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Summary

Electrochemical sensors, including potentiometric ones, have the ability to transform the
effect of electrochemical interaction between analyte and electrode into a useful signal.
Potentiometric sensors were first used as an analytical technique in the early twentieth century
and experienced rapid development in the 1970s. Today, they are used in many technical and
scientific fields. Many of them are used in environmental, clinical and drug analysis. lon-
selective electrodes, as an important member of the electrochemical sensor family, have been
in the center of electrochemical research for nearly a century. Their continuous development
and combination with other scientific and technological improvements have ensured them a
wide range of applications. Properties of ion-selective electrodes such as non-destructive and
simple method, low cost, small-sized, short-time for doing a measurement and reliable have
made them valuable competitors among other, more sophisticated methods for the analysis of
real-samples.

Nanotechnology is a scientific field dealing with the fabrication of nanometer-sized products
and has received great attention and development over time, especially during last decade.
Since the nano-sized structures have completely different and unique physical, chemical and
biological properties than the same matter on a larger size scale, they have found applications
in many scientific fields and this phenomenon is mainly related to their large surface-to-
volume ratio.

The combination of these two aforementioned fields of science in the form of the
development of new nanoparticle-modified ion-selective electrodes led to the improvement of
many properties of ion-selective electrodes, especially the sensitivity, linear range, and
detection limit of the analyte. This is the main topic of this research and thus, presented in a
dissertation. In this work, a new ion-selective membrane incorporated into a newly designed
electrode body and modified with various nanoparticles is presented, as well as the synthesis
and characterization of all used modificators.

An ion-selective membrane based on ferric phosphate with addition of silver sulphide and
polytetrafluoroethylene as matrix was successfully used for the determination of ferric cations
with a slope of —20.53 mV dec ! and detection limit of 2.41-10~° mol L. After establishing
of ideal composite ratio for the above mentioned three components, a new electrode body
design was introduced to ensure miniaturisation and better conductivity. The improved
electrode body design enabled greater repeatability of results, thus making the proposed
sensor suitable for the determination of ferric cations in pharmaceutical samples. The addition
of nanoparticles improved some of the key ion-selective electrode properties. However, not
only the application, but also the synthesis and characterization processes, as well as the
influence of various synthesis parameters and surfactant addition on the composition of the
obtained products, are studied and explained in detail in this doctoral thesis. Special attention
is set on microwave-assisted hydrothermal synthesis of iron oxide nanoparticles, which are
perspective candidates for the electrochemical sensing field as efficient charge transfers. In
addition to iron oxides, alumina and boehmite were also used for electrode modification, and
it was found that pure phase hematite had the most attractive effect on ion-selective electrode
properties. lon-selective electrode modified with 0.25% of hematite showed Nernstian
response with a slope of —19.75 mV dec ™ in the linear range from 1.2:10°° mol L™ to 1072
mol L™! and a detection limit of 1.01-10° mol L for the determination of ferric cations.

Since iron is one of the most abundant elements in the world, and also found in many aspects
of human life, whether inside or outside the human body. Although iron is necessary for the
normal development and functioning of the human body, a deviation of its concentration from



the reference values in the body, whether an excess or a deficiency, affects the development
of many disorders and consequently diseases. Therefore, the development of new analytical
tools for accurate, selective and rapid measurement of iron concentrations would be of great
help both as a diagnostic tool for disorders of human metabolism and as a tool for research
and better understanding of iron metabolism in human body.

Keywords: ion-selective electrodes; iron(l11) cations; nanoparticles; potentiometry



ProSireni sazetak

Elektrokemijski senzori, ukljucujuéi i potenciometrijske, imaju sposobnost pretvorbe ucinka
elektrokemijske reakcije koja se odvija izmedu analita 1 elektrode, u analiticki koristan signal.
Potenciometrijski senzori su kao osjetila u analitickim metodama, prvi put su koriSteni jos
pocetkom dvadesetog stoljeca, a njihov ubrzani razvoj poceo je u 1970-tim godinama. Danas
se koriste u mnogim tehni¢kim i znanstvenim podru¢jima ukljucujuéi analize okolisa, klinicke
analize te analize lijekova.

