising route, that could
simultaneously alleviate the requirements for the electrode materials.

The concept of utilizing ionic liquids for combined heavy metal ion extraction and subsequent
electrochemical detection is investigated in the present study.




2. State of the Art

2.1. Electrochemical Heavy Metal Detection

Various analytes, e.g. organic molecules, gases, clinically relevant biomarkers, and ions, can
be detected via a variety of electrochemical methods by measuring potentials, currents or
frequency-dependent resistances. The term “sensor” in this context describes a device
transforming a chemical, non-electric information into an electric signal in a quick manner.™"
A sensor should be sensitive, selective and stable. Though sensors for a few analytes, such as
pH meters and glucose monitors, are standardized, commercially available products, many
more are subject to research, including heavy metal sensing. Lead (Pb) is a prominent
representative for highly toxic heavy metals. Being exposed to lead ions is associated with
severe risks to public health. Lead poisoning affects the development of brain and nervous
system, reduces the intelligence quotient, alters social and learning behaviour and is linked to
high blood pressure and damaging of the kidneys. It is estimated, that almost 1 million lives
were lost due to lead exposure in 2019.12131 [t is hence frequently targeted as analyte in
research on heavy metal sensing.

The property utilized for potential-controlled electrochemical heavy metal ion detection is the
redox behaviour of the target analyte ion and the corresponding element at the interface of
electrode and electrolyte. The potentials E, at which these electron transfers or redox
reactions occur under standard conditions can be obtained from the list of standard electrode
potentials (E®) and adapted using Nernst equation (Equation 1). The Nernst equation allows
for calculating the potential in dependence of the temperature T and the activities of the
redox couple areq and apx. An extract of standard electrode potentials is given in Table 1. The
current [ over a certain time t (i.e. electric charge) is linked to the number of reactants via the
Faraday constant (Equation 2) and the number of involved electrons, allowing for the
determination of concentrations. However, in a real world scenario overpotentials and
interferences, as well as the given conditions such as pH, temperature and the presence of
chelating agents and adsorbents have to be taken into consideration.*

E=E®° RTI Q
ZF Equation 1
Q — QRed
Qox
F = Nye Equation 2

E electrochemical potential, E® at standard condition [V]
R universal gas constant [J mol! K]

T temperature [K]

z number of electrons [-]

F Faraday constant [C mol!]

Q reaction quotient [-]

a activity [-]

N, Avogadro constant [mol]




e elementary charge [C]

Table 1 Extract of standard electrode potentials for some relevant reactions.!['>!

Ion Half-cell reaction E°vs SHE / V
Ccd»* Cd**+2e"=2Cd -0.403

Pb** Pb?* +2e” =Pb -0.126

Fe3* Fe3* +3e™ = Fe -0.037

H* 2H* 4+ 2e” = H, (g) 0

Bi®* Bi3* +3e” = Bi 0.308

Cu?* Cu’t+2e” =2Cu 0.342

Hg?* Hg?t +2e” = Hg(D) 0.851

At standard conditions, Pb occurs as oxidized, divalent ions and a negative, cathodic potential

relative to the standard hydrogen electrode is required to drive the reaction in favour of the

reduction to the elemental, metallic state. Due to the challenges mentioned above and the

expectably low concentrations of these ions might not be readily detectable by commonly

applied methods in electrochemistry, such as linear sweep voltammetry (LSV) or cyclic

voltammetry (CV), and more sophisticated methods have been developed. One of the most

sensitive, fastest, versatile, and also most commonly applied method in heavy metal sensing

purportedly is the square wave anodic stripping voltammetry (SWASV). Though, other

methods such as anodic stripping (AS) in combination with the cognate differential pulse
voltammetry (DPV) can also be found.7:1416.17]




2.1.1. Square Wave Anodic Stripping Voltammetry

The square wave anodic stripping voltammetry (SWASV, for the sake of simplicity SWV in the
following) is an electrochemical method comprising two consecutive steps. In the first step a
constant cathodic potential is applied over a certain time period, corresponding to a
chronoamperometry (CA), though here the resulting current is of little interest. During the CA
the target metal ion, for example Pb?*(aq), is reduced at the electrode surface to the
elemental, metallic state, Pb%(s). This pre-concentration of the analyte at the electrode can be
affected by the time and the potential set for the CA and corresponds to an
electrodeposition.”! Increasing the amount of electrodeposited metal can be achieved by
either elongating the deposition time, allowing for more ions being transferred to the
electrode surface, or by increasing the mass transport rate. The potential that can be applied
at the electrode is limited by the hydrogen evolution reaction. Concomitant bubble formation
alters the accessible surface area and proton depletion leads to increased pH, which facilitates
hydroxide formation, withdrawing analyte from being detected. In the stripping step
subsequent to the CA, the actual sensing is taking place. The electrode potential is inverted
and over time changes into an anodic potential. Oxidizing the previously reduced metal back
to its ionic state results in a peak of anodic current. Theoretically, the peak position can be
assigned to a redox couple by applying Nernst equation. Via a calibration curve, the peak
heights or peak areas can be assigned to the metal ion concentration, valid for this specific set
of parameters. In contrast to a linear sweep of the potential (LSV), the input signal of the
square wave voltammetry (SWV) follows a more complex form. The SWV is a superposition of
a staircase and a pulse waveform. The current response by the system is taken at the end of
each pulse with the pulsed potential Epyise, both in forward (anodic) and reverse (cathodic)
direction, both within the period 7, the inverse of the frequency f. Subtraction of forward (F)
and reverse (R) currents at each potential step Es«p leads to AI(F-R), a peak-shaped
voltammogram, when the total potential range spans over the redox potential of an analyte.
The shape of resulting peaks is generally symmetrical.!>%!416] An exemplary SWV input
waveform and a system response curve are depicted in Figure 1.
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Figure 1: A: SWV input signal. If following up a chronoamperometric step of cathodic potential, this represents the
stripping/detection step, and the method is referred to as SWV. B: Generic system response curve to a SWV input
signal. Forward (F) and reverse (R) currents are subtracted and A/(F-R) is plotted at the according potential step.
Shown curves represent the course of discrete data points.

Compared to other electrochemical techniques, SWV is fast, supresses background currents
and is highly sensitive. During a measurement, there is no renewal of the diffusion layer at the
electrode. The high sensitivity is caused by the inverted direction of the reaction by the
reversed pulse. The product of the forward pulse does not (fully) diffuse into the electrolyte
but is (partially) returned to its initial state by the reverse pulse and can again be converted
with the next forward pulse, until the redox potential of the analyte is surpassed. Multiplying
Eswep and f determines the scan rate, allowing for estimation of the total duration for the scan
of a certain potential window.!>®] The range of possible values for SWV parameters and their
combination is infinite but this not rendered by the literature for heavy metal detection. A
study on the influence of the frequency is included in one work, describing an increasing and
broadening of stripping peaks from 5 to 50 Hz.!"® Besides, a comprehensive sensitivity

analysis seems to be lacking. Typical parameter settings used in for the stripping step in SWV
Pb?* detection are listed in Table 2.

Table 2 Typical values for SWV parameter settings in
heavy metal detection.[72:19-24]

Parameter Value Unit
Estep 4-10 mV
Epuise 20-25 mV
f 15-25 Hz




Physical and chemical parameters of the environment of a sample may impact and impede the
electrochemical sensing of heavy metals and need especially taken care of for the application
in a real-world scenario. This includes the pH of a sample, sample conductivity, ions such as
chlorine and bicarbonates, temperature and other heavy metal ions such as Cu.?! Latter two
influences will be addressed in the following.

Temperature Influence

Controlled conditions prevalent in a laboratory environment do not represent actual field
conditions. Temperature, however, is a critical parameter to be controlled especially in a
potential real world sensing application. Changes in the temperature affect SWV in multiple
ways. The viscosity of the electrolyte decreases, analyte diffusion and the electrical
conductivity of the electrolyte increase and redox potentials change according to Nernst
equation.['¥ RAHM et al. studied the influence of several parameters reflecting changes
environmental conditions on the SWV detection of Pb?*. A drastic change in peak height
could be observed with altering temperatures of the samples. Increasing the temperature from
20 °C to 40 °C led to a threefold increased signal. The same trend was found for real world
samples. The authors hence suggest to adapt the conditions for calibration to the intended
application.?!

Temperature can also be employed to induce forced convection of the electrolyte. A
temperature gradient can thereby increase the mass transfer facilitate the deposition of
analyte in the pre-concentration step.!** Forced convection can of course also be implemented
via stirring, with a huge potential of increasing the stripping peak currents.?”! Temperature is
here regarded as a disruptive factor. Even though temperatures for the electrochemical
experiments are often, though not always stated, a best-practice protocol or standardized
field-experiment stress tests do not seem to exist.

Metal Ion Interference

A major challenge in electrochemical heavy metal detection is the interference of other metals
contained in a real-world sample. Adjacent stripping signals of different metals might overlap,
complicating the assignment to the metals as well as changing the shape of the peak and the
stripping behaviour, compared to single metal detection. Intermetallic Cu-Zn formation at the
electrode surface for example increases the signal assigned to Cu stripping, due to the similar
potentials. This type of interaction can also be employed to bind elsewise interfering metals,
as for instance Ga leads to Ga-Cu formation, enabling Zn detection in a Cu containing sample.
In the same manner, Bi forms an intermetallic compound as shown for Cd and thallium (TI)
containing samples. Stripping potential of Cd was shifted to more negative potentials and
thereby the signal from was separated from Tl stripping. Two signals, that otherwise would be

difficult to assign.!'#

The interference of Cu®* is a severe challenge in Pb?>* SWV detection. Cu has a more noble
character and electrodeposits at lower cathodic potentials compared to Pb. With increasing Cu




concentration, Cu stripping peaks are superimposing Pb peaks and both peaks become less
separable. Eventually, no signal can be assigned to Pb stripping. In real world samples the
influence, however, was shown to have counterintuitively smaller impact, possibly due to
other, overlaying and opposing interactions within these samples.?!! The presence of Fe and
Cd furthermore impedes the stripping signal assignment in Pb2* SWV detection.!-1#

Excluding some metals and thereby reducing the number of metals at the electrode reduces
potential interference and increases selectivity and reliability of a sensor. This can be achieved
via preceding steps featuring ion exchange resins and complexation. The elimination of Cu?*
for instance can be achieved by the addition of ferrocyanide. This complexes Cu?* and
prevents the ions from being electrodeposited on the electrode’s surface.!**22 In addition to
physical modifications of the electrodes or samples, learning algorithms were also shown to
be a useful tool in determining the actual concentration of an analyte. Support vector
regression (SVR) in combination with SWV was trained to derive Pb concentrations from
signals in SWV of Pb?* and Cu?* containing samples. The relationship was found to be non-
linear, stressing the complexity of the issue.!??




2.1.2. Electrode Materials

In the field of electrochemical heavy metal ion detection research is mainly focused on the
development of novel electrode materials aiming for higher sensitivities, viz. lower LODs for
the target analytes. A common approach is the utilization of a modifier, an electrocatalyst,
that is opening up a new route for the electron transfer to and from the analyte. Formerly, Hg
based electrodes were most commonly used in heavy metal sensing devices, delivering
exceptional heavy metal detection performance. However, this approach somewhat
contradicts the original motivation of this very discipline. Hg has been substituted by
electrodes containing Bi, starting with WANG et al. introducing Bi-film electrodes in the year
2000 for the first time. Bi was then becoming one of the most dominant modifiers in this field.
Along with its low toxicity, environmental friendliness, and the label “green element”, even
wearable applications for heavy metal monitoring with Bi electrodes were proposed. During
the deposition step, reduced metals form intermetallic compounds with Bi on the electrode
surface, facilitating the deposition of analyte metals. Obtained peak heights are increased and
stripping signals are usually well defined. Bi in this context was investigated in combination
with different substrates, metal and carbon based, as well as together with other additives,
such as Nafion®, a PTFE derived polymer. The electrode modification with Bi can be
conducted both in and ex situ. Therefore, a Bi source is either added to the analyte containing
electrolyte buffer solution and is electrodeposited in the same step as the analyte, or Bi is
brought onto the electrode before being used for heavy metal ion detection.!?>-28]

Another development of electrodes for heavy metal detection is directly motivated by the
requirement of its disposability and large-scale production. In contrast to expensive and
possibly toxic metals, carbon-based materials are used as electrically conductive and
modifiable electrode materials. A range of carbon materials from carbon black to graphite,
carbo nanotubes and graphene have been investigated.'?*3%! These materials can be casted as
pastes or drop coated from inks, mixtures of dispersed electrode precursor materials, that
solidify by evaporation of the solvent.”-*! A promising fabrication technique for cheap and
reproducible preparation of disposable electrodes is screen printing. Obtained screen printed
electrodes (SPE) are hence also popular in heavy metal detection and are demonstrated to
provide WHO compliant LODs in real world samples.[2*3%-32-34] [n carbon pastes as well as
drop coated and SPEs, binders are incorporated. Nafion® is widely utilized in electrochemistry
and is well known for its application as membrane separating the half-cells in proton
exchange membrane fuel cells (PEMFC). The backbone of this polymer consists of fluorinated
carbon chains, decorated with perflourinated braches ending with sulfonic acid groups,
conferring the cation exchange properties. As a dispersed polymer it serves as binder in
mentioned electrode preparation.!?31:32.35 With the added functionality Nafion® also has a
positive impact on the detection of heavy metals. In their work, XIE et al. demonstrate step by
step, how the respective addition of Bi, carbon black and Nafion® on a glassy carbon substrate
result in increased signals in combined Cd?* and Pb%* DPASV detection. !

A prominent approach for electrochemical ion detections is the application of ion selective
electrode (ISE), foremost known from pH electrodes and by analogy to Nafion® in PEMFC.['%]
The actual electrode in such a configuration is separated from the electrolyte by a membrane.
Selective ionophores carry ions through the membrane material to the electrochemically




active surface of the electrode, allowing for their detection. For Pb2* this carrier function can
be provided by crown ethers, calixarenes, their derivatives, amides, and thioamides. However,
membranes with these ionophores may still be permeable for other ions, reducing the overall
sensing selectivity. It is concluded that the selectivity of ionophores towards Pb®* needs to be
increased to unfold the potential of electrochemical detection.637!

To selectively increase the concentration of a metal of interest on the surface of the electrode,
chemical modifications can be introduced at the electrode. The analyte is attracted to the
surface by the presence of chelating groups, increasing the local concentration. This technique
is known as adsorptive stripping voltammetry (AdSV). ALSHAWI et al. prepared a Pt electrode
with nitrilotriacetic acid as chelating molecule attached to a polymer, immobilized on the
electrode surface and report LODs of 1.73, 2.33, and 1.99 ug L* for combined Hg?*, Pb%*, and
Zn?* detection. Still, the presence of Cu and Co ions interfered by increasing the peak
currents, whereas Ni ions decreased peak currents of the three analytes.®® In similar fashion,
5-chloro-7-iodo-8-hydroxyquinoline was employed as adsorbent. The LODs in combined
detection were 0.1 ug L' (Pb?*) and 0.06 ug L' (Cd?* and Zn?"). The addition of Cu?*
competes for the complexing sites and therefore decreases peak currents.®” JOSE et al.
combine aspects of multiple approaches by modifying a glassy carbon electrode with a Hg
film, Nafion® and the nucleobase guanine as adsorptive agent for Pb?>* and Cd?* detection
(LODs: 0.26 and 0.25 ug L'1).18!

Other studies include the introduction of highly elaborated compounds such as graphene,
graphene oxide, fluorinated graphene, gold nanoparticles and gold nano-cages for highly
sensitive sensing. (20233240411 These materials and approaches clearly demonstrate the
capabilities of electrochemical heavy metal detection with LODs far below WHO guidelines.
However, they also feature complicated electrode preparation and high-tech materials, that
will have to be proved to prevail. Despite these achievements in the development of highly
sensitive electrode materials, though, also pristine technical grade graphite foil was shown to
be a suitable electrode material. In their work, the researchers SHEN et al. designed a 3D-cell
configuration with graphite foil WE, CE and RE, sandwiching a paper channel for electrolyte
transport. LODs were 1.2 ug L'! and 1.8 ug L! in simultaneous Cd?* and Pb?* detection via
SWV. The sensing was further demonstrated to be feasible in spiked mineral water. In stability
tests it was found that the modification with Bi»Os indeed increases the sensing performance,
though it is prone to the exposure to air and the performance decreases over time. The
unmodified electrode in contrast remained stable.!”! Stability is a crucial property for a
reliable sensor in real-world application. The introduction of channels for passive electrolyte
transport in microfluidic devices will be addressed in chapter 2.3.
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2.1.3. lonic Liquids in Electrochemical Heavy Metal Sensing

Ionic liquids (ILs) are salts with melting points below 100 °C — a class of substances that solely
consist of ions and that can be subordinated to molten salts. The number of conceivable,
simple, primary ion combinations is estimated to be > 1 Mio.*?! One of the earliest mentions
of an substance with the corresponding characteristic is ethylammonium nitrate
[EtNH5][NO3] in 1914 with a melting point of 13-14 °C.!*344 The publication of origin is on
molecular size and electrical conductivity of molten salts and written by WALDEN, who is also
the eponym of the Walden plot and the Walden rule.**] Numerous compounds have been
reported ever since, that can be further subdivided into room temperature (RT)ILs, protic
(P)ILs, task specific (TS)ILs, etc.. Some of their physico-chemical characteristics can be
attributed to the vast majority of ILs, though outlying examples can be found within the sheer
number of compounds. A selection of chemical structures of cations and anions that can
typically be found in ionic liquids and which are also mentioned in the following chapters, is
shown in Table 3.

Table 3: Chemical structures of cations and anions typically found in ILs.
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ILs are typically non-volatile, showing a neglectable vapour pressure. Mainly due to the
concomitant low discharge into the atmosphere and non-flammability compared to volatile
organic compounds (VOCs), that are usually used in chemical industry, ILs are labelled “green
solvents”.[647) In 2006 EARLE et al. surprisingly demonstrated the distillation and thermal
separation of several ILs.[*®! This report is asterisking a core characteristic of ILs and at the
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same time opens a new research field for the application of this class of substances, according
to WASSERSCHEID. !