lonsko-selektivne elektrode, kao vazan ¢lan obitelji elektrokemijskih senzora, u srediStu su
brojnih istrazivanja ve¢ gotovo cijelo stoljece. Njihov stalni razvoj te kombinacija s razvojem
drugih znanstvenih i tehnoloskih podrucja osigurali su im Sirok spektar primjene. Svojstva
ionsko-selektivnih elektroda kao $to su jednostavnost metode, niska cijena, mala veli¢ina,
kratko vrijeme ocitavanja signala i pouzdanost ucinila su ih vrijednim konkurentima medu
brojnim sofisticiranijim metodama za odredivanje koncentracije analita u Sirokom spektru
razli¢itih relnih uzoraka.

Nanotehnologija je znanstveno podrucje koje se bavi izradom materijala u dimenzijama
izmedu jednog 1 sto nanometara. S obzirom da brojni materijali u nanometarskoj dimenziji
imaju potpuno drugacdija svojstva od istog materijala vecih veli¢ina, ovo podrucje znanosti se
razvija brzo 1 predmet je brojnih znanstvenih istrazivanja. Razlika u kemijskim, fizikalnim i
bioloskim svojstvima materijala u nano i mikro dimenziji izravna je posljedica velikog omjera
izmedu aktivne povrSine 1 volumena koje nano materijali posjeduju.

Kombinacija ova dva prethodno spomenuta znanstvena podrucja u obliku razvoja novih
ionsko-selektivnih elektroda modificiranih nanocesticama dovela je do poboljsanja mnogih
svojstava ionsko selektivnih elektroda $to se posebno odnosi na osjetljivost, linearno
dinamicko podrucje te granicu dokazivanja prisutnosti analita. Upravo je na spomenutom
teziSte ovog doktorskog rada gdje je predstavljena izrada novih ionsko selektivnih elektroda
obogacenih nanocCesticama metalnith oksida u svrhu izrade senzora za odredivanje
zeljezovih(III) kationa.

lonsko-selektivna elektroda koja u svom sastavu sadrzi zeljezov(IIl) fosfat kao aktivni centar,
srebrov sulfid kao prijenosnik naboja te politetrafluoroetilen kao nosa¢, uspjesno je koriStena
za odredivanje koncentracije Zeljezovih(Ill) kationa u dva razli€ita lijeka. Nakon utvrdivanja
idealnog omjera prethodno navedenih komponenata, u ovom radu predstavljen je i novi nacin
izrade tijela elektrode u svrhu ravnomjernijeg prijenosa naboja te bolje ponovljivosti rezultata
izmjerenih potencijala. Rezultati koji se isti€u prilikom testiranja jest nagib od —20.53 mV po
dekadi uz granicu detekcije od 2.41-10° mol L1 Spomenuti rezultati dobiveni su za
membranu koja je u svom sastavu sadrzavala zeljezov(IIl) fosfat, srebrov sulfid te
politetrafluoroetilen u omjeru 1:1:2 redom.

Iako je spomenuti senzor pokazao mogucnost odredivanja koncentracije Zeljezovih(III)
kationa, u svrhu povecanja osjetljivosti te linearnog dinamickog podrucja, isti je obogacen
nanocesticama metalnih oksida.

Sinteza spomenutih nanocestica provedena je hidrotermalnom metodom potpomognutom
mikrovalovima te su procesi sinteze kao i karakterizacija svih dobivenih produkata
ukljucujuéi njihov sastav, kristalnu strukturu te izgled i veli¢inu Cestice, detaljno prikazani u
ovom doktorskom radu. Metalni oksidi koji su sintetizirani, okarakterizirani te koriSteni za
modifikaciju ionsko selektivnih elektroda su: aluminijev oksid, boemit, hematit i magnetit.
Prilikom sinteze nanocCestica hematita detaljno je pracen utjecaj promjene temperature te
dodatka surfaktanta cetiltrimetilamonijevog bromida (CTAB-a) te je utjecaj spomenutih



efekata pracen razlicitim metodama karakterizacije. Tako je prilikom proucavanja utjecaja
promjene temperature i dodatka surfaktanta uoceno kako je pri nizim temperaturama
sintetizirana smjesa hematita i getita, a pri viSim temperaturama su uzorci sadrzavali samo
Cisti hematit. Utjecaj dodatka surfaktanta o€itovao se u usporavanju procesa transformacije iz
faze getita u hematit s obzirom da je primijeceno kako vece koncentracije CTAB-a uzrokuju
manji udio formiranja faze hematita u kona¢nom uzorku.

Membrana koja je u sastavu sadrzavala 25% zeljezovog(Ill) fosfata, 25% srebrovog sulfida te
50% politetrafluoroetilena modificirana je spomenutim vrstama nanocestica i to u koli¢ini od
0.25% do 1% uzimajuci u obzir ukupnu masu ionsko-selektivne membrane.

Utjecaj dodatka nanocCestica hematita uzrokovao je najznacajnije povecanje osjetljivosti te
povecanje linearnog dinamickog podrucja elektrode u odnosu na elektrodu bez dodatka
nanocestica kao 1 u usporedbi s membranama koje su modificirane drugim vrstama
nanocestica. Rezultat koji je dobiven testiranjem membrane s dodanih 0.25% nanocestica
hematita jest nagib od —19.75 mV po dekadi uz granicu detekcije od 1.01-:10° mol L*
zeljezovih(III) kationa.

Zeljezo je jedan od najzastupljenijih elemenata na svijetu te je prisutan u brojnim podruéjima
ljudskog zivota, ukljucujuci procese unutar i izvan ljudskog tijela. Posebno je vazan njegov
utjecaj na procese prijenosa kisika, rast i diobu stanica te mnoge druge bioloske procese
nuzne za razvoj 1 odrzavanje imunoloskog sustava te proizvodnju energije. Iako je zeljezo
neophodno za normalan razvoj i ocuvanje ljudskog organizma, odstupanje njegove
koncentracije od referentnih vrijednosti u tijelu, u obliku viska ili manjka, utjeCe na razvoj
mnogih poremecaja, a posljedi¢no i bolesti.

Stoga bi razvoj novih analitickih alata za to¢no, selektivno i brzo mjerenje koncentracije
zeljeza bio od velike pomo¢i 1 kao dijagnosticki alat za poremecaje ljudskog metabolizma i
kao alat za istraZivanje i bolje razumijevanje metabolizma zeljeza.

Kljuéne rijeci: ionsko selektivne elektrode; Zeljezovi(Ill) kationi; nanocestice;
potenciometrija;
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1. INTRODUCTION



Iron is one of the few elements most abundant in the world. It is used in many aspects of
human life. First of all, it is important to mention its indispensability in the human organism.
Namely, it is an integral part of all cells in the body. Its influence on oxygen transport
processes, cell growth and division, and many other biological processes necessary for the
functioning of the immune system and energy production is particularly important. Although
iron is necessary for the normal development and functioning of the human body, a deviation
of its concentration from the reference values in the body, whether an excess or a deficiency,
affects the development of numerous disorders and consequently diseases. Iron is widely
distributed not only in the human body, but also in the human environment. Due to the wide
range of iron cations present, the development of new analytical tools for accurate, selective
and rapid measurement of iron concentrations would be of great help both as a diagnostic tool
for disorders of human metabolism and as a tool for research and better understanding of iron

metabolism in the human body.

Electrochemical sensors, including potentiometric ones, have the ability to convert the effect
of the electrochemical interaction between the analyte and the electrode into a useful signal.
The main principle of potentiometric measurements is thus the correlation between the
composition of the sample and the magnitude of the electrical potential formed between two
electrodes, the reference and the indicator electrode one. Important members of the group of
indicator electrodes are ion-selective electrodes (ISEs), which consist of an ion-selective
membrane and an electrode body and have the ability to selectively determine the target ion
regardless of the presence of interfering species in the sample. The intensity of the
development of potentiometric sensors corresponds to the need for fast, cost-effective and
accurate analyses. Due to their wide range of applications, low detection limits, low price and
simplicity of method, ion-selective electrodes have been continuously developed for almost a

century.