ILs generally offer a wide liquid range, though with relatively high viscosities. Due to their
ionic nature, ILs inherently feature an electrical conductivity with a wide electrochemical
stability window."® In contact with water different ILs show diverse behaviours, ranging from
hydrolysis of aluminium chloride based ILs to high hydrophobicity of ILs with long alkyl
chains or fluorinated anions such as bis(trifluoromethanesulfonyl)imide [NTf.] and
bis(pentafluoroethanesulfonyl)imide [BETI].®Y The properties of an IL generally depend on
the combination of the anion and cation and their chemical nature. Desired properties can be
tuned by the choice of the ions and, especially in the case of comprising organic molecules,
the addition of side chains and functional groups. Due to their low vapour pressure, ILs can be
purified from water and other solvents via rotary evaporation. Entirely removing all residues,
however, requires a lot of effort and remaining impurities impact physico-chemical properties,
such as density, viscosity and electrochemical stability. The generally large electrochemical
stability windows allow for studying the redox behaviour of compounds that would not be
accessible within the electrochemical stability window of other electrolytes, such as water,

where they would be superimposed by decomposition currents.52-¢

Due to these interesting and tailorable properties of ILs, they are also investigated in
electrochemistry in general and in electrochemical detection in specific. A major group of
analytes are gases and bio-organic compounds. However, ILs are also reported in connection
with electrochemical heavy metal detection. Herein the IL may serve as replacement of
insulating mineral oil and functioning as a binder in the fabrication of carbon pastes.>” The
incorporation of ILs in electrode materials was moreover shown to be beneficial to the sensing
performance.

KHANI et al. compared carbon pastes of multi walled carbon nanotubes with paraffin oil and
the IL [BMIm][BF,4] as binder. In potentiometric monitoring of Hg?* LODs could be improved
by two orders of magnitude by the substitution of paraffin oil by the IL. The authors state
three arguments for this observation: firstly, [BMIm][BF4] has a higher dielectric constant and
transport of analyte ions should be more mobile; secondly, conductivity increases, improving
the dynamic working range; and thirdly, added 1-(2-ethoxyphenyl)-3-(3-nitrophenyl)triazene
is soluble in [BMIm][BF.], increasing the mobility of the ionophore.[>®

In CV experiments with Ks[Fe(CN)¢] it was shown that the addition of the similar IL 1-butyl-
2,3-dimethylimidazolium tetrafluoroborate [BMMIm][BF4] leads to higher and more well-
defined peaks as with graphene and graphene/Nafion® modified SPEs. Nafion® and IL
combined further increase peak height and sharpness. In SWV detection of Zn**, Cd** and
Pb2* this modification increased peak heights and the response could be further improved by
the addition of Bi. Peak currents were found to be sensitive to the concentration of the
compounds including the IL with an optimum at 5 wt-%, with approximately 5 times lower
currents for 0.05 wt-% and 50 wt-%.3% Similar CV experiments did not reveal improvements
by graphene oxide and [BMMIm][BF4] modification of a glassy carbon electrode. Peak
currents and sharpness, however, increased when graphene oxide and the IL were added to
gold nanoparticles. This combination was also shown to increase the electroactive surface
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area, which is attributed to a synergistic effect of the gold nanoparticles and the graphene
oxide/IL film. This trend could also be transferred to DPV detection of Hg?*.[4%]

PANDEY et al. modified graphene oxide electrodes with the IL [BMIm][PFs] and Nafion® and
without any addition of metal-based modifiers. LODs were determined to be 0.33 ppb for
Cd?* and 0.42 ppb for Pb** by the 3-sigma method. These results are stated to be comparable
with Bi modified electrodes and tested for long term stability, where it retained 96 % of the
response after 15 days at 5 °C. However, interference of other metal ions was still severe, with
over 21 % larger Pb peak currents in the presence of Cu?* (100-fold concentration) but
dropping to <-1 % at the 5-fold concentration. Unfortunately, the influence of the IL itself is
not further examined. 2!
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2.1.4. lonic Liquids as Electrolytes

State-of-the art electrolytes used for heavy metal ion detection in aqueous media are acetate
buffer solutions (0.1 M) with a pH around 4.5. The pH here is a key parameter. In a field
sample, heavy metals can be found in the form of hydrated ions, complexed by compounds,
adsorbed to solid matter, minerals, oxides, and hydroxides that might all be present in the
sample. The form of the metal is sensitive to the pH of the solution and so is the resulting
peak current of a ASV experiment. With decreasing pH, a greater amount of a metal is present
in ionic form and the stripping peak intensifies.'*! An increasing pH decreases peak heights in
SWV Pb2* detection and therefore leads to underestimation the lead concentration compared
to more acidic samples. The influence seems less severe though in real world samples with
more alkaline pH of 7 to 9./2!] A suitable pH range might be derived from the Pourbaix
diagram. In these types of diagrams, the thermodynamically favoured form and oxidation
state of a metal is plotted in dependence of the pH and the applied potential. It should be
noted that the positions of phase boundaries within the diagram change with temperature,
concentration, and the presence of ligands. During an electrochemical measurement the local
pH close to the electrode surface is additionally subject to fluctuations, when for instance the
hydrogen evolution reation (HER) consumes H* during a cathodic deposition step and the pH
consequently increases. An increased pH in turn facilitates the formation of insoluble
hydroxides. This motivates for the utilization of a buffered electrolyte."*! Additionally, the
electrical conductivity of a sample has to be considered, since SWV peak heights are sensitive
to its change. For SWV Pb2* detection in aqueous samples increased conductivities are desired

for obtaining high peaks, as demonstrated by RAHM et al. for Pb?* detection.?!]

Being feasible in aqueous solutions is an ecologically desirable benefit of electrochemical
methods. Nevertheless, this benefit also limits the technique to mild conditions. Molten salts
and solid-state electrolytes on the other hand expand the applicability of electrochemistry to
higher temperatures and beyond the electrochemical stability window of water. Additionally,
also ionic liquids can be applied for the function of an electrolyte, addressing the potential
drawbacks of aqueous electrolytes. ILs are already being utilized in various electrochemical

[50,59

applications. I Their electrolyte properties and application in heavy metal ion sensing will

be introduced in this chapter.

Electrolyte Properties of ILs

For comparison and classification of ILs in their function as electrolyte, the Walden plot can
be constructed. It shows the relation between molar conductivity A,, and the fluidity n~1, the
inverse of the viscosity n (Figure 2).
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Figure 2: Walden plot including the ideal KClaq line of unit
slope and Angell’s classification for the ionicity of
electrolytes.

For an ideal ionic state, the ionicity can be determined as a function of temperature T
following the Nernst-Einstein equation (Equation 3).1%%6! [t describes A,,, for known self-
diffusion coefficients Diff, with the electronic charge e, Avogadro’s number N and
Boltzmann’s constant kg. According to the Stokes-Einstein equation Diff of spherical species
with the radius r is temperature and viscosity dependent (Equation 4).

e’Np .
Ap = kT Diff Equation 3
. kgT
Diff = 6mr - n Equation 4

A, molar conductivity [S m? mol’]

e elementary charge [C]

N, Avogadro constant [mol]

kg Boltzmann constant [J K]

T temperature [K]

Diff self-diffusion coefficient [m? s]
r radius [m]

1 dynamic viscosity [Pa s]

Even though Diff is not always easily accessible, a reciprocal dependency of A,, and 7 is
obtained by combination of Equation 3 and Equation 4.[%2) Walden’s rule predicts a linear
dependency for a data set of A,, and n~?! at different temperatures in a double logarithmic
plot (Equation 5).[%3
The position and the course of the data sets are compared to the ‘ideal’ case of a 10 mM KCI

1 Both physico-chemical properties are experimentally easily measurable.
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aqueous solution, existing of fully dissociated ions, a line of unit slope. The deviation from the
ideal ionic state can be quantified."]

A (Ty)  n(T2) |
A (T2 n(Ty) Equation 5

A, molar conductivity [S m? mol”]
T temperature [K]
n dynamic viscosity [Pa s]

Electrolytes can according to Angell’s classification be labelled as ‘good’, ‘poor’, ‘subionic’ or
‘superionic’, depending on the deviation to the KCl,q line.!?! Originally, the Walden rule was
applied to electrolytes in the form of diluted ions. However, it is also applicable to
concentrated electrolytes and is popular in the characterization of ILs.[®!) Both the Walden
plot and Angell’s classification are widely used for IL comparison and ionicity determination.
‘Poor’ ILs are electrolytes with high fluidity (low viscosity), though its ions do not contribute
to the conductivity as expected by the Nernst-Einstein equation, for instance due to ion
pairing. Yet also ‘superionic’ materials were shown to exist as polymers containing ions,
forming conductive gels and rubbers. Thereby ionic motion can practically be decoupled from
segmental motion.®* Within the Walden plot substances usually move to the upper right
direction, with increasing temperatures, since viscosities decrease and conductivities increase.

In order to include a new electrolyte in this diagram, its density p, electrical conductivity k
and viscosity n need to be known. For pure ILs A, can then be calculated from the molar
mass M and p (Equation 6). If the ILs are not in pure state and contain water, their
concentration c can be calculated with respect to the water content wy,o (Equation 7).

M
Ay =K ; Equation 6
p(T)
C(T) = T (1 - WH20) Equation 7

A, molar conductivity [S m? mol’]
k electrical conductivity [S m™]

M molecular mass [g mol']

p density [g cm?]

¢ concentration [mol L]

wy,o mass fraction [g g']

The densities of ILs usually range between 1.12 g cm™ and 2.4 g cm3.!%%! Upon increasing
temperatures, densities decrease and the volume expansion generally follows an exponential
expression. For small temperature ranges the change can be linearly regressed. This
correlation was shown for a variety of ILs.[>%
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An increasing temperature T decreases n while k increases. For the interpolation of the non-
linear temperature dependence of both n and x the Vogel-Fulcher-Tammann (VFT) equation,
with the fitting parameters A, B and T, can be employed (Equation 8 and Equation 9).[¢]

B
_ n
In(n) = An + T — To,n Equation 8
K
In(k) = A, + T—Ton Equation 9

1 dynamic viscosity [Pa s]

A fitting parameter

B fitting parameter

T temperature [K]

T, fitting parameter [K]

k electrical conductivity [S m™]

Formerly, this equation was established for describing the temperature dependent viscosity of
molten glass and polymers but was shown to also be applicable to ILs.!*® Parameters A and B
allow for fitting to the experimental data, while Ty, and T, , were found to be similar for a
variety of ILs (originally derived from ca. 300 data points of 15 ILs) and its optimum is
determined to 165.06 K.!°°!

Ionic Liquids as Electrolytes in Heavy Metal Detection

In addition to the application in electrode preparation and modification, ILs can also serve as
electrolyte in a heavy metal sensor, albeit this approach is rarely documented. Pb?* was
directly detected in a microcell with a boron doped diamond (BDD) electrode in the RTIL
butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide [MPyl] [NTf.] spiked with
the complexing agent trioctylphosphine oxide (TOPO). The analyte was prior extracted from
aqueous 0.1 M citrate buffer solution. This extraction step comprised 15 repetitions of 1 min
vortexing / 1 min decanting and centrifuging. The LOD is stated with 0.3 ug L'* (0.3 ppb),
referring to a concentration of 0.033 ug L! in the original aqueous phase with DPASV.
Deposition conditions were -1 V (vs. BDD pseudo reference electrode) for 20 s, and
Epuise=10 mV for 0.07 s, Eseep=50 mV with a scan rate of 50 mV s™! for stripping.®”!

The IL betainium bis(trifluoromethylsulfonyl)imide [HBet] [NTf,] was used as electrolyte in its
super cooled state by LU et al. on a 2-dimensional electrode arrangement. Particulates of
heavy metals oxides such as PbO, CdO and CuO were dissolved directly in the IL layer that
was coated on the indium tin oxide electrode. For PbO a LOD of 0.34 ng L! is stated in the
presence of Bi»Os. Applied method was a SWV with 120 s deposition time at -1.1 V (vs. ITO
pseudo-RE), Epuise=25 mV and f=25 H (Esp is not stated). 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIm][PFs] and 1-butyl-3-methylimidazolium tetrafluoroborate
[BMIm][BF4] were utilized in the same manner, though no stripping signal could be
detected.!*”) Apart from this article, this very compound is almost exclusively mentioned in
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publications on the hydrometallurgical challenge of metal recovery, the dissolution of metal
oxides and the extraction of metal ions from aqueous phase.
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2.2. Extraction of Heavy Metal lons

Extraction is a physical separation process, where a substance is transferred from a carrying
matrix to an extractor. All combinations of matter of states are conceivable and are
distinguished in nomenclature by subsequently naming the state of the carrying matrix and
the extractor. In industry extraction processes are preferred over rectification, when the
separation factor for thermal separation is small, the substance of interest is not volatile,
unstable under the higher temperatures that are required for other separation processes such
as rectification, or extraction simply offers the economically most favourable route. Examples
are the processing of metal salts or pharmaceuticals and the separation of aromatics from
aliphates. An important characteristic of an extraction process is, that the extracted substance
is then environed in a different matrix and not necessarily in a purified state and further
downstream processing might be necessary. However, enrichment and purification of the
carrying matrix can be attained by the selection of a suitable extractor and the technical
process implementation.[®!

Thermodynamically, extraction is limited by the distribution at equilibrium of the
concentrations of the substrate in both of the phases, carrying matrix and the extractor. The
distribution of a substance in two non-miscible solvents is described by Nernst’s distribution
law (Equation 10), with the distribution coefficient Ky and the concentration c in the phases
A and B.

Ca

Ky = B Equation 10

Ky Nernst distribution coefficient [-]
¢ concentration [mol L1]
indices A, B: phases A, B

This equation is only valid for small concentrations. More accurately and especially for higher
concentrations it needs to be replaced by activities of the species in the solvent. It can be read
as a case of the law of mass action. The nature and combination of the solvents, temperature,
and the behaviour of the substance influence Ky. Kinetically, extraction is limited by the mass
transport within each phase and the transfer at the phase boundary. A large exchange area at
the phase boundary is thus accelerating the approximation of the equilibrium concentrations.
Technically this large surface area is attained by energy input and instrumentation intensive
operations such as stirring or vibrating for liquids and bubbling through or spraying into, in
case of mixtures of gases and liquids. Certain criteria, that potential solvents are required to
meet for the application in industrial scale extractions are immiscibility, low volatility, non-
toxicity, availability, and low costs.

In many point-of-care analysis applications extraction plays an important role, when for
instance a sample is collected with a swab from a surface of a food production line or from
pharyngeal cavity for antigen or pathogen detection. To transfer the samples, the swabs are
immersed in an extraction buffer that also functions as the running buffer in a subsequent
lateral flow test.
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The extraction of metal ions is considered with diverse motives. A general interest, driven by
the protection of environment and health, is the reduction of metal ions from wastewater
streams. Heavy metals are utilized in various applications, such as pigments, alloys and
batteries. Lead, moreover, was found in water piping and gasoline until recently. In contrast
to organic compounds, heavy metals do not decay over time, once emitted to the
environment, due to their elemental nature. In order to reduce the emission of heavy metals
to the environment, the technical possibilities of their extraction from waste and water
streams, next to precipitation, adsorption, floatation and filtration, are investigated. Ion
exchangers, a liquid-solid extraction or solid-phase extraction, are commonly used for the
reduction of metal ion concentrations in an aqueous solution in exchange with a different ion.
Acidic functional groups are presented on the surface of a resin. The same principles of high
affinity towards the targeted substance, however, apply to liquid-liquid extraction."!

Another driving force for metal extraction stems from the interest of the recovery of metals, in
particular rare earth metals. Due to their limited abundancy on earth’s crust in combination
with some unique properties for technical applications, they are of high economic value.

Two parameters frequently used for describing the extraction of heavy metal ions are the
extraction efficiency %E (Equation 11) and the distribution ratio D (Equation 12).
amount of the extracted substance

WE = : <100 % i
total amount of the substance in the system Equation 11

CaA
D= a Equation 12

%E extraction efficiency [%]

D distribution coefficient [-]

¢ concentration [mol L], [mg g']
index A, B: phases A, B

%E is prominent in hydrometallurgy and is synonymously termed recovery. The amounts of
solvent and changes due to reciprocal miscibility are not accounted for. D corresponds to
Nernst’s distribution coefficient Ky and is defined identically. It quantifies the difference in
concentrations and hence includes the solvents. Units of the concentrations may vary, e.g.
mol L'! or mg g..
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2.2.1. lonic Liquids in Metal lon Extraction

The substitution of traditional organic solvents by ILs and especially RTILs is discussed
intensively in the strive for environmentally friendly and green chemistry. One of the
highlighted disciplines are separation processes. Numerous scientific articles have been
published in this field, proposing diverse materials and promising green solutions. Besides for
the purification of wastewater streams from metal ions and metallurgy applications, ILs are
also proven for extracting other classes of chemicals. ILs can be applied in the extraction of
organic compounds such as amino acids and biofuels, as well as in gas separation, where
prominently CO, can be selectively dissolved in [BMIm][PFe].l7%71

Hydrophobic ILs, most certainly, seem to be promising candidates for solvent extraction,
either as solvents spiked with extractants or functioning as extractants themselves. The
documentation of extractions is thereby not limited to certain metals and rather reaches all

over the periodic table of elements.7%72-75]

Ionic Liquids as Solvents in Extraction Systems

In analogy to common extraction systems, extracting agents can also be added to ILs. In this
case the IL replaces the utilization of VOCs. Potential threats due to high vapour pressure and
flammability of VOCs can be diminished. A variety of the chelating compounds are known for
both specific and less specific heavy metal ion complexation from techniques like
precipitation, UV-Vis spectroscopy and chelation therapy in the treatment of heavy metal
poisoning. Typical representatives are crown-ethers, dimercaprol, 2,3-dimercaptosuccinic
acid, 2,3-dimercapto-propane sulfonate, octyl(phenyl)-N,N-diisobutyl carbamoylmethyl
phosphine oxide, ethylenediaminetetraacetic acid and dithizone.7%7”! Latter is an
hydrophobic, organic substance that is used as extractant in the spectrometric quantification
of metal ions via extraction to chlorinated organic solvents.”87?]