During this long period of development, many improvements have been made in the field of
potentiometry and ion-selective electrodes. Combined with innovations and advances in other
technological and scientific fields, electrochemical sensors experienced enviable
improvements. Electrode modification is mainly used to extend the linear range of electrode
response to the analyte ion, lower the detection limit, increase sensitivity, selectivity and
durability of the sensor. One of the innovations in the field of ion-selective electrodes is their

modification with different types of nanoparticles.



The development of nanotechnology, including the synthesis and characterisation methods of
particles with a size of 1 to 100 nm, made it possible to modify the electrodes with specific
and defined types and sizes of nanoparticles. Many different methods are used in the synthesis
of nanoparticles, but one of the most attractive for metal oxide nanoparticles is microwave-
assisted hydrothermal synthesis. Microwave heating has many advantages over conventional
methods. The most attractive are the reduction of reaction time, energy savings, good
dispersion of particles, high phase purity, high homogeneity in stoichiometry and small
particle size. Also important is the high controllability of the individual synthesis steps, which

ensures a high reproducibility of the products obtained.

In addition to modifying electrodes by changing their membrane composition through the
addition of nanoparticles, some of the recent research has focused on the miniaturisation of
ion-selective electrodes and new fabrication technologies, with a particular emphasis on solid-
state contact and flexible designs. Although internal liquid contact sensors are commercially
available and used in routine laboratory analyses, these electrodes have some limitations that
prevent their development. The inner solution is sensitive to changes in temperature and
pressure in the sample and in the environment, which can lead to its evaporation. Since the
ionic strength of the inner solution and the sample solution are different, volume changes can
occur due to osmotic pressure, which can lead to delamination of the ion-selective membrane.
The use of this type of ISE in flow-through systems is also limited due to the pressure
problems. Their miniaturisation, although possible, is very limited, making it very difficult,
for example, to reduce the liquid contact to less than one millilitre. All solid state ion selective
electrodes (solid contact ISES) have been developed to overcome some of the limitations of
liquid contact ISEs by replacing the internal liquid electrolyte with a solid contact transducer,
making them more convenient for storage and miniaturisation while maintaining the
efficiency of analyte determination. This type of electrode requires an ion-to-electron transfer
transducing layer, an ion-selective membrane and an electronic conductor. They thus consist
of a mentioned electronically conducting substrate covered with a transducer layer and a

sensing layer (membrane) on top of the transducer layer.

One of the main challenges in developing of solid-state contact ion selective electrodes are
establishing ideal ion-selective membrane composition for analyte determination as well as

ensuring complete charge transfer between sensing part (membrane) and the conductor.

So, the main hypotheses of this doctoral thesis are:



1. lon-selective membrane based on sparingly soluble salts, ferric phosphate as active
center, silver sulphide as charge carrier and polytetrafluoroethylene as matrix can be
used for ferric cations determination.

2. Incorporating an ion-selective membrane in miniaturized electrode body with inner
solid state contact will ensure better repeatability of electrode potentials among
different measurements.

3. In the process of nanoparticles microwave synthesis, temperature changing and
different concentrations of added surfactant will have the influence on final product
composite.

4. lon-selective membrane modified with metal oxide nanoparticles will ensure a wider
linear range, better sensitivity and lower detection limit of ferric cations compared to

the unmodified ion-selective membranes.

In order to realize the main objective of proposed doctoral research which relates to the
development of a ferric cations ion-selective electrode with high sensitivity, wide linear range
and low detection limit, a number of individual objectives have been established, the

combination of which will enable the aforementioned main objective to be fulfilled:

1. optimisation of the main ion-selective membrane components ferric phosphate, silver
sulphide and polytetrafluoroethylene for a sensitive response to the concentration of
ferric cations in different samples,

2. designing of the electrode body to ensure high repeatability of the measured potential
values in different measurements,

3. optimisation of the conditions for microwave-assisted hydrothermal synthesis to
obtain pure phased nanoparticles products of hematite, magnetite, alumina and
boehmite and

4. modification of the ion-selective membrane, which consists of three main components,
with the aforementioned types of nanoparticles and their incorporation into the newly
designed electrode body to develop ferric ion-selective electrodes with improved
properties, including a wider linear range, better sensitivity, higher repeatability and

lower detection limit.



2. LITERATURE REVIEW



2.1. Potentiometry

Chemical sensor, according to IUPAC 1991 is a device that transforms chemical information
ranging from concentration of a specific sample component to total composition analysis, into
an analytically useful signal. So, two main components of chemical sensor are: receptor, as a
recognition system, and transducer, responsible for gaining signal. Accordingly, there are few
characteristics of chemical sensors generally accepted: transformation of chemical quantities
into signals, rapid response, long lifetime, small size, cheap manufacturing, specificity and
high sensitivity. Classification of sensors according to signal transduction includes: optical
sensors, electrochemical sensors, electrical sensors, mass sensitive sensors, magnetic sensors

thermometric sensors and other [1].

Electrochemical sensors transform the effect of the electrochemical interaction occurred
between analyte and electrode, into useful signal. This sensors classification includes:

voltammetric sensors, amperometric and potentiometric sensors [1,2].

The main principle of potentiometric measurements is correlation between sample
composition and magnitude of the electrical potential formed between two electrodes,
reference and indicator one. Among two mentioned electrode types, equipment required for
direct potentiometric measurements includes a high impedance potential-measuring device
(milivoltmeter) which ensures zero-current conditions measurements [3,4]. Reference
electrode is responsible for providing a highly stable potential for an extended time period
while indicator electrode shows changeable potential in dependence of the activity of a

particular ion species, known as primary or analyte ion [3].

This analytical technique for the first time appeared in the beginning of twentieth century and
experiencing rapid development after 1970s [3]. The intensity of potentiometric sensors
development meets the need for rapid, inexpensive, and accurate analyses. Potentiometric
sensors are nowadays widely used in various aspects of human life such as environmental,

clinical [5], and drug analysis [6].



2.2. lon-selective electrodes

As indispensable members of the electrochemical sensor family and an important topic in
analytical chemistry with a wide range of applications, ion-selective electrodes (ISEs) are one
of the most rapidly developing detection methods [7]. lon-selective electrodes, coupled with
reference electrode, convert the activity of a target ion into an electrical potential as the
measurable signal [8]. Attractive features of potentiometric measurements with ISEs are non-
destruction of sample, simplicity of method, low cost, small size, timeliness and reliability
[7]. Among the many advantages of this method is the wide range of features of the electrodes
themselves, which are also a consequence of their long-term development. The history of
electrochemical sensors, i.e. ISEs, dates back to the early years of the 20th century, when the
variability of the electrical potential of a thin glass membrane was detected as a function of
the pH of the solution [7,9]. lon-selective electrodes based on silver halide discs are
represented in 1937 by Kolthoff and Sanders [10] and served as a starting point for Pungor
who developed an Agl-based electrode and, with his collaborators, applied for a patent on
heterogeneous selective membranes, which formed the basis for the first commercial solid-
state ISEs [11]. After this discovery, several breakthroughs have appeared including
crystalline membrane ISEs [12], neutral [13] and charged [14] ionophore-based liquid
membrane ISEs, polymeric based membrane ISEs [15,16] and, as one of the most important
discoveries in solid contact ISEs development, coated wire electrodes (CWES) represented by
Cattrall et al. in 1971 [17]. Commercialization period of ISEs started in the 1960s with
fluoride selective membrane based on LaFs lattice [18].

Proof of their usefulness is the fact that they are constantly evolving and have been in use for
almost a century. During this long period, many improvements have been made in the field of
potentiometry and ion-selective electrodes. Combined with innovations and advances in other
technological and scientific fields, electrochemical sensors experienced enviable
improvements. Some of the recent development trends in this field are ion-selective
microelectrodes, mainly focused on solid contact and flexible designs. Recent research has
therefore focused on numerous modifications of ion-selective electrodes, their miniaturization
and new manufacturing technologies. Particularly attractive are improvements in form of

screen-printed electrodes and wireless wearable electrodes [7].



2.2.1. lon-selective electrodes, composition and principle

To understand the main principle of ion-selective electrodes and their ability to detect analyte

ions, it is important to mention and explain the role of all components in their structure.
lon-selective electrodes, composition

The ion-selective electrode thus consists of an ion-selective membrane and an electrode body
with an internal solid or liquid contact. The internal contact refers to the contact between the
ion-selective membrane and the electronic conductor [19].