The extraction capabilities of the hydrophobic metal chelator dithizone in combination with
various ILs like 1-butyl-3-methylimidazolium hexafluorophosphate [BMIm][PFs] were
investigated and show high extraction efficiencies. WEI et al. studied this combination for the
extraction of Ag, Cu, Pb, Zn and Cd ions and could achieve extraction efficiencies up to

98.4 % and could show a strong dependency of the pH. The pH dependency can be employed
for separating the different metal ions in the extraction process, allowing for selective
extractions and the pre-concentration of metal ions. The underlying mechanism was traced
back to the pH dependent water solubility and dissociation equilibrium of dithizone and the

formation constant and hydrophobicity of the metal dithizonate complex, illustrated in Figure
3.[80]
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Figure 3: Phase boundary of an aqueous and an dithizone-IL phase and
dissociation and extraction equilibria proposed with the metal ion M™*
and the dithizonate ligand L. Reprinted from Analytica Chimica Acta
488, G.-T. Wei et al., Room temperature ionic liquid as a novel medium
for liquid/liquid extraction of metal ions, 183-192, Copyright (2003),
with permission from Elsevier.[80]

The same chelator was studied also in combination with a variety of imidazolium based ILs,
revealing an influence of the chain length and the anion ([NTf.] and [PFs]) in the extraction
of Ag*. Longer alkyl chains thus tend to limit the extraction, while [NTf,] anions promote the
extraction. Latter effect might be caused by the hydrophobicity of ILs with [NTf.] anions. The
influence of the solvent however, depends heavily on the nature of the metal ion and the pH,
as already discussed.”? The studies further proof the superiority of IL over chloroform as
choice of solvent and the feasibility of acidic stripping for the purpose of recycling.

Ionic Liquids as Extractants in Extraction Systems

Several ILs reportedly provide extraction properties with high extraction efficiencies without
the addition of chelators. Depending both on the nature of the metal and on the combination
of the IL’s anion and cation, extraction efficiency can be shifted from no detectable extraction
to close to almost complete recovery. High selectivity towards one or a group of metal ions is
possible. ILs carrying the functional, metal complexing group within their chemical structure
are often referred to as task specific (TS)ILs. These ILs are designed for the extraction of
particular metal ions and may contain carboxylic or (thio)urea derivates, similar to those
found in aforesaid, typical metal ion chelators. The TSIL accordingly combines the role of the
solvent and the functional groups of an extracting agent. Back extraction or stripping of the
metal ions for the purpose of reuse, usually by the addition of acidic aqueous phase, generally
is reported to be feasible, if mentioned.

In multiple works, non-fluorinated, hydrophobic ILs from derivates other ammines with
functionalized anions (carboxylic acids, dicyanamide, chlorosalicylate and saccharinate) for
the extraction of highly toxic heavy metal ions are synthesized. LEYMA et al. studied
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thiosalicylate anions paired with tetraalkyl phosphonium and ammonium cations and their
extraction capabilities of Cd?*, Cu?* and Zn?*. Depending on the time, the metal ion, the
cation and the hydrocarbon rest at the thio-group, they yielded extraction efficiencies of up to
98.7 %. Interestingly, they also found differences of the efficiencies of up to 55 % for the
same IL and different metal ions. They further emphasize the ability of fine tuning the
extraction properties of ILs by their modification. Despite the existence of cheaper methods,
studied ILs and their syntheses are described to be simple, cheap, highly pure and follow a
sustainable standard strategy.!®!! A similar TSIL tri(n-butyl) (-ethoxy-2-
oxotetraalkyl)ammonium chlorosalicylate [BuNC20C4][ClSal] was synthesized and shown to
extract a series of heavy metal ions with differing distribution ratios: Cu?* (1301.4) > Pb?*
(735.6) > Cd>* (439.6) > Ni?* (40.0) > Co?* (29.7), resulting in a selectivity factor of up to
44 (Dcu/Dco). However, the authors remark the solubility of this TSIL. They conclude the
compound with a longer alkyl chain to be more suitable as a starting point for more eco-
compatible processes, despite its lower extraction efficiency.!8?!
Trioctyl/hexyl-methylammonium and mono and dicarboxylic acids were found to remove the
divalent heavy metals ions Cu?*, Ni?*, Co?*, Pb?* and Zn?* from aqueous media by up to
99.9 %.[83]

Among the reported systems, some are ready for application scale, like the quaternary alkyl
ammonium chloride (Aliquat 336®) and trihexyl(tetradecyl) phosphonium chloride (Cyphos®
IL 101) and modifications based on these chemicals. Aliquat 336® and Cyphos® IL 101 are
commercially available. Both ILs are less dense than water, non-fluorinated and gain their
water-immiscibility from long alkyl chains. The IL phase hence floats on the aqueous phase in
contrast to most ILs. In proposed approaches the two ILs and their derivates are often, though
not exclusively, diluted in VOCs such as kerosene, toluene, and chloroform. Due to their long
alkyl chains, the obtained undiluted compounds are highly viscous. 818488

In other works, the functional groups are part of the cation. An advantage of placing the
complexing group within the cation is the possibility of utilizing fluorinated anions such as
[PFe] and [NTf:]. ILs of these anions tend to be highly hydrophobic. In their work, VISSER et
al. synthesized imidazolium-based cations with thioether, thiourea and urea derivates located
in the side chains. The cations were combined with anions such as [PFe]. The extraction of
Hg?* and Cd?* was demonstrated and the selectivity could be tuned by the choice of the
functional group and the pH of the carrier phase. They achieved distribution ratios as high as
710 for Hg**, even with diluted task specific ILs. Cd?* could generally be extracted, though
with lower distribution ratios compared to Hg?*.!8%

Imidazolium based ILs, that do not feature metal ion complexing groups within the chemical
structure by design, and in the absence of a chelating substance, to some extent also show
extraction capabilities. While [BMIm][PFs], [BMIm][NTf,] and [OMIm][NTf,] extract Cd>*
and Fe3* by around 20 to 25 % (%E) and no Zn?*, [OMIm][BF4] completely extracts Zn?* and
Cd?*, though no Fe** from 1 M hydrochloric acid solution. The researchers state the
possibility of selective separation by the choice of the IL.!®”]
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2.2.2. Homogeneous Liquid-Liquid Extraction

Generally suffering from high viscosity, generating a large liquid-liquid interface to perform
efficient extraction and to encounter the slow mass transfer is challenging when handling ILs
and other viscous liquids.!8%8-%% In order to decrease the viscosity and thus increase mass
transfer, the temperature can be increased. However, this also increases the instrumental
expenses and generally increases the reciprocal miscibility of solvents.

Some IL-water mixtures show a temperature induced single phase generation and separation.
The temperature above which the phase boundary disappears, and reforms when the
temperature drops below, is referred to as the upper critical solution temperature (UCST,
Figure 4)."°! This thermomorphic behaviour of a mixture can be applied in the extraction of
metal ions from aqueous phase. The extraction rate limitation by a limited exchange surface
area of the phases is bypassed. Stirring and the equipment for stirring are rendered
unnecessary, which could be advantageous for mobile point of care devices.

This technique is referred to as homogeneous liquid-liquid extraction (HLLE) in literature. At
least two such compounds are reported, betainium bis(trifluoromethylsulfonyl)imide

[HBet] [NTf.], and choline bis(trifluoromethylsulfonyl)imide [Chol] [NTf.], with UCSTs of
55.5 °C and 72.1 °C, respectively.!9%!

Besides the UCST also LCST (lower critical solution temperature) systems of ILs and water are
described in literature. These mixtures are completely miscible below a certain temperature
and separate when the temperature is exceeded.*¥

Single phase
UCST

Biphasic

Temperature

system

Binodal

XaB

Figure 4: Thermomorphic phase behaviour of a mixture
of the generic substances A and B with an UCST.
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NOCKEMANN et al. intensively studied the thermomorphic phase behaviour of both of the
substances in mixtures with water and already introduced the idea of an application in
hydrometallurgy. [HBet] [NTf,] was shown to selectively dissolve heavy metal oxides. While
oxides of U®*, Zn?*, Cd?*, Hg?*, Ni?*, Cu?*, Pd?*, Pb?", Mn?" and Ag?* are soluble, Fe3*,
Mg?2*, Co oxides, Al oxides and Si oxides are poorly soluble or not soluble at all.[®* This list
was later extended by RICHTER and RUCK, who investigated 30 metal oxides and their
dissolution in dry [HBet] [NTf.]. They further suggest a reaction scheme for the dissolution of
divalent metal oxides and the metal complexation, reproduced in Figure 5.1

The selectivity of the dissolution of metal oxides was taken advantage of by FAN et al. in the
separation of fission products, proposing an approach for the recycling of the valuable spent
nuclear fuels. !

CH
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CH; O : ~
H.C ) 3 — M2 < - C/ CH3
3V O M3
N AN A
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Figure 5: Scheme of the complexation of a M?* metal ion by two
zwitterionic betaine molecules.[’!]

The research was further intensified towards HLLE and dominantly rare-earth metal recovery.
The extractions of U%*, Nd®*, Sc3*, In3*, La3*, Pri*, Nd3*, Dy**, Ho®', Er®*, Ga®*, Eu®*, Ru®",
Rh3*, Pd** and TI3*, as well as Mn?*, Ni?*, Cu?*, Zn?* and Ag* are reported.!°>7-1021 The
extraction step follows a simple procedure of heating above the UCST, short shaking to ensure
single phase generation and subsequent phase separation and settling during cooling.

HOOGERSTRAETE et al., who compared the distribution of a number of metal ions, obtained
higher extraction efficiencies when zwitterionic betaine was added to the mixture of water
and [HBet] [NTf,]. Thereby also the UCST is lowered by around 10 °C for the addition of

10 wt-% zwitterionic betaine (20 wt-% when referred to the organic phase only). As long as
the temperature drops below the UCST, the extraction efficiencies do not change significantly.
Additionally, it was shown, that the time the solution is kept above the UCST does not
influence the extraction efficiency. This proofs the robustness of the extraction procedure
exploiting the thermomorphic phase behaviour. %!

Metal ion extraction from aqueous betaine solution (13 wt-%) reveals distribution ratios over
a span of 4 orders of magnitude (Figure 6). While Sc**, Ga*, and In®** from the according
[NTf,] salts could be extracted with distribution ratios of >100, Ag*, Mn?*, Ni?* and Zn?*
were extracted with distribution ratios of <1. This demonstrates the potential of the
enrichment of some heavy metal ions in the organic phase over others. For Cu?*, Y**, Dy>*,
Er®t, Ho®*, La®*, Pr®* and Nd*" the distribution ratios were found to be around 10 and within
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a narrow deviation, implying, that these ions could not be separated in the same manner and
their concentration ratios would rather be upheld during the extraction process.!"

103?

10" — [ Bl D

Distribution ratio

1GD?

10"
AgMn Ni Zn Cu Y Dy Er Ho La Pr Nd Ga In Sc

Figure 6: Distribution ratios of metal ions after HLLE from maq:mi of 1:1. Aqueous
phase contains 13 wt-% zwitterionic betaine and a metal concentration of ca.

1000 mg kg™'. Reprinted with permission from J. Phys. Chem. Lett. 2013, 4, 10, 1659-
1663. Copyright 2013 American Chemical Society.[*]

A pH dependency is also reported for this system. While for a low pH of 0.1 almost no
extraction could be observed, extraction efficiencies of 11.6 % (La®*) to 82.9 % (Sc**) at pH
3.1 could be achieved."®! The selectivity of the extraction process can hence be further tuned.
Acidic stripping for recycling of the IL is reported to be feasible and moreover offers another
step for selective extraction, as shown for the leaching of Sc®*. The metal ion of interest could

here be separated from a spiked leaching solution by the stepwise addition of hydrochloric
acid.[*8:103]

Even though [HBet] [NTf.] can be labeled hydrophobic, it is also partially miscible with water
also below the UCST. It takes up about 12 wt-% water at room temperature and dissolves to
the aqueous phase by 15 wt-%."%! The reciprocal miscibility of the IL and the aqueous phase
and its dependency of pH and zwitterionic betaine concentration was studied by VOLIA et al.
by employing deuterium chloride, Karl Fischer titration and quantitative nuclear magnetic
resonance spectroscopy. A lower pH accordingly decreases the solubility of the IL’s anion and
increases the solubility of the IL’s cation in water. It was shown, that controlling the pH helps
avoiding loss of IL due to the reciprocal miscibility. The addition of betaine is assumed to bind
water and promoting water transfer from the IL phase. The solubility of water in the IL phase
is not affected by the addition of 15 % (weight per volume) zwitterionic betaine and was
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found to be 13.8+0.5 wt-% and 13.9+0.5 wt-%, respectively. The zwitterionic betaine is
found in both phases.!' The addition of metal ions leads to a lower UCST. For a mobile

application and the reduction of the required energy input, this would be beneficial, even
though the UCST of 35 °C was found for a high metal loading of 3.5 wt-% Nd>*.[1%! An
overview of properties of [HBet] [NTf.] and it's water saturated state is compiled in Table 4.

Table 4: Properties of [HBet][NTf2] and its water saturated state. *) Literal quote.

Property Value Unit Ref.
M 398.3 g mol!

Hy0 sat. (RT) 12 -13.8+0.5 wt-% [90,104]
Solubility in H2O (RT) 14-15 wt-% [90,99]
UCST with H,0 55.5 °C [92]
Density p (water sat.) 1.439+0.014 g cm (104]
Viscosity n (water sat., 25 °C) around* 30 cP [99]
pH (water sat.) 1.42+0.05 - [104]

Another IL showing thermomorphic phase behaviour is [Chol][NTf]. This IL differs from
[HBet][NTf.] in the nature of the functional group, carrying a hydroxyl group instead of a

carboxylic group. It does not allow for heavy metal ion extraction by itself, though the

addition of hexafluoroacetylacetonate, a well-known, chelating metal ion ligand, as extractant
enables Nd3* extraction.!%! Exploiting the UCST for extraction is hence also transferable to

more systems and extraction tasks.
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2.3. Microfluidic Devices

At larger scale, transport of liquids requires pumping, adding an extra apparatus with a
periphery of energy supply and maintenance. For small volumes and in channels of 10 to
10~ m, capillary forces can be employed for liquid transport, arousing interest in the research
and development of chemical and biochemical sensors. In addition to channels for
transportation, operations such as valves, mixers and pumps have been presented and
subsumed under the term lab-on-a-chip. WHITESIDES, a pioneer in the field of microfluidic
devices, even ponders a revolutionary impact of this technology in the future."%”! He and his
co-workers also presented the first microfluidic paper-based analytical device (uPAD).['%! The
developed device uses cellulose paper as substrate. Compared to other materials and their
processing, such as glass and polymers, paper materials are abundant, lightweight, bio-
degradable and low-cost. They intrinsically feature a hydrophilic, porous structure and their
processing is well established. For sophisticated designs of paper channels and integrated
systems techniques like wax-printing, deposition of polymers, cutting and stacking of the
paper is possible. Paper-based sensors are subject to research, however, a range of products is
also commercially available.[810%110]

The capillary flow of a fluid in a paper material is described by the Lucas-Washburn equation
(Equation 13) and depends in addition to the time on the properties of the liquid such as
viscosity, the surface tension and the contact angle with the paper fibres, as well as the pore
diameter of the paper.[!11:112]

Equation 13

[ = o-t-d-cos ()
= s

[ distance coverd by fluid [m]

o liquid-air surface tension [N m]

t time [s]

d average pore diameter of the paper material [m]
0 liquid fibre contact angle

7 viscosity of the liquid [Pa s]

The flow velocity of a fluid with fixed ¢ can accordingly be increased by larger pore diameters
in the solid phase, small 6 viz. high ‘philicity’ of liquid and fibre, and lower 7 of the liquid.

2.3.1. Flow Channels in Electrochemical Heavy Metal Sensing Devices

Microfluidic paper-based electrochemical devices (uPEDs) combine the benefits of a paper
material for analyte transport and electrochemical analysis and are also investigated for heavy
metal detection. NIE et al. demonstrated the feasibility for the detection of Pb%*. They could
show, that introducing a flow of the aqueous electrolyte at the electrode via a paper-based
channel massively increases the Pb stripping current in SWV. They estimate a factor of 2.5
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lower LODs over ‘bulk’ systems with stirring for convection. The sensor features a Bi-modified
SPE and provides a LOD of 1 ppb (ug L) for Pb2*.!] This study is backed by SHI et al. in the
combined detection of Pb** and Cd?" in a very similar set-up, using commercial Whatman®
filter paper No.1.!?*! MEDINA-SANCHEZ et al. added another functionality of sample filtering to
a disposable uPED and achieve LODs of 7 and 11 ppb for Pb?* and Cd?*, respectively.!*

The electrode configuration in all of the mentioned set-ups is arranged in a two-dimensional
plane. SHEN et al. rearranged the electrodes and presented a three-dimensional configuration
so that working and counter electrode are facing each other. The electrodes are solely
separated by the fluid carrying paper strip. Obtained peak currents were much higher than in
the tested 2D configuration. The researchers explain that this might be caused by the smaller
ohmic losses, a higher current efficiency in the pre-concentration step and an overall more
efficient electric field. Again, they could show the beneficial contribution of the flow of
electrolyte by a paper-based microfluidic channel.!”!

Microfluidic electrochemical heavy metal detection devices are typically a set-up of three
electrodes, identically to bulk cells: the working electrode (WE), the auxiliary or counter
electrode (CE) completing the electric circuit and the reference electrode (RE) for controlled
potential. Since customary RE might not fit within small sensor designs and do not necessarily
meet disposability criteria, pseudo or quasi RE are commonly resorted to. The materials can
vary from Ag wire, Ag/AgCl and graphite pastes to ITO, BDD and graphite foil.!”-1%2441.67] Even
though the occurring reaction might be unknown, these qRE allow for potential control and
comparison within the according systems.

2.3.2. Paper Materials and lonic Liquids

Ionic liquids have been investigated in the processing of biomass, biopoloymers and paper
materials. Some ILs are able to dissolve biocompounds such as lignin and cellulose, and need
consecuently be excluded from possible application in a uPED, where the structural integrity
shall be preserved.!'*115] The dissolution capabilities are mainly attributed to the anion of the
IL. WANG et al. concluded the capabilities to follow acetate > chloride > formate >
dicyanamid > [NTf,] by reviewing different dissolution testings.[!'®! In the cited publication,
cellulose dissolution with [NTf.] containing ILs at 110 °C was found to be low or below or not
detectable. This is explained by the low solubility in this IL.!*'”! The role of the cation remains
unclear. [EMIm] acetate and tetrakis(hydroxymethyl) phosphonium chloride were found to be
suitable ILs for the extraction of cellulose and hemicellulose from papermill wastewater and
kraft paper pulp, respectively.!1'811% Despite their lower ion mobility, ILs can be applied in
paper-based batteries and supercapacitors, counteracting drying out due to
evaporation.12%1211 A paper-based gas sensor was demonstrated without the use of a
membrane. The device features a RTIL soaked filter paper with screen-printed WE, RE and CE
and detects 1-butanethiol vapours.'?? A field to be studied remains to be the application of
ILs as medium in microfluidic channels, due the high viscosity of this type of fluids, possibly
limiting the flow velocity.
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3. Objective and Scope

The subject of heavy metal ion detection motivates the development of sensitive, reliable,
cheap, and disposable point-of-care solutions. Electrochemical approaches present promising,
electrode materials and integrated microfluidic sensors. A major challenge remains to
alleviate the influence of interfering factors such as of other heavy metal ions. Coincidentally
in hydrometallurgy, ionic liquids are being investigated for the selective recovery of heavy
metal ions of economic value.

The objective of this work is the proof of concept of the combination of these applications by
an IL. A liquid-liquid extraction of heavy metal ion with its subsequent electrochemical
detection in the extractor phase will be examined. This entails a number of requirements on
the IL. It should be immiscible with water and feature extraction capabilities, provide
electrolyte qualities, as well as being paper compatible. Lead ions (Pb?") shall serve as a
model analyte for extraction and electrochemical detection.

[HBet][NTf.] is selected as a potentially suitable candidate, that features thermomorphic
mixing behaviour with water. To the date of writing this work, no report on the extraction of
Pb%* with [HBet] [NTf,] could be cited. Except from one publication, no detection of heavy
metal ions directly in an IL phase is documented.!®”! Its physico-chemical properties are
characterized and compared with other ILs. The characterization of the ILs is based on their
viscosity, electrical conductivity, and pH. Additionally, the water content after contact with an
aqueous phase as well as the influence on the properties shall be included.

The following two, overarching research questions can be formulated:

1. Can [HBet][NTf;] combine temperature induced liquid-liquid extraction of Pb?** from
aqueous phase and the subsequent electrochemical Pb?* detection?

2. Can this concept be transferred to a paper-based microfluidic sensor?

For electrochemical detection, a disposable and easy to prepare working electrode are
resorted to. Standard modifications of the working electrodes for Pb?* detection shall be
investigated. Square wave anodic stripping voltammetry (SWV) as highly sensitive and
popular detection method is chosen. SWV parameters adopted from aqueous systems will
need to be adopted to the system. Due to the anticipated lower conductivities in IL
electrolytes, a small-volume cell will need to be realized, reducing the electrode distance, and
counteracting high ohmic losses. Besides electrode modifications the influence of temperature
and addition of zwitterionic betaine as extracting agent on the detection performance shall be
studied.

The insights from experiments in small bulk setups shall be transferred to a 3D paper-based
cell design and an outlook on the application of the IL in a microfluidic sensor shall be
provided. The preparation of the paper materials and the experiments on the microfluidic
behaviour is not conducted by the author. Paper materials are selected in collaboration with
the Macromolecular and Paper Chemistry department of the Ernst-Berl-Institut at TU
Darmstadt.
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4. Experimental Setup, Materials and Methods

4.1. Physico-chemical Properties of ILs

Out of the enormous number of ILs a selection of a few ILs was picked for the identification of
a suitable substance, as well as the verification of the results and for the classification within

this class of substances. In Table 5 listed ILs were used in this work. The abbreviations for

cations and anions correspond to common nomenclatures, though they do not follow IUPAC
recommendations and differing nomenclatures may be found in literature. Structural formulas

are given in Table 6.

Table 5 ILs used in this work, including nomenclature and their molar mass. Note: Letter ‘H’

a proton, while in [HMIm] and [HPy] it abbreviates the hexyl chain.

in [HBet] stands for

Abbreviation Cation Anion M / g mol!
[EMIm] [NT£] .1—1\./Iethyl.—3—Ethyl— Bis (trlﬂuprmethane) 391.31
imidazolium sulfonimide
[BMIm] [NTf,] '1-1\'/Iethyl'-3-Butyl- Bis (trlﬂuprmethane) 419.37
imidazolium sulfonimide
[HMIm] [NT£] .1—1\./Iethyl.—3—Hexyl— Bis (trlﬂuprmethane) 447 42
imidazolium sulfonimide
[OMIm][BF4] '1—1\'/Iethyl'—3—0cty1— Tetrafluoroborate 282.13
imidazolium
[OMIm][PFs] '1—1\'/Iethyl'—3—0cty1— Hexafluorophosphate 340.29
imidazolium
[BMIm][OTI] ‘1—1\‘/Iethyl_—3—Butyl— Trifluoromethanesulfonate 288.29
imidazolium
[(BMIm][DcaA]  LMethyl-3-Butyl- Dicyanide 205.26
imidazolium
e Bis(trifluormethane)
[HPy] [NTf,] N-Hexyl-pyridinium sulfonimide 444.41
1-Methyl-1-Butyl- Bis(trifluormethane)
[BMPyl] [NT£] pyrrolidinium sulfonimide 422.41
Protonated N,N,N- .
[HBet][NTf2] trimethylglycine Bis (trlﬂuprmethane) 398.30
. sulfonimide
(Betainium)
2-Hydroxy-N,N,N- o
[Chol][NTf;] trimethylethan-1- Bis (trlﬂuprmethane) 368.32
sulfonimide

aminium (Choline)

31



Table 6 Chemical structures of the anion and cations of the ILs used in this work.

Cations Anions

HiC N
\—/

1-Methyl-3-Ethyl-imidazolium

CHj

O F
HaC— XN NN ]
N" =N CH; N—S—’—F
\—/ O i
1-Methyl-3-Butyl-imidazolium 74
F
HaC— NN SN F
CH; Bis(trifluormethane)sulfonimide
— F_
1-Methyl-3-Hexyl-imidazolium F-B-F
F
H3C\N/\N+/\/\/\/\CH3 Tetrafluoroborate
_ F F
F—P—F
1-Methyl-3-Octyl-imidazolium EF
SNTTTNN Hexafluorophosphate
[ _
F O

N-Hexyl-pyridinium F 3—o0

\
F O

Trifluoromethanesulfonate

C’\\j“‘\/\/
1-Methyl-1-Butyl-pyrrolidinium

=N
CH5 OH
H C/ §O N
3 Dicyanide
Protonated N,N,N-trimethylglycine (Betainium)
CH
H3C\N; 3
/ >"oH
H,;C

2-Hydroxy-N,N,N-trimethylethan-1-aminium (Choline)
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4.1.1. Setting the Water Content

Physico-chemical properties of ILs can depend heavily on the water content. Due to the
underlying aim of this work, ILs have been in contact to water and their properties might have
been affected. For studying the water influence on the properties of the different ILs, four
stages were defined:

1. Pristine: Samples of the ILs were taken from the container as obtained by the
manufacturer, without any further treatment.

2. Dried: The IL samples were dried in a rotary evaporator over night at 40 °C and
10 mbar.

3. Moist: The ILs were stored over saturated, aqueous magnesium nitrate solution for
two weeks, providing a relative humidity of 51 %.

4. Wet: For water saturation the ILs were mixed with an equal volume of purified water
(1.1 uS cmt, VWR Chemicals). The mixtures were occasionally shaken intensively over
a period of one week.

After reaching the defined stage, sample containers (snap-on lid glass tubes) were closed with
a lid and stored at room temperature until further use.

4.1.2. Karl Fischer Titration

The water content in the ILs at the different stages was measured by Karl Fischer titration,
using a Metrohm 720 KFS Titrino and Karl-Fischer-Rot® hydrogant 5 (Carl Roth) and
HYDRANAL™-Methanol dry (Honeywell) as solvent. Determination of the titer was done by
titrating a weighed amount of water. Water concentration of ILs was measured at least two
times and arithmetically averaged. Water contents that are obtained as mass fractions wy,o
can be converted to molar fractions xy,o by the following equation. Due to the large
differences in molecular masses of ILs and water, this leads to much higher values.

Equation 14

xu,0 molar fraction [mol-%]
wy,o mass fraction [wt-%]

M molar mass [g mol']

4.1.3. Density

The density of liquids in this work was measured using a glass pycnometer (ca 10 mL) in
tempered water bath. The volume is calibrated with purified water. The temperature was
varied from 30 to 70 °C in steps of 10 °C. For validation and literature comparison the more
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intensively studied 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (IoLiTec
Ionic Liquids Technologies GmbH) was measured alongside [HBet] [NTf-].

4.1.4. Viscosity

A spindle type viscometer DV-II+ by Brookfield was used for viscometry. According to the
expected viscosities the spindle model S87 was installed. At least 5 mL of liquid is filled to
ensure volume independence of the measurement. The sample container was tempered by a
cryostat. A temperature range from 15 to 70 °C was adjustable. The sample container is open
to the atmosphere.

4.1.5. Electrical Conductivity

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) was applied for the
determination of the electrolyte’s resistance. The measurements were conducted in a
conductivity measurement cell Philips PW 9512/01, consisting of two parallel, plane platinum
electrodes. A detailed description of electrochemical equipment and experimental set-ups can
be found in chapter 4.3.2.

4.1.6. Walden Plot and Vogel-Fulcher-Tammann Equation

The Walden plot was constructed using the measured water content (at RT), density,
electrical conductivity, and viscosity at different temperatures between 20 and 70 °C. The data
sets were interpolated by linear regression (density) and Vogel-Fulcher-Tammann (VFT)
equation (electrical conductivity and viscosity). Applied equations are addressed in chapter
2.1.4. Parameters A, A, B, and B, for the VFT fit are the results of minimal standard
derivations to the experimental data. All calculations were run in Microsoft Excel 2016. Plots
were produced with OriginLab OriginPro 2021 and 2022.

A (Ty)  n(T2)

Wald . = ;
alaen eq A (T n(Ty) Equation 5
M
Ap =K- ; Equation 6
p(T)
c(T) = TR (1 —wn,o) Equation 7
By
VFT 1 In(n) =4, + T—Tor Equation 8
By
VFT k In(k) = A, + T—Ton Equation 9
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Ay, molar conductivity [S m? mol”]
e elementary charge [C]

N, Avogadro constant [mol]

kg Boltzmann constant [J K]

T temperature [K]

D self-diffusion coefficient [m? s]
r radius [m]

1 dynamic viscosity [Pa s]

M molecular mass [g mol]

p density [g cm?]

¢ concentration [mol L]

Wy, o mass fraction [g g']

A fitting parameter

B fitting parameter

The temperature variation for the investigation of electrolyte parameters was only carried out
for [HBet] [NTf.] and [BMIm][NTf.]. Latter was included to verify the results by its
comparison to the literature. Data for the verification of [BMIm][NTf:] as well as the values
for the constants T ,, and T, (both 165.06 K) were gathered from reference.[**!%!

4.1.7. pH Measurements

The potential of protons pH was measured by transferring a drop of the liquid of interest on a
pH sensitive paper (VWR). The induced change of colouration was visually compared with the
colour scale provided by the manufacturer. Hereby the pH could only be stated semi-
quantitatively and an accuracy cannot be specified.

4.1.8. Thermogravimetric Analysis

[HBet][NTf,] was thermogravimetrically analysed with a NIETZSCH STA 449 C Jupiter. For
flushing and during the measurement a nitrogen stream of 88 mL min! was passing through
the chamber. The heat ramp is 2 Kmin™ and the plateau at 450 °C was held for 30 min before
cooling to room temperature at 10 K min™. Alongside water saturated [HBet][NTf,] also dry,
pristine [HBet][NTf,] and a water sample were analysed.
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4.2. Homogeneous Liquid-Liquid Extraction

4.2.1. Water Saturation of [HBet][NTf:]

At the beginning of this work, [HBet] [NTf,] was not commercially available. Its synthesis was
achieved by an ion-exchange reaction of betaine hydrochloride and lithium
(trifluoromethylsulfonyl)imide in water (1.1 uS cm™, VWR Chemicals). Following NOCKEMANN
et al., equimolar amounts of both substances were weighed in, dissolved in water and stirred
for at least 3 h. Subsequently, the aqueous phase was removed and the IL was washed with
cold, purified water (1.1 uS cm™*, VWR Chemicals) until no precipitate was observed with
silver nitrate testing.°?

Since being commercially available, betaine bis(trifluoromethylsulfonyl)imide as ordered from
the manufacturer IoLiTec Ionic Liquids Technologies GmbH and was mixed with purified
water without any further purification. The mixture was left overnight for phase separation
and reheating to room temperature. An aqueous phase completely covering the IL ensured
saturation. For further utilization, the denser IL-phase was withdrawn from the lower phase.
Both, self-prepared and purchased [HBet] [NTf.] showed identical behaviour in the following
experiments and thus are neither differentiated nor indicated in the following. The saturation
of choline bis(trifluoromethylsulfonyl)imide (IoLiTec Ionic Liquids Technologies GmbH) was
executed in analogous manner.

4.2.2. Lead lon Extraction

For the extraction of heavy metals from aqueous phase, lead solutions or dilution series were
prepared by weighing in Pb(NO3), (Sigma-Aldrich) and dissolving in purified water

(1.1 uS cm’!, VWR Chemicals). The desired concentrations were obtained from the stock
solution.

The extraction was performed by single phase generation of the aqueous lead solution and the
water saturated IL. Latter was handled with a 1 mL mechanical single-channel pipette (VWR)
and the mass was verified by weighing. The two-phase mixture was heated above its upper
critical solution temperature (UCST) of 55.5 °C.[°? Brief shaking results in a clear, single
phase, which clouds when the temperature falls below the UCST. In order to ensure phase
separation, the mixture was left for at least one hour at room temperature ere sampling.

If not otherwise stated, the extractions in this work were performed with a volume ratio of the
initial volumes equal to one, verified by weighing, due to the challenges of handling the
highly viscous ILs.
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4.2.3. Determination of Lead in the Extraction Process

The concentration of lead in the IL-phase after the extraction was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) externally at the State Materials
Testing Institute Darmstadt (MPA) and the Department and Institute of Materials Science

(IfW) with a Perkin Elmer Optima 2000DV. The analysed samples stemmed from extractions
with higher starting concentrations (1 mg mL?), due to the high dilution required to obtain a

single aqueous phase. After the extraction, a sample of the IL phase was taken and diluted

with the ten- to twentyfold amount of 0.1 M HCI for complete dissolution. The concentration

in the IL phase was calculated by the dilution factor. The same matrix of dissolved IL was
used for the calibration of the ICP OES.

The extraction efficiency %E and the distribution coefficient D cannot directly be derived from

the concentration of Pb?* in the organic phase (water saturated IL). The composition of the

the phases needs to be known and can be calculated by the following set of equations
(Equation 17 to Equation 20).

Solution
approach:

amount of the extracted substance
WE = : =100 %
total amount of the substance in the system

_ Corg(Pb2+)
N Caq(Pb2t)

MIL total = MIL,org + MmiL,aq

My, 0 total = MH,0,0rg T MH,0,aq

w _ mIL,aq
ILaq —
mIL,aq + mHZO,aq
w _ mHZO,org
H,0,0org —
mHZO,org + mIL,org
. WH,0,0org * WiL,aq ' "MH,0 total
WH,0,0rg ML total — (1 —wy, aq)
m = - d
H;0,0rg 1 WiL,aq - WH, O,org
— WH,0,0org — (1 —wy, aq)

%E extraction efficiency [%]

D distribution coefficient [-]

¢ concentration [mol L], [mg g]

indices aq, org: aqueous phase, organic phase (water sat. IL) HLLE
M1, total total mass of IL in both phases [g]

myy,org Mass of IL in organic phase [g]

my,aq mass of IL in aqueous phase [g]

My, 0 total total mass of H20 in both phases [g]

My, 0,0rg Mass of H20 in organic phase [g]

My,0,aq Mass of H20 in aqueous phase [g]

WiL,aq Mass fraction of IL in aqueous phase [g g"]
Wi, 0,0rg Mass fraction of H20 in organic phase [g g!]

Equation 15

Equation 16

Equation 17

Equation 18

Equation 19

Equation 20
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For ICP analysis higher concentrations were chosen compared to the extractions prior to
electrochemical detection experiments. According to literature, the extraction efficiency of
heavy metal ions could be higher for lower concentrations.®”]
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4.3. Electrochemical Methods

Electrochemical measurements in this work were carried out with two different potentiostats.
An IVIUM Octostat 5000 was used for initial parameter studies. In all other experiments an
AMETEK Parstat 4000, operated via AMETEK’s VersaStudio software in various versions
(2.54.2 and earlier), was used. No differences of the results could be noticed between the two
devices and within a series of experiments the hardware was not changed.

4.3.1. Lead Detection with Square Wave Anodic Stripping Voltammetry

For the square wave anodic stripping voltammetry (SWASV), the techniques
chronoamperometry (CA) and square wave voltammetry (SWV) were combined in one
method. In the first step, the CA, the deposition potential Eqep and time tqep are defined. In the
second step, where the deposit is reoxidized and stripped from the electrode surface, the
potentials Esart, End, Estep, Epuise and the frequency f can be set.

Prior to the CA, another CA step was implemented with a fixed oxidative potential, aiming for
the same, controlled starting conditions of each experiment. The range of parameter setting
for the detection method can be found in Table 7.

Table 7: CA and SWV parameter settings for the electrochemical detection of lead in
water saturated [HBet][NTf:].

Step Parameter Value Unit

Cleaning (CA) Potential 0.2 V vs. Ag-qRE
Time 120 S

Deposition (CA) Potential -1 V vs. Ag-qRE
Time 60-1200 s

Stripping (SWV) Initial potential -1 V vs. Ag-qRE
Final potential 0.2 V vs. Ag-qRE

Pulse height 25-200 mV vs. Ag-qRE
Step height 5-40 mV vs. Ag-qRE

Frequency 25-150 mV vs. Ag-qRE
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Cell Design

The cells used for heavy metal detection in this work developed over time. Starting from a
three-neck laboratory glass flask set-up, task specific electrochemical cells were designed
using the CAD software Inventor Professional (2019 and earlier) by Autodesk and
manufactured by the workshop of the department of chemistry at TU Darmstadt. The polymer
polyether ether ketone (PEEK) was chosen as construction material, due to its chemical
resistance and workability. Next to basic electrochemical cell requirements such as fixed and
parallel electrode positioning, the design focused on a small electrolyte volume, due to the
valuable material and the small volume remaining after the extraction step. Furthermore, the
electrode distance was reduced in comparison with most commercially available cells,
counteracting the electrolytes low electrical conductivities. An overview of the two cell
designs can be found in Figure 7.

WE CE/ %,
~ 05

o

o

E

ot

PEEK-cell

Figure 7 Images of the electrochemical cells used in this work. A) Cell used for initial parameter studies. B)
Assembled heatable cell used for the majority of the presented studies. C) Transparent image showing the
electrolyte chamber of the heatable cell.