Liquid-contact ion-selective electrodes, although commercially available and widely used in
routine laboratory practise, have some serious shortcomings that limit their future
development. The inner solution is sensitive to temperature and pressure changes in the
sample and the environment which can cause their evaporization. Since the ionic strength of
the inner solution and the sample solution is different, volume changes can occur due to
osmotic pressure, which can lead to delamination of the ion-selective membrane. The use of
this type of ISE in flow-through systems is also limited due to the pressure issues. Their
miniaturization although possible, is very limited, making it very difficult, for example, to

reduce the liquid contact to less than one millilitre. [8,20].

All solid-state ion-selective electrodes (solid contact ISES) were developed to overcome some
of the liquid contact ISEs limitations by replacing the inner liquid electrolyte with a solid
contact transducer, making them more favourable for storage and miniaturization while

maintaining analyte determination efficiency.

This kind of electrode requires an ion to electron transducing layer, ion selective membrane
and electronic conductor [21]. They thus consist of a mentioned electronically conductive
substrate covered with a transducer layer and a sensor layer (membrane) on top of the
transducer layer [22] [21]. When considering new functional materials for solid-state contact
layers, certain prerequisites should be studied. Their most important function is to provide a
sufficient and fast transition from ionic to electron conduction without side reactions. An ideal
solid-state contact layer should have a non-polarisable interface with a large redox/double
layer capacitance to protect against the thin current flow applied during potentiometry and the
ability to re-establish the equilibrium in the presence of some external perturbations. To
ensure reproducibility between electrodes, a well-defined potential is required between the

solid contact layer and the sensor membrane. In order to form electrodes with a longer



lifetime, the chemical stability of the functional materials for the solid contact is crucial. The
implementation of functional materials should be independent of the composition of the
sensor membrane and should not lead to uncontrolled impurities on the backside of the
membrane, which affect the electrochemical response. It is also important to ensure the
availability of the selected functional material. It should be non-toxic, inexpensive and easy to

manufacture [7].

Although all mentioned components are required, the heart and the main part of every ion-
selective electrode is the membrane capable of recognition species of interest [23]. The
sensing material is also known as active centre of the sensor and there are many different
materials used for this purpose. The choice of sensor material depends on the nature of the

analyte.

Different materials are reported as sensing materials for ion-selective electrodes such as
sparingly soluble salts [22], ionophores [19] or bioreceptors, e.g. enzymes, antibodies,

aptameres, peptides or even whole cells [24].

In addition to the mentioned components of ion-selective electrodes, the ion-selective
membrane matrix is also worth mentioning. Thus, the most important membrane components
together with possible modifiers can be homogenized with a polymeric matrix
(poly(viniyl)chloride or another polymer) [25], carbon powder [26], or it can be printed. For

crystaline membranes, as a matrix polytetrafluoroethylene (PTFE) can be used [27].

Polymeric, poly(vinyl) chloride (PVC) membranes usually contain ionophores, plasticisers
and lipophilic additives in their composition. The polymeric membrane can be inserted into
the electrode body with a liquid or solid inner contact. The most important component of the
membrane is the ionophore, which is responsible for selective binding to the target ion and
acts as an ion carrier for the transfer of ions from the aqueous phase into the polymeric
membrane phase. Plasticizer have an important role in optimising the physical properties of
the membrane, increasing the mobility of the active species and providing good ionic

conductivity [25].

Crystaline membranes (see Chp. 2.2.3. for classification) are made of either polycrystaline or
monocrystaline materials [22]. This group of ion-selective membranes includes sparingly
soluble inorganic salt as sensing material [20]. There are three types of sensor membranes
employing sparingly soluble inorganic salts: single crystal membranes, pressed powder

membranes and membranes where the powdered salt is held together by an inert binder, most
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commonly, a polymer [28]. lon-selective electrodes based on silver iodide were introduced in
the early 1960s. Since then, a few different embodiments of precipitates in ion-selective
electrodes have been produced. One of them, in which precipitates are prepared and
incorporated into a suitable support material, and the other, in which sparingly soluble single
crystals or pressed crystals are used, form a group of solid-state electrodes [21]. Solid-state
electrodes based on silver compounds, most commonly silver sulphide and silver halide, have
been successfully used for the determination of halides in the membrane composition [29].
Silver sulphide is used in membranes because it is an solid ionic conductor in which silver
ions are the mobile ones [3]. Also, powdered Ag.S has the ability of being easily pressed into
a mechanically stable membrane such as a thin disc [28]. The behaviour of mixed pellets
consisting of Ag.S and AgX (X = CI, Br, I, SCN) is thus determined by the solubility of
products involved. Analogously, mixtures of silver sulphides with metal sulphides showed a

response to the metal ion in the membrane composition [3,30-32].
lon-selective electrodes, principle

The response mechanism of ion-selective electrodes is a complex, time-dependent
phenomenon that depends on several factors. It depends on the membrane material and the
testing solution, but also on the composition, thermodynamic and kinetic properties of the
interface between membrane and solution [33]. Bobacka et al. [33] comprised two possible
approaches for ISEs response mechanism explanation. First one, the classical model, explains
the basic principles of sensor response and backs them up with simple equations. The other,
the advanced model, is provided for fundamental understanding of sensor technology. In the
classical models, the electrical potential (Em) of the ion sensor is a sum of two potentials, the
potential at the boundary between the sample and ISE (Erg) and the diffusion potential within
the membrane (Ep). This results in the equation (1).

Em=Eps+ED (1)

Classical models are more idealised and thus avoid the mathematical, numerical and
computational difficulties inherent in solving non-linear equations that are inherent in
advanced models. Two classical models have been proposed: the phase-boundary potential
approach and the total membrane-potential approach.

The phase-boundary potential approach is based on following idealising assumptions:
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1) the membrane response is determined by the potential at the membrane-sample
interface, ignoring the migration effects through the membrane and hence the
diffusion potential,

2) electrochemical equilibrium is assumed at the interface between sample and
membrane. The difference in chemical potential for each ion that can pass through the
interface is balanced by a difference in the internal electrical potentials, Em (Em is
called the equilibrium potential),

3) electric potentials and the concentrations of the ions in the phases in contact are
independent of distance (except for the phase boundaries) and of time,

4) only one ion (the i-ion) can be transferred through the interference,

5) the ion transfer is fast and reversible,

6) the phases in contact have significantly different chemical properties,

7) the ion activity coefficient is equal 1,

8) there is no flux into solvent through the membrane [33].

The phase-boundary potential approach is widely accepted to explain the response of ion-
selective electrodes. Thus, the measured potential actually arises from charge separation at the
nanometre dimension of the solution-membrane interface and depends on the activity of the
primary ion (the analyte). In the sample solution, the energy required for charge separation is
provided by the chemical driving force (Gibbs free energy). Due to the selectivity of the ion-
selective membrane, the primary ion can freely disperse into and out of the membrane phase.
When the chemical driving forces balance the opposing electrical Coulomb forces, the free
diffusion of the charged ions reaches electrochemical equilibrium. An electrical double layer
is formed at the interface between the solution and the membrane, which rebuilds with the
electrical potential difference. When the activity of the primary ion changes, the equilibrium
will be re-established and the phase boundary potential (EPB) also changes. If the above
approximations are considered and the activity of the primary ion in the membrane phase is
constant, the EPB depends only on the activity of the primary ion in the solution. Therefore,

the measured EMF can be simplified with the well-known Nernst equation (2):

2.303RT

EMF = E° + loga; ()

E° stands for the standard potential of EMF gained when primary ion activity is equal to one,
R is gas constant, F is Faraday constant, T is absolute temperature, z is the valence of primary

ion and a is primary activity of ion i [7].
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2.2.2. lon selective electrodes, characteristics

Once the composition of the ion-selective electrode is established and the potential response
meets the requirements of the Nernst equation, some properties should be defined to
determine the applicability of the sensor. They are listed and explained in the following text.