Electrodes and Electrode Preparation

The electrochemical cells were operated as three electrode set-ups, featuring a working
electrode (WE), a counter electrode (CE) and a reference electrode (RE). Technical grade
graphite foil (GF) by SIGRAFLEX® (Typ NH) was used as WE and CE. The electrodes were
brought into shape by die cutting in a press, to ensure reproducible areas and to avoid fraying
of the edges. Prior to their application, the electrodes have been cleaned with a lint-free paper
towel.
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Pristine GF sheets were used as electrodes in all experiments, while additionally experiments
with modified WE were performed. Therefore, the same GF sheets were drop coated with inks
containing different compositions of carbon materials, a carbon black (CB, Vulcan XC-72,
Cabot) or graphite powder (GP), Nafion® (5-wt% solution, Sigma Aldrich) and bismuth in
ethanol. The procedure of the modifications is visualized in Figure 8. After drop coating the
inks onto the electrode substrate, the electrodes were dried by evaporating the solvents,
water, ethanol, and acetone, under argon gas at room temperature.

Technical grade Blank Blank / CB/ GP Blank / CB / GP
graphite foil +Vulcan = “CB” +Nafion +Nafion
“blank” +Graphite +Bismuth
powder = "GP”
+CB/GP
in ethanol Blanc/ CB/ GP
> +CB/GP +Nafion/ethanol
+Nafion +Bi in
in ethanol a) HNOs/ethanol
> b) Ethanol

c) Acetone

Figure 8: Overview of the different electrode modifications and the production thereof.

The amount of ink and its composition (ethanol and Nafion®-solution content) for carbon
black and graphite powder are empirically evaluated according to the handling of the ink
drops and the evaporation, leaving behind a film on the electrode surface. An equivalent final
Bi content on the electrode is ensured. The addition to the IL can only be estimated.

Electrode Ink composition Coating
Ccarbon Material ~ Ethanol Nafion® Bismuth
Name (5 wt% sol.) (solution) Veoating
mg ! mL V%! V%! V-%! Lt
Blank 0 0 0 0 0
Blank 0 75 25 0 20
+Nafion
Blank 0 73.75 25 1.25 20
+Nafion 200 mg mL™*
+Bi (HNO3) Bi(NO3)3*5H-0 in
15 V-% HNO3(69%)
85 V-% ethanol
GP GP 100 0 0 25
2.5
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GP GP 83.33 16.67 0 25
+Nafion 2.5
GP GP 82.33 16.67 1 25
+Nafion 2.5 200 mg mL!
+Bi (HNO3) Bi(NO3)3*5H,0 in
15 V-% HNO3(69%)
85 V-% ethanol
GP GP 73.33 16.67 10 25
+Nafion 2.5 20 mg mL?! Ink
+Bi (EtOH) Bi(NO3)3*5H20 in
ethanol
GP GP 73.33 16.67 10 25
+Nafion 2.5 20 mg mL!
+Bi (Acetone) Bi(NOs3)3*5H,0 in
acetone
GP GP 83.33 16.67 0 25
+Nafion 2.5 4.6 mg mL!
+Bi (IL) Bi(NO3)3*5H20 in
water saturated
[HBet] [NTf>]
CB CB 100 0 0 20
3.75
CB CB 75 25 0 20
+Nafion 3.75
CB CB 73.75 25 1.25 20
+Nafion 3.75 200 mg mL!
+Bi (HNO3) Bi(NO3)3*5H,0 in
15 V-% HNO3(69%)
85 V-% ethanol
CB CB 62.5 25 12.5 20
+Nafion 3.75 20 mg mL?! Ink
+Bi (EtOH) Bi(NO3)s*5H20 in
ethanol
CB CB 62.5 25 12.5 20
+Nafion 3.75 20 mg mL!
+Bi (Acetone) Bi(NO3)3*5H,0 in
acetone
CB CB 75 25 0 20
+Nafion 3.75 4.6 mg mL!
+Bi (IL) Bi(NO3)s*5H20 in

water saturated
[HBet] [NTf:]
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As RE silver wires with a diameter of 1 mm have been resorted to. Since the here occurring
reaction is unknown, the RE must be described as a pseudo or quasi RE (qRE), in contrast to
an actual RE. The qRE was immersed in the water saturated [HBet] [NTf.], which was used as
electrolyte in all experiments, allowing for comparability within this set of experiments.

Evaluation

The datasets of potential and measured current were transferred from the VersaStudio
software to Microsoft Excel. Here the baseline was manually created by choosing areas to the
left and right of the peak. Three to five sets of values each were averaged, resulting in two
points. A straight line through both points was drawn. This baseline was then subtracted from
the measured data. The baseline corrected data points were being transferred to Origin for
peak fitting and evaluation. “Gaussian” fit was chosen, and the target area narrowed to the
width of the peak. The base parameter yO was set to 0. The current at maximum peak height
was extracted. Plots were produced in Origin.

Limit of Detection

The 3-0-method was applied for determining the limit of detection (LOD). The peak current
in dependence of the Pb?* concentration in the initial aqueous phase was linearly fitted and
the standard deviation ¢ of Pb2*-free samples was determined. The theoretical concentration
leading to a peak current as high the threefold of o of a Pb?*-free sample was calculated using
the linear function (calibration curve) and is referred to as LOD.

4.3.2. Resistance and Conductivity Determination

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) was applied for inspection of
the set-up and the electrolyte resistance in the beginning of and in between detection
measurements. It was also used for conductivity measurements of electrolytes in a
conductivity measurement cell Philips PW 9512/01, consisting of two parallel, plane
electrodes. The PEIS parameters are listed in Table 8.
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Table 8: Parameter settings for PEIS.

Parameter Value Unit

Start frequency 10000 Hz

End frequency 1 Hz
Amplitude 10 mV
Potential 0 V vs. OCV

Points per decade 10 -

4.3.3. Electrochemical Stability

Cyclic Voltammetry (CV) was carried out in the heatable cell with graphite foil working and
counter electrode to verify the electrochemical stability of the water saturated [HBet] [NTf,]
electrolyte and the accessible window for the detection at a given temperature in the
measurement set-up. The applied potential was IR-compensated post hoc, assuming the
impedance |Z| at 10 kHz in the PEIS to be the electrolyte’s resistance. Parameters are listed in
Table 9.

Table 9: Parameter settings for cyclic voltammetry.

Parameter Value Unit
Start potential 0 V vs. Ag-qRE
Cathodic Vertex -1.5 V vs. Ag-qRE
Anodic vertex 1.5 V vs. Ag-qRE
Scan rate 0.1 Vst

Number of cycles 3 -

IR-compensation Post hoc

4.3.4. Introduction of a Paper Channel

The paper materials intended as microfluidic channel and spacer in between the electrodes
were prepared by TIZIAN VENTER within the Laboratory of Macromolecular and Paper
Chemistry, Ernst-Berl-Institut, Department of Chemistry, TU Darmstadt. Different materials in
various thicknesses have been investigated for the transport qualities of ILs. The choice of the
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paper material was made upon the performance in imbibing behaviour and flow velocity of
ILs within the material. Respective experiments were carried out in collaboration with TiZIAN
VENTER.

For the electrochemical measurements, experiments were conducted using water saturated
[HBet] [NTf2] without the addition of zwitterionic betaine nor other additives. Unmodified
technical grade graphite foil as WE and CE and a flattened silver wire with insulated rear or
technical grade graphite foil as qRE were used. A 3D configuration with a stack of WE, a
tailored paper sheet and CE was arranged. The geometrical surface area of the WE was
limited to 1 cm?. The presented data result from experiments without elctrolyte flow. The
Pb?* spiked IL was pipetted on the paper sheet and the experiment was started when the
section of the paper covered by the electrodes was fully soaked.

In addition to the paper based cell, a 3D printed spacer with a thickness of 1 mm was used
analogously, due to reusability and development of a handling procedure.

In most of the experiments errors due to overloads were reported by the potentiostat that led
to abortions of the experiments. In this context, also shorter experiments with a deposition
time of 60 s were conducted. Furthermore linear scan voltammograms were applied for
controlled intiation of the deposition of -1 V vs. Ag-qRE. However, the occurance of abortions
could not fully be comprehended. Some of these issues could later be traced back to a
malfunction of the potentiostat’s hardware.
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5. Results and Discussion

5.1. Choice of the lonic Liquid

Out of the enormous number of ILs, a suitable candidate needs to be identified, that shows
analyte extraction capabilities, as well as electrolyte and paper imbibing qualities. Physico-
chemical properties, such as viscosity, electrical conductivity and pH are considered
elementary in evaluating these qualities and are hence chosen for comparison, as illustrated in
Figure 9.

/ - - Properties \
Po .
= &l

2 Water Content

o Potentiostat ] Viscosity

® I lonic

2 Liquid Electrical

% Conductivity

<

pH
k / Paper / j

Figure 9: Separated applications defining the requirements to the IL and derived physico-chemical properties to be
analysed for characterization, comparison and identification of a suitable IL.

An IL that is suitable to combine extraction from aqueous phase, serving as electrolyte in
electrochemical detection and transport medium in a paper channel, preferably needs to
feature low miscibility, low viscosity and high electrical conductivity and at least mild acidity.

Initially, ten ILs were characterized at the four defined stages of set water content — pristine,
dried, moist and wet (cf. chapter 4.1). Due to the underlying aim of this work and the
inevitable contact to a liquid water phase, the wet stage will be focussed on and compared to
the pristine stage here. Results for other stages are attached in the appendix.
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5.1.1. Water Content of Saturated ILs

After extraction from aqueous phase, the water content in the IL will have changed compared
to their pristine stage. In order to further characterize the physico-chemical properties, the
water content at the wet stage needs to be known. The water contents of the ILs are measured
by Karl Fischer titration. Obtained mass contents of water are converted to molar contents
(mol-%) by Equation 14, revealing the impact of the differences in molar masses of water
compared to the investigated ILs. Samples taken from the container as received from the
distributor (pristine) range below 0.06 wt-% or 1 mol-%, except for [OMIm][BF4]

(1.27 mol-%, see appendix). However, the contents increase after contact to liquid water.
Figure 10 shows the molar water content of the wet stages of different ILs.
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Figure 10: Molecular ratios of water in ILs converted from
mass ratios obtained by Karl Fischer titration after
contact to water (Vaq,iniVorg,ni'=1). Note: [DCA] and [OTf]
containing ILs, indicated by *, are completely miscible
with water.

As expected, ILs featuring [NTf,] anions take up the smallest amount of water of around

20 mol-% (1-2 wt-%). Additionally, the trend of increasing hydrophobicity with longer alkyl
chains at the imidazolium based ILs, [HMIm] < [BMIm] <[EMIm], can also be followed. The
ILs with [OTf] and [DCA] anions are miscible with water. The shown data are results of
complete miscibility of the aqueous phase and the IL phase, which are brought into contact
initially (VaginiVorgini'=1). Stated values for the two ILs thus can be regarded arbitrary. Due to
the high miscibility, both ILs are ruled out for an extraction application.

ILs with reported intrinsic heavy metal extraction capabilities, [OMIm][BF4] and [HBet] [NTf:]
contain water up to 72 and 80 mol-% (14.33 and 15.03 wt-%) at the wet stage. They take up
the highest amount of water within the non-miscible ILs. Even though they are hydrophobic
and still form a two-phase system with water, their properties certainly are affected by contact
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to water. For [HBet] [NTf.] a certain miscibility at room temperature is reported in the
literature, that is in accordance with the results presented here.[®) With a measured water
content of 15 wt-%, four water molecules are present for every anion-cation-pair of the IL
(=80 mol-%). Also, for the prominent hydrophobic imidazolium based ILs with [NTf,] anions,
the molar ratios of water jump above 20 mol-%. The difference in water content in pristine
and wet stage hence impel a reassessment of the water influence on the physico-chemical
properties of the IL phase. This will be addressed in the following chapter.

5.1.2. Physico-Chemical Properties after Water Exposure

Two physico-chemical properties of ILs influencing the electrolyte properties and imbibing
qualities and that are affected by the water content are the viscosity n and the electrical
conductivity k. The inversely proportional dependency of k on 1 can be traced in Figure 11 A
and B. ILs are arranged by increasing value in the wet state (left to right) and follow reversed
order regarding the two properties. Due to the arbitrariness of the water content of
[BMIm][DCA] and [BMIm][OTf], both ILs can be excluded for the pursued application. Their
measured properties align the trend of the water saturated ILs.
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Figure 11: A: Viscosity of ILs in their pristine stage and after saturation with water.*) pristine [OMIm][PF¢] exceeds
the limit of the displayed section; **) pristine [HBet][NTf2] could not be measured. B: Electrical conductivity of ILs in
their pristine stage and after saturation with water. **) pristine [HBet][NTf2] could not be measured.

Generally, the viscosity decreases after contact to water, while the electrical conductivity
increases. The smallest effects can be observed for the most hydrophobic ILs, featuring [NTf,]
anions. They show comparable changes in n and k within the same range, corresponding to
the low uptake of water. The strongest influence of exposure to water is measured for
[OMIm][BF.], that also shows the highest water uptake. No pristine state of pure

[HBet] [NTf,] could be measured. At dry state it is a crystalline solid with a melting point of
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57 °C.°% The super cooled state could not be maintained either throughout the measurements
and only moist samples could be analysed. Its viscosity at wet stage can be compared with
[OMIm][BF4] with comparable water content and the more hydrophobic [EMIm][NTf-].
Comparing the overall trends of n and x for wet ILs aligns with theorical considerations. A
high viscosity is accompanied by a low electrical conductivity and vice versa.

In addition to the n and «, the pH of the water saturated ILs were determined, utilizing a pH
paper. Measurements were exclusively carried out for the wet stage of the ILs (Figure 12).
[BMIm][DCA] and [BMIm][OTf] were left out of the figure, due to their complete miscibility
with the aqueous phase.
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Figure 12: pH values of water saturated ILs.

Most of the studied [NTf2] containing ILs are moderately acidic with pH values of around 4.
Exceptions being the ILs with [HBet] and [EMIm] cations. The pH of [HBet] [NTf.] is the most
acidic with pH=1 and is in consistence with the protonated carboxylic function in betaine
cation of this IL. Given the accuracy of the visual determination of the pH, this is in good
agreement with the literature (1.42+-0.05).['% The second most acidic IL is [OMIm][BF4]
with a pH of around 3. Unexpectedly high is the pH of [EMIm][NTf,] (pH=9).

At wet stage, the most acidic IL [HBet] [NTf.] has the lowest viscosity and comparably high
electrical conductivity, after ruling out [EMIm][NTf.] due to its high pH. Furthermore, this IL
was already shown to be applicable as electrolyte in a heavy metal sensing application.*! It
hence seems to be a suitable candidate for combining the three applications.
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5.2. Homogeneous Liquid-Liquid Extraction of Lead lons with [HBet][NTf:]

5.2.1. Phase Behaviour

Among the screened ILs one compound is outstanding due to its exceptional properties:
[HBet][NTf.] shows a thermomorphic phase behaviour. At temperatures below the UCST its
mixture with water is biphasic for a large mixing ratio. Heating above the UCST generates a
single phase for all mixing ratios.[®? For the extraction from aqueous phase in a mobile
application, this is considered as a valuable asset, due to the avoidance of a mixing unit.

Homogeneous liquid-liquid extraction can be performed in accordance with descriptions in
the literature. Both, self-synthesized and purchased substances could be used identically. The
optical appearance of a sample during the heating and cooling/settling procedure is
chronologically imaged in Figure 13. The extraction of the model analyte Pb?* is investigated

in the following chapter.

Figure 13: Temperature dependent phase behaviour of water saturated [HBet][NTf2] with water in
four stages: 1. Room temperature, two phases with a clear phase boundary; 2. Above the UCST a
clear, single phase is stable; 3. During cooling below the UCST the solution clouds and the phases
separate; 4. After settling the phase boundary is rebuilt.

5.2.2. Extraction Behaviour

Following the sufficiently documented process HLLE, consisting of heating, cooling/settling
and subsequent ICP-OES analysis, reveals the successful extraction of Pb?* ions from aqueous
media to the water saturated [HBet] [NTf.]. Due to the necessity of dilution for the
quantification of Pb?*, the initial heavy metal ion concentration was set high with 1 mg mL*!
in the aqueous phase. However, performed electrochemical measurements verify Pb%*
extraction, starting from lower concentrations.
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High analyte concentrations in the extractor phase are favourable since they are easier to
detect in subsequent quantification analysis. As plotted in Figure 14, the concentration of Pb**
in the IL-phase ci.(Pb?*) can be enriched by increasing the volume ratio VaginiVorgini ' at a
constant initial Pb?>*-concentration in the aqueous phase cag,ini(Pb?**). The concentration
increases linearly from ci.(Pb?*)=0.33 mg mL? (VagniVorg,ni '=1.03), one third of the initial
concentration in the carrier, to 1.17 mg mL"! (VaginiVorgini 1 =8.22), which exceeds the initial
concentration caqini(Pb?*) =1 mg mL?. No organic phase could be obtained for experiments
with volume ratios higher than 8.22. In between, the concentration can be linearly fitted by
the function

CIL(Pb2+) = (0.11273 Vaq,iniV()rg’ini-l + 0.23031) Caq’ini(Pb2+).

The analyte can thus be extracted and, closer to the maximal possible volume ratio, even be
concentrated in the organic phase.
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Figure 14: Pb?* concentration found in the IL phase by ICP
analysis after HLLE in dependence of the initial volume
ratio of the carrier and extractor phase. The initial Pb?*
concentration in the aqueous phase was

Caq.ini(Pb?*)=1 mg mL™".

The mass ratio of the phases worg (Water saturated [HBet] [NTf.] phase) and waq (aqueous
phase) left after HLLE, when the system has reached phase equilibrium, can be calculated
with the reciprocal miscibilities of IL in the aqueous phase wi,aq and of H»O in the organic
phase wu20,0rg @s a function of the initial volume ratio VagqiniVorgini *. The system of equations is
a set of four equations containing four variables (Equation 17 to Equation 20). Based on
miscibilities from literature, two scenarios are calculated and plotted in Figure 15.190:9%:1041 The
plots result from a combination of the lowest and highest values of miscibility reported. A no-
miscibility-scenario is also included.
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Figure 15: Calculated mass ratios of the remaining
organic and aqueous phases after HLLE of water
saturated [HBet][NTf2] and water as function of the
initial volume ratio. Values outside of 0<w<1 are
physically not plausible. At the corresoponding volume
ratios the system is single-phase.

Due to the reciprocal miscibility, the ratio of the masses of each phase after HLLE alters
stronger than without miscibility and eventually exceed 1 and O, respectively. Mixtures with
mass ratios >1 and <0 are not physically plausible and the corresponding volume ratios
exceedoinf these limits indicate a single-pase system. By plotting absolute masses of the
organic and aqueous phase in dependence of VaginiVorg,ini !, the amount of added H»O to the
fixed volume of IL can easily be calculated from linear regression (graph in the appendix). In
both cases, the smallest values and the lowest values for reciprocal miscibility, a complete
dissolution of the IL into the aqueous phase (Worg=0) will occur at a VaginiVorgini* of 7.33 and
6.67, respectively. That translates to volumes of 7.33 mL and 6.67 mL H»0O added to 1 mL of
water saturated [HBet] [NTf.]. At that point, the system is single-phase. No organic phase can
theoretically be obtained.

In this work, an organic phase could be sampled for ICP analysis at an initial VaqiniVorgni* Of
up to 8.22 and the organic phase disappeared at Vag,iniVorg,ini ' =9. This is only possible if the IL
solubility in H»O is lower than 12.9 wt-% and the experimentally determined H>O solubility in
IL is 15 wt-%. Not included in this calculation are the real pH values of the aqueous phase.
Plus, the influence of the Pb%*-salt is also excluded.

For this case (12.9 wt-% IL in aqueous phase and 15 wt-% H-O in the organic phase) the
distribution ratio D and the extraction efficiency %E can be calculated (Figure 16). Note that
D in this calculation is based on mass-concentrations (mass of Pb?* in mass of solvent). D,
however, would be larger, if based on volume-concentrations, due to the high density of the
organic phase (1.47 g mL1).
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Figure 16: Distribution ratio D and extraction efficiency
%E based on the calculated mass ratios, a [HBet][NTf2]
solubility in water of 12.9 wt-% and the measured Pb?*
concentration in the organic phase after HLLE.

D increases linearly with the volume of added Pb?*-containing H,O. The concentrations in
each phase are in equilibrium, though the total concentration of Pb?* in the entire system
increases with lower IL fractions, diluting the total concentration. The actual trajectory
follows the Pb?* concentration as measured by ICP analysis in Figure 14. Due to the solubility
of the IL in the aqueous phase, eventually the organic phase is dissolved completely. This is
reflected in %E, consequently becoming zero, when no extractor phase is left. The competing
equilibria are hence the extraction of Pb?* by the IL-dominated, organic extractor versus the
dissolution of the IL by the aqueous carrier. For the application in trace analysis, increasing
VaginiVorg,ini ' can be employed in order to enrich the analyte concentration in the extractor
above the initial concentration. A decrease in recoveries (%E) is not of concern since the
downstream step of electrochemical detection is concentration sensitive.

5.2.3. Effect of the Addition of Zwitterionic Betaine

The addition of an extractor, a metal ion chelating agent with high affinity to the extractor
phase in the chelating form, is used for extraction applications and discussed in literature to
tune the extraction capabilities of ILs. HOOGERSTRAETE et al. added zwitterionic betaine to
water saturated [HBet] [NTf,].!"! Here, this approach is also applied for the extraction of
Pb?*. As shown in Figure 17 the concentration of Pb?* in the organic phase can be increased
from 0.22 mg g* to 0.55 mg mL ! at a Vag,iniVorgini ' =1.03 when 10 wt-% and 20 wt-%
zwitterionic betaine (per mass of water saturated IL) are added to the 1.43 g IL. and 1 mL
water containing 1 mg mL Pb?*. It is assumed, that the density of the organic phase does not
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change with the addition of zwitterionic betaine. This corresponds to an enhancement of
+150 % compared to the additive-free experiment with [HBet] [NTf-].
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Figure 17: Pb?* concentration found in the IL phase by ICP
analysis after HLLE in dependence of [HBet][NTf:] and
the addition of zwitterionic betaine. Note: the
concentrations are referred to the mass of the organic
phase (IL).

Assuming 12.9 wt-% loss of IL into the aqueous phase as previously calculated for the additive
free experiments, and the same density of the IL phase as without additional betaine, %E and
D can be estimated. The highest Pb?* extraction yielded in this work is %E=68.1 % and
D=2.02 for the addition of 10 wt-% zwitterionic betaine per mass of water saturated IL.
Comparing to other ions, this result would rank Pb?* between Zn?* (D~1) and Cu?* (D~4),
extracted in similar fashion.!”® HOOGERSTRAETE et al. mixed equal masses of water saturated
[Hbet][NTf,] and water, equal to a volume ratio of 1.47, and report D<1 for the extraction of
lanthanide ions. For Nd3* bis-(trifluoromethylsulfonyl)imide salts they could increase %E
from around 30 % (no additive) to almost complete extraction by the addition of zwitterionic
betaine as extractant. The highest extraction of 99 % was yielded when n(betaine)/n(Nd3*)
was 200, translating into the addition of 200 mg g aqueous starting solution.®"

The 10 wt-% of zwitterionic betaine added in this work translates to 143 mg zwitterionic
betaine per 1 g aqueous starting solution. Thereby, the total amount of zwitterionic betaine,
either originating from is [HBet] [NTf:] or the additive, is increased by around 30 %.
However, the distribution of the added zwitterionic betaine after HLLE has not been studied
in this work and is ignored for this calculation. VOLIA et al., who investigated the effect of
betaine on this system, found that betaine is transferred to the IL phase and reduces the loss
of H[NTf,] into the aqueous phase. The solubility of H,O in the IL phase is not affected and
added zwitterionic betaine was found in both phases.!'%* It is concluded, that the phase
behaviour is not drastically changed by the presence of the additive. From the perspective of
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extraction performance, the addition of zwitterionic betaine, hence, seems beneficial. D can
be enhanced by a factor of over 2, compared to the VaqiniVorgini ' Of 8 in absence of an additive
and due to the preservation of the IL phase %E is also increased.
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5.3. Temperature Influence on Electrolyte Properties of [HBet][NTf:]

After homogeneous liquid-liquid extraction of Pb2* from aqueous phase by water saturated
[HBet][NTf.], the wet IL serves as electrolyte in heavy metal detection. Since temperature
control is key for the temperature induced extraction it suggests itself to also employ heat for
decreasing viscosity and increasing electrical conductivity. The classification within the
Walden-plot can also be realized in this context. This has not been reported in literature up to
writing this work. Shown results refer to wet [HBet] [NTf.], which is saturated with water at
room temperature. [BMIm][NTf,] is measured alongside for comparison and validation. “dry’
implicates, that this IL was not deliberately saturated with water prior but taken as received
from the supplier. Evaporation of water and a concomitant change in properties was tried to
prevent by sealing to the atmosphere, where possible and minimizing the exposure time to
heat.

)

5.3.1. Viscosity

The temperature dependent viscosity of ILs was assessed with a spindle viscometer. The
experimentally determined results are compared in Figure 18 with a dataset from literature
for 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [BMIm][NTf] (unfilled
circles). They show a very good agreement for the overall values as also temperature trend for
experimental values for [BMIm][NTf,] (blue triangles). Minor deviation may be caused by
differences in water contents of the ILs. Since the spindle viscometer is an unsealed
construction, open to the atmosphere, and therefore slow evaporation of water during the
experiments cannot completely be excluded. This looms larger for higher temperatures.
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Figure 18: Viscosity-temperature diagram of dry and
water saturated [HBet][NTf2], [BMIm][NTf:] and
comparison to a dataset from literature “[Lit.]".['23]
Experimental data (symbols) are fitted by Vogel-Fulcher-
Tammann equation (lines).
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After validation, temperature dependent viscosity of the IL [HBet][NTf.] (orange squares),
which is employed for extraction and sensing within this study, was characterized. More
exactly, a mixture of [HBet] [NTf,] and water resulting from saturation with water at room
temperature (w(H20)=0.15 g g!) was employed to study the temperature influence on
viscosity. This concentration of water represents the maximum amount where still a single-
phase behavior throughout the whole studied temperature range (20 to 70 °C) can be
ensured. The viscosity of wet [HBet][NTf.] is consistently lower than of [BMIm][NTf>]
throughout the entire temperature range. The trends of both ILs run parallel to each other
with increasing viscosity with increasing T. VFT parameter can be adjusted to fit the
experimental data by the values given in Table 10.

Table 10: VFT parameters for viscosity resulting from experimental data for
[BMIM][NTf2] and [HBet][NTf:] as well as for a dataset from literature.['?3]

VFT A, B,/ K Ton/ K
dry [BMIm] [NTf,] -2.1430 789.55 165.06
[BMIm] [NTf,] it -1.9143 775.19 165.06
wet [HBet] [NTf,] -2.9456 817.05 165.06

For comparison, the viscosity of dry [HBet] [NTf.] was measured above its melting point
(black squares). They are about one order magnitude higher as compared to wet, water
saturated [HBet][NTf:]. This indicates the benefit of a certain water content in the IL, while
still retaining its hydrophobicity for easy phase separation in the extraction. Besides the
contribution to the electrical conductivity, a low viscosity is favourable for the application in a
microfluidic device.

5.3.2. Electrical Conductivity

The electrical conductivity is obtained from PEIS experiments in a conductivity cell. To
validate the self-build heating setup for electrical conductivity measurements for higher
temperatures, the temperature dependent conductivity of the more intensively studied IL 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [BMIm][NTf.] was determined
alongside and compared to a dataset from literature. Experimental data of wet, room
temperature water saturated [HBet] [NTf,] (w(H20)=0.15 g g, orange squares) and
[BMIm][NTf.] (blue triangles) are plotted in Figure 19 together with their VFT fits and the
dataset from literature (unfilled circles).[*23!
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Figure 19: Electrical conductivity-temperature diagram of
water saturated [HBet][NTf:], [BMIm][NTf:] and
comparison to a dataset from literature”[Lit.]".['23!
Experimental data (symbols) are fitted by Vogel-Fulcher-
Tammann equation (lines).

The experimental data align well with the data set from literature, validating the
measurement setup. The difference might be attributed to different water contents. The
electrical conductivity of all liquids tested follow the same trend and run parallel in this plot.
Their electrical conductivity increases with increasing temperature. The electrical conductivity
of wet [HBet] [NTf.] is higher than that of [BMIm][NTf:].

Experimental data can be fitted by Vogel-Fulcher-Tammann equation in the same manner as
for viscosities. Found VFT parameters are listed in Table 11. For fitting the data set of
[BMIm] [NTf.] from literature also literature VFT parameter were resorted to for electrical
conductivity.

Table 11: VFT parameters for electrical conductivity resulting from experimental data
for [BMIM][NTf2] and [HBet][NTf:] as well as for a dataset from literature.l'?3]

VFT Ax B./K Tox/ K
dry [BMIm][NTf,] 4.2222 -667.43 165.06
[BMIm][NTf,] it 3.7612 -565 178

wet [HBet] [NTf-] 5.000 -679.92 165.06
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5.3.3. Walden Plot

Based on the temperature dependent viscosity and electrical conductivity, the classification of
the IL can be performed. For the inclusion into the Walden plot, the conductivity needs to be
transferred into the molar conductivity. Densities for water saturated [HBet] [NTf.] (orange
squares) and dry [BMIm][NTf:] (blue triangles) are therefore measured in dependence of the
temperature and linearly regressed (Figure 20 A). For comparison, data from literature are
plotted alongside in the Walden plot in Figure 20 B.123]
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Figure 20: A: Density-temperature diagram for water saturated [HBet][NTf2] and dry [BMIm][NTf.] with linear
regressions (lines) for the preparation of the Walden plot (B), where also data from literature are plotted
“[Lit.]".l"?3] Note the double logarithmic scales of the Walden plot.

The regressions of the data in the Walden plot validates the linear dependency of log 4,,, and
logn~! with high coefficients of determination of R2 > 0.9998 for the ILs.

wet [HBet] [NTf] logA,, = 0.849logn~1—0.912 R2=0.9999
dry [BMIm][NTf,] logA,, = 0.863logn~1 —1.041 R2=0.9998
[BMIm][NTf,] i) logA,, = 0.896logn~1 —1.105 R2=1

As expected from the isolated consideration of the temperature influence on viscosity and
electrical conductivity, the trends run parallel. The plots of experimental [BMIm][NTf:] and
literature data set (unfilled circles) seem to correlate well. In contrast to the ideal case of
diluted aqueous KCl solution, the slope of the investigated ILs is lower than 1. Meaning, that
with increasing temperature, ions within the IL contribute less to its electrical conductivity.
For the experimental data this might be facilitated by the evaporation of water. That higher
A,, and n~1 are reached already at lower T in experimental [BMIm][NTf,] might also be a
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consequence of impurities and water in the pristine IL. All data points range below the ideal
line (angle bisector). According to Angell’s classification they are allocated within the regime
of ‘good’ to ‘poor’ electrolytes. Here, water saturated [HBet] [NTf.] shows the highest 4,, and
n~! at all temperatures and hence exhibits the more favourable electrolyte properties.
Compared to [BMIm][NTf,], the molar conductivity of [HBet] [NTf.] is higher or differently
expressed, the ions contribute more to the electrical conductivity. Major difference in nature
of the cations [BMIm]* and [HBet]"* is the functional carboxylic group for the betaine. Despite
the direct molecular difference, also the lower water content for [BMIm][NTf.] might play a
role, as water could help reducing the ion pairing.

Consequently, an elevation in temperature and thus decrease of viscosity can be employed to
decrease solution resistance losses within the IL during electrochemical sensing.

Water Influence on the Electrical Conductivity

The electrical conductivity of [HBet] [NTf,] was furthermore studied in dependence of the
water content. Water interaction with [HBet] [NTf.] at room temperature changes its
aggregate condition from dry, solid state to wet, liquid sate. Arbitrary homogeneous single-
phase water-IL-compositions can hence only be reached above the UCST. Below UCST, two
phases and a phase boundary form. A temperature of 70 °C is set for the investigation of the
influence of the water content. No drying nor purification step of the IL was carried out and
the IL was used as obtained from the manufacturer. Water is added to dry IL up to a weight
fraction of 0.25 g g''. Obtained electrical conductivities are plotted in Figure 21.
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Figure 21: Electrical conductivity in dependence of the
water fraction in [HBet][NTf:] at 70 °C. Note: bottom axis
shows molecular ratios (filled squares).
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The plot for mass fractions of water (unfilled squares) implies an increase of the electrical
conductivity with the addition of water. The incline can be linearly approximated when
referring to the mass fraction (upper abscissa). It was found that the electrical conductivity
increases drastically from dry state (no added water) to w(H20)= 0.25 g g’. It needs to be
noted, that due to the 20-fold difference in molecular mass of the two compounds of
M(H20)= 18 g mol! and M([HBet] [NTf,])= 398 g mol!, respectively, at a water mass
fraction of 0.15 g g! only every fifth molecule is [HBet] [NTf,]. Taking the differences of mass
fractions into account, reveals a steeper slope around the water content at saturation at room
temperature (x(H20)= 0.8 mol mol™). It can be concluded that water management, especially
at higher temperatrures, plays an important role in electrochemical application of

[HBet] [NTf.]. A certain water content, however, is favourable for facilitating higher electrical
conductivity and lower viscosity. Especially since interaction with water enables a liquid state
of [HBet] [NTf,] at room temperature in the first place.

5.3.4. Electrochemical and Thermal Stability

ILs are known for their wide electrochemical window and liquid range. Nevertheless, this
electrochemical stability window is influenced by the purity and surrounding conditions.
Employing graphite foil as WE and CE, similar to the later electrochemical sensing device, the
electrochemical stability [HBet][NTf.], saturated with water at room temperature, is studied
from 25 to 56 °C. Additionally, from the iR-drop correction, the temperature dependent cell
resistance results. As shown before, with increasing temperature, the electrolyte conductivity
increases and therefore the cell resistance drops (Figure 19).

In Figure 22 A cyclic voltammograms of water saturated [HBet][NTf.] at graphite foil
electrodes are given for the studied temperatures of 25 to 56 °C. While currents above +1 V
increase with the temperature, the onset of anodic currents at +1 V vs. Ag-qRE does not
change. The onset of cathodic currents at around -1.2 V vs. Ag-qRE at 25 °C shift to less
negative potentials with increasing temperatures, narrowing the accessible window for electro
deposition slightly. Nevertheless, as the deposition of lead takes place approximately at -1V
vs. Ag-qRE and the stripping occurs at -0.7 V vs. Ag-qRE, the electrochemical detection should
also be possible at the elevated temperatures. Around these potentials, no faradaic currents
can be observed. The cathodic peak at around +0.8 V vs Ag-qRE cannot be assigned. For the
highest temperature of 56 °C the resistance increases again, which might be caused by the
evaporation of water, which was shown to also have a strong influence on the electrical
conductivity (Figure 21). The electrochemical stability window for water saturated
[HBet][NTf>] has a width of around 2.2 V.
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Figure 22: A: Cyclic voltammograms for determination of the electrochemical stability window of water saturated
[HBet][NTf] at graphite foil electrodes and a scan rate of 100 mV S'. B: Mass curves of thermogravimetric analysis
of water saturated and dry, crystalline [HBet][NTfz] under N2 gas flow of 88 mL min"' and a T ramp of 2 K min™".

The thermal stability of water saturated [HBet] [NTf-] is investigated via thermogravimetric
analysis (Figure 22 B). By comparing water saturated [HBet][NTf.] (blue graph) and
crystalline [HBet] [NTf:] as received from the supplier (orange graph), the water content can
be determined to 15.8 wt-%. This result is in accordance with Karl Fischer titration

(15.03 wt-%). Most of the contained water is evaporated during the preparation phase of the
measurement under N gas flow. This is reflected by the onset at around 90 wt-% (blue
graph). Remaining water evaporates before 100 °C is reached and the remaining mass hence
declines. From there, mass losses of both samples behave similar. The samples evaporate and
possibly decompose, starting at 250 °C.

62



5.4. Electrochemical Heavy Metal lon Detection

Electrochemical Pb?* detection in water saturated [HBet][NTf,] is performed with the SWV
method. Prior to the electrochemical detection in water saturated [HBet] [NTf.], Pb?* was
extracted from aqueous phase by homogeneous liquid-liquid extraction. Concentration stated
in the following correspond to the Pb?* concentration in aqueous phase, that was set before
the extraction, caqini(Pb?*), as schematically illustrated in Figure 23.

SWASV

Figure 23: Schematic illustration of the homogeneous liquid-liquid extraction of Pb2+
from aqueous to IL phase and the subsequent electrochemical detection in the IL.

In order to achieve low LODs, intensive stripping peaks are desired. Therefore, the influence
of SWV method parameters, temperature, extracting additives and electrode modification is
studied within this work. Adding an extracting agent is aiming for a higher analyte
concentration in the electrolyte but might also interact with the sensing.

5.4.1. Adaptation of SWV Parameters

Stripping Parameters

While SWV Pb2* detection in aqueous electrolyte is well reported, there are hardly any reports
on studying the employment of ionic liquids, that are accompanied by higher viscosities and
lower electrical conductivities compared to aqueous electrolytes. Consequently, parameter
settings that established for aqueous systems (cf. Table 2) might not be suitable in the new
environment and need to be adjusted for high stripping peak currents. In a sensitivity study,
suitable parameter settings for the stripping step shall be found. Alongside a frequency
variation, a variation of Esip and Epyise is carried out. The ratio of Epyise/Estep iS kept at 5, as
usually applied in literature. Baseline corrected SWV current response curves (Alcorr) of lead
stripping in water saturated [HBet] [NTf,] with constant caq,ni(Pb**) =100 ppm are plotted in
Figure 24.
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Figure 24: Baseline corrected SWV current response curves (Alcorr) of Pb?* detection in water saturated [HBet][NTf2]
with constant cCaq,ini(Pb?*)=100 ppm and Epep=-0.8 V vs. Ag-gRE for 300 s at room temperature. A: Variation of the
frequency f with Estep and Epuise of 20 and 100 mV. Coloured lines for optical guidance. B: Variation of Estep and Epuise
at constant =100 Hz. Note: stripping in this experiment -0.9 V vs. Ag-qRE for “40; 200" Data baseline corrected.
Black lines represent gaussian fits.

To identify more suitable parameters for the IL as electrolyte, first, the influence of the
frequency at fixed Esip and Epuie Of 20 and 100 mV was studied. Figure 24 A shows the strong
influence and improvement and that a maximum peak height results for f=100 Hz. For
aqueous electrolytes, an increasing and broadening of stripping peaks from 5 to 50 Hz was
already described.!'® The reduction of peak height for higher f in this study is unclear.
Subsequently, the potential width for Esi.p and Epuse were varied. Figure 24 B shows that
lowering Estp and Epuise increases the data point density within the peak strongly.
Nevertheless, the intensity is reduced in parallel and sensitivity is lowered. Increasing both
potentials results in a maximum peak current for Eseep=20 and Epuse=100 mV, which reduces
with higher potentials again as also a leads to broadening of the peak and further reduced
data point density.

This behaviour might be explained by the redox processes of the analyte species (Pb?* and
Pb) at the electrode surface. A high Epyuse covers a larger portion of the potential range,
determined by the scan rate (Es«p*f) and that leads to re-oxidation but is reported at a lower
potential in the response curve within the plot. In combination with a suitable f and Esp this
potential range is scanned often, taking advantage of this method of re-oxidation and re-
reduction. For high sensitivities, high peak currents are desired. A widening of the peak might
intensify interference with stripping signals of other metal ions. For the simultaneous
detection of several analytes high Esi.p and Epuse can hence be problematic. In this approach,
however, potential metal ion interference shall be reduced by the ideally selective analyte
extraction step prior to the detection.
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The identified parameters result in intensive peak heights but relatively sparse data. E.g. in
the stripping process from -1 to +0.2 mV vs. Ag-qRE the data density in total is reduced to 61
AI(F-R)-values, while only approximately 15 data points build the Pb stripping peak.
Especially for lower concentrations, and hence smaller peaks, identifying the maximum peak
current accurately could thus be challenging. Fitting the peaks, offers an elegant way to still
extract a solid peak height value as raw data and fitted peaks (black lines) given in Figure 24
B demonstrate.

As suitable stripping parameters, Esiep=20 mV, Epuse=100 mV and f=100 Hz, were set for
following experiments. However, besides the electrolyte also changes in the electrode material
the seems to influence the optimum of the settings, as addressed in chapter 5.4.3.

Deposition Time and Electrode Surface Area

In addition to the stripping parameters, also an investigation of the deposition time t4ep and
the accessible geometrical surface area Age, of the working electrode was conducted. Within
the preceding deposition step, Pb?* is reduced and Pb® accumulates on the electrode surface,
increasing the amount of detectable analyte for detection during the stripping step. Thus,
through the accumulation time tqep, the intensity of the current peaks during the SWV
stripping step can be increased, as long as a saturation or total depletion can be excluded.
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Figure 25: Peak intensities of the SWV current response in Pb?* detection with Edep=-1 V vs Ag-qRE and
Caq,ini(Pb?*)=10 ppm as function of (A) the deposition time tdep at T=42 °C, (Estep=20 mV, Epuse=100 mV, =100 Hz)
and (B) the accessible geometrical surface area Ageo of the working electrode (Estep=30 mV, Epuise=150 mV, =50 Hz).

Figure 25 A shows the influence variation of the deposition time tq4ep from 1 min to 20 min at
42 °C for caqini(Pb?*) =10 ppm at deposition potentials of E¢ep=-1 V vs Ag-qRE. As expected,
the peak intensity increases with elongation of the deposition time and can be linearly
approximated in the range of 1 to 15 min. It is unclear, whether the slight decrease at 20 min
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is a first sign for saturation. For most experiments in this work, a tsep of 10 min is set as a
compromise of duration of an experiment and stripping peak intensities.

Figure 25 B shows the peak intensities of SWV Pb?* detection in water saturated [HBet] [NTf:]
for two different geometrical areas of accessible electrode surface Ageo, 25 and 50 mm?2. The
restriction of the area is achieved by application of Kapton® adhesive tape. Increasing the
surface area of the electrode, that is in direct contact to the analyte containing electrolyte
increases the currents of the stripping signal. The increase does not double according to the
doubling of the area. This might be attributed to the edges of the electrodes, that restrict the
area at three of the four sides. These edges are also in contact to the electrolyte and might be
more active for electrodeposition of the analyte as they exhibit edges and corners of graphite,
where deposition might take place.!”!

5.4.2. Temperature Influence on the Sensing Performance

Electrical conductivity is a key factor affecting SWV peak heights.?! For the IL employed in
this work, the electrical conductivity can be increased by elevating the temperature of the
water saturated [HBet][NTf:] electrolyte (c.f. chapter 5.3.2).

Applying the identified SWV parameter for detection in this IL, the influence on temperature
on the electrochemical detection of a constant Pb?* concentration of caq,ini(Pb?**) =5 ppm was
studied. Figure 26 A shows the resulting peak heights. The peak intensities increase linearly
with the temperature elevation. Within the temperature range from 27 to 56 °C the intensity
is nearly tripled, which can be directly employed to increase the sensitivity. Figure 26 B shows
the temperature influence for a broad range of Pb?* concentrations from caq,ni(Pb?**)=1 to

50 ppm.
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Figure 26: A: Peak intensities of the SWV baseline corrected and Gaussian fitted current response (Alcworr) as function
of the temperature for a fixed concentration of caq,ini(Pb?*)=5 ppm. B: Variation of caq,ini(Pb?*) and the resulting
SWV peak intensities at different temperatures. Coloured lines are added for optical guidance; black lines are linear
regressions. (Estep=20 mV, Epuise=100 mV, =100 Hz)
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It gets obvious, that a linear range for obtained stripping peak currents to Pb?* concentration
in aqueous phase is limited to the lower region with a steeper slope and curves flatten with
increasing caq,ini(Pb?"). By fitting the linear range from caqini(Pb?*)=2.5 to 10 ppm, however,
LODs can be derived for the different temperatures utilizing the 30-method (Table 12). The
temperature does not seem to have an influence on the standard deviation 0. Increasing the
temperature by 15 °C thus improves the LOD by a factor of around 2.5 from 2.29 to 0.9 ppm.
This demonstrates the potential of employing elevated temperatures when using ILs for
electrochemical sensing.

Table 12: Linear regressions for the linear ranges for the variation of caq,ini(Pb?*) at different temperatures and
derived limits of detection (LOD) via the 3c-method.

SWV Temperature 27 °C 35°C 42 °C

Linear range / ppm 2.5-10 2.5-10 2.5-10

Linear fit equation y=0.0397x-0.0745 y=0.0575x-0.0496 y=0.0759x-0.0542
R? 0.9985 0.9997 0.9983

Std. deviation (0) / mA  0.0055 0.0072 0.0053

30 / mA 0.0165 0.0216 0.0159

LOD / ppm 2.29 1.24 0.92

For temperatures above 42 °C, the influence of water evaporation was found to be more
difficult to handle and reproducibility became problematic. With the improvement in LOD
with elevation of temperature, 42 °C was chosen as suitable SWV sensing temperature in this
study.
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5.4.3. Electrode Modification

For SWV heavy metal ion detection in aqueous phase, promising electrode modifications are
presented in literature as discussed in chapter 2.1.2. Here, prominent modifications with
Nafion® and bismuth, with and without additional carbon materials (carbon black CB and
graphite powder GP) shall be investigated for potential application in [HBet][NTf,] electrolyte
for the detection of the model analyte Pb?*. The manufacturing procedure and ink
compositions of the electrode modifications can be looked up in chapter 4.3.1. For this series
of experiments Cagq,ini(Pb?*) =50 ppm, VaqiniVorgini '=1, Edep=-1 V vs. Ag-qRE for t4e,=120 s and
room temperature are set.

Modification with Nafion® and Bismuth

The results of the stepwise modification with Nafion® as well as Nafion® and bismuth, with
and without graphite powder (GP), on the peak intensity are plotted in Figure 27.

I Blank

Figure 27: Peak intensities for stepwise modification with
Nafion® and Bi, with and without graphite powder (GP)
for SWV detection of Pb?* in [HBet][NTf2].
Caq,ini(Pb%*)=50 ppm, Vag,iniVorg,ini'=1 tdep=120's,

Estep=24 mV, Epuise=120 mV, =120 Hz, RT.

For blank electrodes, the modification with Nafion® increases the stripping peak current Al by
51 %. The intensity can further be increased by the addition of bismuth in the ink recipe. The
intensities compared to using the blank electrode can in total be increased by 80 %. The same
trend can be observed for electrode modifications with GP in the ink. Nafion® increases peak
height by 41 %. Further addition of bismuth ads 93 % compared to only GP on the electrode.
Comparing blank and GP modified electrodes reveals higher intensities for the blank graphite
foil without GP for all further modifications. Nonetheless, the trends confirm the improved
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sensing performance by the tested modifications. It is concluded that the modification by drop
coating an ink containing Nafion® and bismuth is most suitable for the SWV detection of Pb?*
in water saturated [HBet] [NTf,]. The lower performance of the GP containing modification
might be attributed to insufficient electrical contact of the carbon materials to the graphite foil
electrode surface. This might cause a reduction of accessible surface area of the electrode as
shown in Figure 25 B. For aqueous electrolyte, increased peak intensities are already reported
in literature for the electrode modification with Nafion® and bismuth by ink drop coating in
differential pulse anodic stripping voltammetric Pb2* detection.®!

Influence of Carbon Materials

In addition to GP also carbon black (CB) was investigated as part of the modification as it is
also applied in published works. In combination with Nafion® inverse trends are found for a
sensitivity analysis of the stripping parameters Esp, Epuise and f. Peak intensities for electrodes
containing Nafion® and CB or GP for SWV Pb2* detection are plotted in Figure 28.
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Figure 28: Peak intensities using GP, CB and Nafion®
modified electrodes with different stripping parameter
settings. Caq,ini(Pb?*)=50 ppm, Vag,iniVorg,ini'=1, Edep=-1V vs.
Ag-qRE for taep=120's, RT.

The peak intensities of experiments with GP+Nafion® samples increase with the frequency.
This is in accordance with the findings presented in chapter 5.4.1. For electrodes drop coated
by inks containing CP and Nafion® show an inverse trend. With increasing frequency, the
according peak intensities decrease, and an optimum is expected for lower frequencies
compared to GP electrodes and no addition of a carbon material.

It needs to be noted, that the impedance at 10 kHz, that is attributed to the electrolyte
resistance, was notably lower for GP+Nafion® in this series experiments, with around
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45 Ohms compared to ca. 70 Ohms in other experiments. This leads to the generally higher
absolute intensities shown here. The trend in this parameter study, however, should not be
affected. It is concluded that not only the nature of the electrolyte, but also the nature of the
electrode material influences the optimal SWV parameter settings for Pb?* detection.

Forms of Bismuth Modification

Bismuth added in different forms finally function as a modifier for the metal ion detection on
the surface of an electrode. Within the ink, that is later drop coated (ex-situ), bismuth salts
(Bi(NOs3)3*5H20) can be present in dissolved form or as dispersed solids. Bi(NO3)3*5H20 in
this series of experiments was either dissolved in nitric acidic ethanol (HNO3) or dispersed in
ethanol or acetone. A solubility of Bi(NO3)s*5H.0 in acetone is reported by the distributer,
and could also be optically ascertained."?¥ In addition, the deposition of Bi on the electrode
can take place from the electrolyte in the deposition step of the SWV (in-situ), when added to
the IL. Resulting peak intensities are shown in Figure 29 for modified electrodes containing
Nafion® and either CB or GP. The setting for the most intense peaks found in Figure 28 for CB
and GP electrodes, respectively, are applied.
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Figure 29: Peak intensities using GP/CB+Nafion modified
electrodes with different presentation forms of Bi.
Caq,ini(Pb?*)=50 ppm, Vag,iniVorg,ini'=1, Edep=-1 V vs. Ag-qRE
for tdep=120 s, RT, GP: Estep=24 mV, Epuise=120 mV,

=120 Hz, CB: Estep=20 mV, Epuise=100 mV, =20 Hz, RT.

The stripping peak intensities in SWV Pb?* detection in water saturated [HBet] [NTf>] with CB
containing electrodes are consistently lower than with the GP electrodes. Similar trends,
however, can be drawn for the different Bi presentation forms. The most intense peaks can be
found, when Bi is dissolved in nitric acidic ethanol (HNOs3) and applied with the ink via drop
coating. The peak heights increase by 27 % (CB) and 37 % (GP) compared to Bi-free
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electrodes. The same peak heights are observed for the dispersion/dissolution in ethanol and
acetone. While for the CB containing electrode peaks decrease by 14 and 17 %, for GP peaks
increase by 28 and 30 % compared to the Bi-free electrodes. It can be concluded that the
solvent does play a minor role, though the contribution of Bi increases, when dissolved by the
help of an acid. It is likely, that nitric acid evaporates in the drying process. Remaining acid
could have an influence of the pH during the electrodeposition and stripping of the analyte.
However, this has not been investigated here. In contrast to the other presentation forms, a
reduction in peak intensities can be recorded for the in-situ presentation of Bi in the IL
electrolyte. For all other forms, the electrode modification with Bi (and Nafion®) via drop
coating is found to be beneficial for SWV detection of Pb?* in [HBet] [NTf>]. The addition of a
carbon material comprising matrix does not increase peak intensities.

5.4.4. Influence of Extraction Additives on the Sensing Performance

In chapter 5.2.3 it was presented that adding zwitterionic betaine (zw.Bet) to the mixture of
water and [HBet] [NTf,] before performing the homogeneous liquid-liquid extraction,
increases the concentration of Pb?* in the organic phase (water saturated [HBet] [NTf]). This
evaluation is based on ICP analysis. As this increase is linked to more intense peaks in the
subsequent electrochemical detection, the influence of the additive on the SWV remains to be
investigated. Therefore, 1, 5, 10 and 20 wt-% zw.Bet were added to the water saturated
[HBet] [NTf>] before HLLE with VaqiniVorg i '=1. Resulting peak intensities are plotted in
Figure 30, together with the impedance |Z| at 10 kHz, that is assigned to the electrolyte
between WE and RE, as well as the pH of the IL phase after extraction.
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Figure 30: Peak intensities, impedance @10 kHz and pH
of water saturated [HBet][NTf:] after HLLE in
dependence of the addition of zwitterionic betaine.
Caq,ini(Pb?*)=10 ppm, Vaq,iniVorg,ini'=1, Edep=-1V vs. Ag-qRE
for taep=600 s, 42 °C, Estep=30 MV, Epuise=150 mV, =30 Hz,
blank WE.
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With increasing mass fractions of zw.Bet peak heights of the SWV (orange squares) follow an
optimum curve with a maximum for 5 wt-%. The increase in peak intensity here is +41 %.
Further addition of zw.Bet lead to smaller increases of +30 % (10 wt-%) and 4 %(20 wt-%).
If the addition of zw.Bet solely increases the concentration of Pb?* in the organic phase, an
increase of +150 % compared to additive-free could be expected for 10 and 20 wt-%, based
on the increased extraction coefficients. However, the additive will distribute in the phases
and hence be also present in the electrolyte. This is supported by the curve progression of the
impedance at 10 kHz (blue circles), which in contrast to Al increases steadily, doubling from
74 Ohms (no zw.Bet added) to 153 Ohms (20 wt-%). |Z| 10z for 5 wt-% zw.Bet is 102 Ohms.
The concentration for this composition is not known.

Beside the decreased conductivity, also the activity of protons in the electrolyte changes (grey
textbox above the graph). The pH of the electrolyte increases from 1 (no zw.Bet added) to 2-3
(20 wt-%). At 5 wt-% zw.Bet the pH has slightly increased to 1-2. The same variation was
carried out for the similar system, where [HBet][NTf,] was replaced by [Chol] [NTf.] with a
pH of 4-5. This IL barely shows extraction of Pb** by HLLE, but concentrations increase by a
factor of 24, when 10 wt-% zw.Bet is added (cf. appendix). However, neither of the
experiments with [Chol][NTf;] resulted in detectable stripping peaks. Although the SWV
parameters have not been adjusted for the application of this electrolyte, it might be
concluded, that an increasing pH might impede detectability of Pb?* in the electrolyte.

5.4.5. Limit of Detection

In the preceding studies of the SWV in water saturated [HBet] [NTf.], series of experiments
were conducted mainly isolated from findings of other studies, in order to reduce complexity
of the preparation and reduce sources of error. For the evaluation of the capabilities of the
presented proof of concept of HLLE and subsequent SWV in a miniaturized electrochemical
cell, findings were combined and a corresponding LOD determined. Therefore, the following
parameter were set:

1. The extraction was performed with an initial volume ratio VaqiniVorg,ini ' =5, instead of 1
as for most experiments. The best result was found at higher ratios, but due to the loss
of organic phase, this seemed reasonable with respect to practicability.

2. Zwitterionic betaine was added with a mass fraction of 5 wt-%, based on the mass of
the organic phase before HLLE.

3. The WE was modified with Nafion® and bismuth that was dissolved in nitric acidic
ethanol.

4. The temperature during SWV was set to 42 °C in the electrolyte.

5. The chronoamperometry for electrodeposition was carried out at -1 V vs. Ag-qRE for
600 s (no changes).
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6. Stripping parameters were set to Esep=30 mV, Epyse=150 mV and f=30 Hz.

The resulting peak intensities are plotted for different concentrations of Pb?* in the initial
aqueous phase Caq,ini(Pb?*) from 0.1 ppm to 20 ppm in Figure 31.
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Figure 31: Variation of caq,ini(Pb?*) for constant
Vaq,iniVorg,ini'=5, 5 Wt-% zw,Bet, Edep=-1 V vs. Ag-qRE for
tdep=600's, 42 °C, Estep=30 MV, Epuise=150 mV, =30 Hz,
Nafion® and Bi modified WE.

The progression of the curve flattens with increasing caq,ini(Pb?*), with a stronger change
around 5 ppm. A concentration of 10 ppm in this series of experiments results in a peak
intensity of 3 uA. Without any electrode modification and an initial volume ratio
VaginiVorgini '=1 and identical settings for the remaining parameters, the peak intensity is

0.67 uA (cf. Figure 30). This equates to an increase by a factor of 4.5 in peak intensity. For the
linear range of concentrations caqini(Pb**)<5 ppm peak intensities are linearly fitted (black
line). Combined with the standard deviation o of 8.44 uA for samples with a Pb?*
concentration of 0, a LOD of 0.03 ppm (30 ppb) can be calculated according to the 30-
method. Compared to the LOD with pristine graphite foil, no additive and VagniVorgini =1 in
chapter 5.4.2, 76 times lower concentrations can be detected. However, an improvement of at
least one magnitude of order lower LOD remains to be achieved in order to meet WHO
recommendations.
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5.4.6. Integration of a Paper Channel

The feasibility of a combined temperature induced extraction and subsequent electrochemical
detection and the possibilities of improvements by various techniques have been discussed in
the previous chapters. In the following, the feasibility of the introduction of a paper channel
shall be studied, towards the development of an integrated microfluidic sensing device.
Bedsides the microfluidic properties added by the porous material, it also functions as a
spacer between the electrodes. This miniaturization lowers the electrode distances and
reduces the required electrolyte volume.

Selection of the Paper Material

The paper material was selected based on the flow velocity of water saturated [HBet] [NTf:] in
a horizontal configuration. Figure 32 shows the distances of different paper materials, with
and without glass fibres, covered after different time stamps. These experiments were
conducted by Tizian Venter at the Laboratory of Macromolecular and Paper Chemistry, Ernst-
Berl-Institut, Department of Chemistry, TU Darmstadt.
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Figure 32: Flow velocities for water sat. [HBet][NTfz] in
paper sheets of different fibres (horizontal configuration)
and at different conditions (RH=relative humidity).

All plotted curves flatten with increasing time. This shape complies with the square root
function of the Lucas-Washburn equation (Equation 13). The decrease in flow velocity could
furthermore be intensified by the loss of water in the IL over time, increasing its viscosity. The
effect can be mitigated by increasing the relative humidity (RH), supporting this assumption.
In comparison to paper materials without glass fibre, here the flow was found to be
significantly faster. Water saturated [HBet] [NTf:] covers a distance of 1 cm in about 1 min in
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linters/glass fibre, whereas without the addition of glass fibres, this distance couldn’t be
covered in over 10 min.

Lead Detection in Channel Cells

As paper material for electrochemical channel cells, a mixture of eucalyptus and glass fibres
was used (ca. 100 um thickness). It was placed in a 3D arrangement between WE and CE/RE.
Unmodified graphite foil was used as WE. The homogeneous liquid-liquid extraction was
performed with caqini(Pb?*) =10 ppm and VaqiniVorgini 1 =1, without the addition of zwitterionic
betaine. For reasons of handling and avoidance of short circuit currents, a 3D printed spacer
with a thickness of 1 mm and 200 um pores in every direction, was also included in this study,
in parallel to the paper channel experiments. The configurations and settings for this series of
experiments are listed in Table 13. Alongside, data of the bulk cell experiments that are
utilized and discussed the previous chapters, are given for comparison.

Table 13: Configurations and settings for comparison of bulk and channel cells. *) Distance between
WE and RE. Data, that deviate in the according row is highlighted in bold font.

Bulk cell Channel cell
Parameter 42 °C optimized 3D printed Paper
Electrolyte volume / mL 0.5 0.5 0.25 0.1
Electrode distance* / mm 2 2 1 0.1
WE Ageo / cm? 0.5 0.5 1 1
WE modification - Nafion® + Bi - -
Vag,iniVorg,ini 1 5 1 1
Extraction additive - 5 wt-% zw.Bet - -
RE Ag wire Ag wire Ag wire Graphite foil
T/°C 42 42 RT RT
Egdep / V vs. Ag-qRE -1 -1 -1 -1
taep / S 600 600 600 60
Eswep / V 20 30 100 100
Epyse / V 100 150 20 20
f/ Hz 100 30 100 100

Electrolyte flow - - - -

Initially, experiments were conducted without electrolyte flow. The Pb** containing, water
saturated [HBet] [NTf,] was pipetted onto the channel material after HLLE. The SWV
procedure was started, when electrolyte was fully imbibed into the channel material.

75



Obtained current response curves are plotted in Figure 33 A. In both curves from cells,
featuring a 3D printed channel or a paper channel, a Pb?* stripping peak is observable,

seemingly being superimposed by a change in current. Compared to the 3D printed channel
(orange) and also bulk cell experiments, the position of the peak in the paper cell (blue) is
shifted to less negative potentials. This might be caused by the different RE utilized here (Ag
wire vs. graphite foil). However, curves can be baseline-corrected (black lines) and peak
intensities of 30 mA can be determined. Due to the unsymmetrical peak shape, the peaks were
not fitted and the value at maximum peak height was chosen.

A
T T 1 ° 1 40 80
Caqini(PD?) = 10 ppm
200 L
Paper channel cell -
Baselines 30 59 30
150 (dashed lines result [}
from baseline < 3 49 _g
<é substaction) E 9
— %20 N
= 100 2 S
< 3 )
N
50 10
RN i e
0 P P PO A AN |28 0.25
-1.00 -0.75 -0.50 -0.25 0.00 Bulk Bulk 3D
42°C optimized printed
Evs. Ag-qRE v channel

Figure 33: A: SWV current response curves for a 3D printed channel (1 mm thickness, orange) and a paper channel
(eucalyptus/glass fibres, ca. 100 um, blue), without (lines) and with (dashed) baseline correction for

Caq,ini(Pb?*)=10 ppm, Vaq,iniVorgini'=1, RT and unmodified electrodes. B: Comparison of peak intensities (blue bars, left
axis) and impedance at 10 kHz (orange bars, right axis) of the channel cells and results of the bulk cell. Note: SWV
parameters as well as cell parameters are not identical.

The extracted peak intensities (blue bars) as well as the impedance at 10 kHz (unfilled bars)
using the IL electrolyte and the new cells are plotted in Figure 33 B together with results from
bulk cell experiments. It needs to be noted, that cell parameters as well as measuring
parameters differ between the experiments leading to the shown values. Compared to the
bulk cell optimized parameters (cf. Table 13), both paper channels show higher peak
intensities and lower resistances. Peak intensities are one order of magnitude higher,
impedances two magnitudes of order lower. The stripping peak in the paper channel cell was
recorded after 60 s of deposition time. All other deposition times have 10 times longer
duration. For 600 s, consequently, higher peak intensities can be assumed.

The lowered ohmic losses are a consequence of the change in cell parameters. In addition to
the increased Ageo in the channel cells, also the electrode distances are reduced. The increased
surface area by itself does not explain the higher peak intensities, as concluded from Figure
25 B. This demonstrates the advantage of the miniaturization by the introduction of a
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channel, reducing the electrode distance and a higher Ag.,, while still reducing the required
electrolyte volume.

The higher peak intensity is supposed to be an indicator for high sensitivities, however, low
LODs are achieved, when the peak intensity does change with a small incline for lower
concentrations. The slope is not extractable from this data and thus an LOD cannot be
determined for the paper channel cell. It needs to be stated, that only the results of two
experiments conducted with channel cells are presented here. Most of the experiments in this
context failed due to overloads of the potentiostat’s amplifier. As found later, at least some of
these forced automatic abortions might have been caused by malfunction of the hardware.
Although, flow velocities could be increased by the addition of glass fibres, SWV experiments
with electrolyte flow remain to be investigated. Despite, based on the shown data, the
feasibility of the introduction of a paper channel for the electrochemical detection of Pb2?* in
water saturated [HBet] [NTf,] could be demonstrated and promises a strong improvement of
this approach.
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6. Summary

Within this work, a proof of principle was demonstrated. The same thermomorphic IL,
[HBet][NTf.] could successfully be employed for analyte extraction and electrolyte in
subsequent electrochemical detection. The model analyte Pb%* could be extracted from the
spiked aqueous phase via temperature induced single phase generation and separation,
exploiting the upper critical solution temperature for homogeneous liquid-liquid extraction.
The concentration of Pb?* in the extractor was monitored via ICP-OES. It could be enriched by
increasing the initial volume ratio of water to IL and the addition of zwitterionic betaine to
the mixture.

Electrolyte Properties of [HBet] [NTf]

Water saturated [HBet][NTf.] was compared to other ILs and exhibits the lowest pH, due to
the carboxylic functional group. Despite the relatively high water uptake compared to other
ILs, water saturated [HBet] [NTf2] keeps its hydrophobicity and forms a two-phase system
with water at room temperature. Moreover, the contact to water is necessary to allow for a
stable liquid state of the (water saturated) IL. In this wet state the electrical conductivity is
comparably high and the viscosity comparably low. Constructing the Walden plot for RT
water saturated [HBet][NTf,] reveals ‘poor’ to ‘good’ electrolyte qualities according to Angell’s
classification. This was possible by determination of the temperature dependent density,
viscosity, electrical conductivity, and fitting of the Vogel-Fulcher-Tammann equation and
allows for comparison with other electrolytes. The validity of the measurements was ensured
by literature comparison of [BMIm][NTf:], measured alongside.

Electrochemical Detection

The electrochemical detection of Pb?* in water saturated [HBet] [NTf,] was performed by
square wave anodic stripping voltammetry. Method parameters were therefore adapted from
aqueous phase settings. Increasing the frequency, as well as pulse and step potential lead to
higher peak intensities. This allows for easier detection of a single analyte, though widens the
peak, and reduces the data density. If the analyte is selectively accumulated by the preceding
extraction step, the interference with other stripping signals by the widened peak shapes can
assumably be circumvented. Gaussian fitting of the data was carried out for compensating
sparse data density. Three approaches were tested for increasing peak intensity and lowering
the LOD in the bulk cell: temperature increase (1.), electrode modification (2.), and addition
(3.) of an extracting agent.

1. As expected by the behaviour of physico-chemical properties, increasing the temperature
facilitates SWV detection and reduces the limit of detection. Operating at elevated
temperature as also an increase of the water content was found to be key for reducing the
solution resistance in bulk cell experiments. Together with the temperature dependent
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liquid-liquid extraction, temperature control is thus of major importance within the
presented approach.

2. Well documented modifications of the sensing electrodes by drop coating inks, containing
Nafion® and bismuth, further increase the peak intensities and are easy to fabricate. It was
also found, that changing the carbon material might entail another assessment of the SWV
parameter settings, as trends run counter in the sensitivity analysis.

3. The addition of zwitterionic betaine to the extraction mixture increases the analyte
concentration in the electrolyte. At the same time, the electrolyte’s electrical resistance
increases. Parallelly, an increase in pH is observed. After passing a peak intensity
maximum, intensities decrease again with increasing mass fractions of the additive. Adding
the extracting agent is hence beneficial, however, this benefit is limited.

Combining these three approaches, Tswv=42 °C, Nafion®/Bi modified electrodes, addition of
5 wt-% zwitterionic betaine, with a higher initial volume ratio, allows for a LOD of 30 ppb.
This is about one order of magnitude above WHO recommendations, though demonstrates the
feasibility of combining HLLE and SWV by [HBet][NTf.] and reveals parameters for adjusting
the sensitivity.

Paper Channel Electrochemical Cell

Finally, the electrochemical detection of Pb2* after its extraction with [HBet] [NTf,] was
transferred to a 3D paper channel cell design. Although no efforts were undertook to modify
the electrodes or to increase the analyte concentration, observed peak heights in the channel
cell outperform bulk cell experminets. The minaturized dimensions of the channel cell, due to
the small thickness of the paper material, reduces the required amount of electrolyte and
reduces the electrode distances and thereby the ohmic losses. Only a limited number of results
could be generated from this series of experiments, however, they clearly indicate the
potential of the introduction of a paper channel.

Outlook

To fully assess the capabilities of the combined extraction and electrochemical detection by
the thermomorphic IL using a paper channel cell, the limit of detection as well as the
selectivity towards the analyte are yet to be determined. Therefore, a reliable test set-up for
paper channel cells needs to be realized. This series of experiments could combine extraction
with a high volume ratio of aqueous phase (5-8 Vg ini), addition of zwitterionic betaine

(~5 wt-%), SWV at elevated temperatures (42 °C) and Nafion®/Bi-modified electrodes.
Additionally, the phase behaviour at the changed conditions as well as SWV parameters in
this new set-up might need to be re-examined.
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8. Appendix

Materials and Disposables

Name Manufacturer / Distributor

Graphite foil SIGRAFLEXNH  SGL Group

Carbon black Vulcan XC-72 Cabot

Graphite powder unknown

Silver wire (4N, 1 mm) TICAR Versand

Paper materials Self prepared in the Laboratory of Macromolecular and Paper
Chemistry, Ernst-Berl-Institut, Department of Chemistry, TU
Darmstadt

3D printed cell Self prepared by Daria Omralinov, Ernst-Berl Institut at TU
Darmstadt

Electrochemical (bulk) cells Self prepared by the mechanical workshop, Department of
Chemistry at TU Darmstadt

Chemicals

Name Manufacturer / Distributor = Description
Water VWR avantor Ph. Eur., USP, JP
[HBet] [NTf-] IOLITEC 98 %
[BMIm][NTf,] Sigma-Aldrich >98 %

Betaine, anhydrous Sigma-Aldrich >99 %

Ethanol Fischer Scientific 99 %

Bi(NOs)s 5 H20 Sigma-Aldrich 98 %

Pb(NOs)2 Sigma-Aldrich >99 %

Nafion® (5 wt-%) Sigma-Aldrich




Water infuelnce on Physico-chemical Properties of ILs
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Mol ratios of water in differnet ILs at RT for the three stages of water content; pritine (prist),
moist (50 % RH for 2 weeks) and wet (direct contact to liquid water); measured by Karl
Fischer titration. Note: [DCA] and [OTf] containing ILs are completely water miscible.

Viscosity / pPa s

Viscosity of differnet ILs at RT for the four stages of water content; evaporated (evap), pritine
(prist), moist (50 % RH for 2 weeks) and wet (direct contact to liquid water).
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Electrical conductivity of differnet ILs at RT for the four stages of water content; evaporated
(evap), pritine (prist), moist (50 % RH for 2 weeks) and wet (direct contact to liquid water).
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Electrochemical stability window of differnet ILs at RT for the four stages of water content;

evaporated (evap), pritine (prist), moist (50 % RH for 2 weeks) and wet (direct contact to
liquid water).
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Mass ratios of water in ILs after contact to a aqueous liquid phase measured by Karl Fischer
titration. Note: [DCA] and [OTf] containing ILs are completely miscible.

Phase Behaviour of [HBet] [NTf.] and Water — Linearization
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Morgmin = -0.1892x + 1.3872 - 7.33 mL added H»O for complete IL dissolution

Morgmax = -0.2107x + 1.4059 - 6.67 mL added H»O for complete IL dissolution




Extraction Behaviour of Choline [NTf:]

The addition of zwitterionic betaine transforms [Chol][NTf:], an IL with an UCST of 72 °C
and almost no intrinsic Pb?* extraction capabilities to a suitable extractor.!®! By the addition
of 10 wt-% and 20 wt-% per mass of water saturated IL to a VaqiniVorgini =1, concentrations of
0.47 mg g! and 0.40 mg g, respectively, were found in the organic phase, compared to

0.02 mg g, without the additive. The extraction capabilities here could be boosted by a factor
of 24. This extraction system has not been reported in the literature yet and transfers the
findings of the betaine-based IL to a similar system, where the extraction performance could
be enhanced even more by the addition of zwitterionic betaine. The procedure of the
extraction with [Chol][NTf:] follows the described routine of HLLE with [HBet][NTf,] with an
adjusted temperature programme for single phase generation. ONGHENA et al. reported a
similar approach, based on [Chol][NTf:] though with the addition of
hexafluoroacetylacetonate as extractant for the extraction of Nd**.[1%! Interestingly, the
extraction performance of the mixture of both ILs is only slightly decreased compared to pure
[HBet][NTf>]. For a composition of 1/1 (V/V) of the water saturated ILs a Pb?*, a
concentration of 0.18 mg g was measured. The extraction capabilities of [HBet][NTf.] can
almost be held, when diluted with [Chol] [NTf.].

0.55 0.54

Concentartions of Pb?* in the IL phase after HLLE, Caqini(Pb?*) =1 mg L'}, VaqiniVorgini 1=1,
measured by ICP-OES.




Electrochemical Pb?* Detection in Choline [NTf,]

Water saturated [Chol][NTf,] contains a low concentration of Pb?* after HLLE, as examined
via ICP-OES. Consequently, no peak can be found in SWASV detection. No signal can be
assigned to Pb stripping even when zwitterionic betaine is added before the extraction, which
was found to increase the Pb?** concentration. Mixing this IL with the more intensively studied
[HBet][NTf.] leads to an assignable and evaluable peak signal. This might be caused by the
higher pH of [Chol][NTf,] and the parameter settings, which are optimized for [HBet][NTf.].
However, [Chol][NTf,] might be employed for temperature induced HLLE and
electrochemical detection for pH adjustments.
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Peak intensities, impedance @10 kHz and pH of water saturated [HBet][NTf.] and

[Chol] [NTf,] after HLLE in dependence of the IL volume fractions (abscissa).

Caq,ini(Pb?T) =10 ppm, VaginiVorgini 1=1, Edep=-1 V vs. Ag-qRE for t4e,=600s, 42 °C, Esiep=30 mV,
Epuise=150 mV, f=30 Hz, blank WE.
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