Calibration curve is a plot of the output signal (potential) as a function of analyte
concentration (in fact activity, but for dilute solutions activity can be equalized to
concentration). Considering Nernst's equation, it is noticeable that potentiometric ion-
selective electrodes have a linear relationship when the potential is plotted with respect to the

logarithmic value of the ion activity (or concentration) [34].

Sensitivity is the slope of the calibration curve, the galvanic potential difference between the
ion-selective electrode and the external reference electrode as a function of the logarithm of
the analyte ion activity [34]. According to IUPAC, Nernstian response implies ideal
sensitivity but not necessarily ideal selectivity [35].

Selectivity is the ability of an ion-selective electrode to determine a particular species without
affection of any other species present in the sample mixture [22]. According to IUPAC, the
selectivity coefficient is determined by Nickolsky-Eisman [34] and experimentally it can be
defined with different methods. Some of them are Separate Solution Method (SSM), Matched
Potential Method (MPM) and Fixed Interference Method (FIM) [22,34].

Limit of detection: according to IUPAC, the definition of the limit of detection for
potentiometric measurements differs from the one for other methods because of the
fundamental differences in the nature of ISE response (logarithmic response). Therefore, the
practical lower limit of detection is considered to be the activity (or concentration) of the
analyte at the intersection of the extrapolated linear segments of the mid-range and the final
low concentration level of the calibration plot [35]. For most ion-selective electrodes its value

is around 1-107° mol L™ [6].

Linear working range is determined by plotted calibration graphs and defined as the range in

which the data points on calibration curve do not deviate by more of 2 mV from linearity [6].

Hysteresis and Reproducibility: according to IUPAC, hysteresis (electrode memory) is a
Kinetic process that occurs when there is a difference in the measured potential first observed

in a solution containing analyte and the second observation with the same analyte
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concentration but after the electrode has been exposed to a different analyte concentration.
Reproducibility, on the other hand, is defined as the standard deviation of electrode potential
data measured in solutions with different analyte concentrations (after removing and washing

or wiping both electrodes). Thus, if hysteresis occurs, reproducibility would be poor [35].

Response time: according to IUPAC, the time elapsing between the moment when an ion-
selective electrode and a reference electrode are brought into contact with a sample solution,
or when the activity of the ion of interest in a solution is changed, and the first moment when
the slope AE/At becomes equal to a limit value selected on the basis of experimental
conditions or accuracy requirements [35]. It can also be defined as the time it takes for the ion

in the sample solution to equilibrate with the sensing part of the membrane [6].

pH working range: concentration of analyte of generally 1-102 mol L™t in buffer solutions
from pH 2 to 12 are prepared and their potentials are measured. The range in which no

significant change of potential is established as pH changes [6].

Lifetime: defined as the time period in which there is no significant difference in the slope of

the potential difference in dependence of ten-fold concentration change of analyte [6].
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2.2.3. lon-selective electrodes, classification

According to the IUPAC classification, there are three main groups of ion-selective
electrodes: primary ISEs, composite or multiple membrane (multilayer) ISEs, and all solid-
state electrodes. Primary ion-selective electrodes include crystalline and non-crystalline
electrodes. Crystalline electrodes contain mobile ions with one sign and solid sites with
opposite sign. They can be homogeneous or heterogeneous. If the membrane of ISE is a
crystalline material made from either a single compound or a homogeneous mixture of
compounds, it is a homogeneous crystalline electrode. Heterogeneous membrane electrodes
are made from an active substance mixed with an inert matrix or deposited on hydrophobized
graphite or conductive epoxy resin to form a heterogeneous sensor membrane. Non-
crystalline electrode, ion-selective membranes are formed from a support matrix containing a
cationic or anionic ion exchanger, a plasticising solvent and possibly an uncharged selectivity
enhancing species. Metal contact or all solid state electrodes are those without an internal
electrolyte solution and charge transfer occurs in the membrane by ionic and electronic

conductivity [35].

According to the novelties in ion-selective electrodes field, in more recent literature, when
describing ion-selective electrodes, some authors divided them by the membrane material,
according to the construction or some other feature. In the reference [22] authors mentioned
few membrane types which includes glass, crystalline (in ref. [36] referred as precipitate-
based electrodes) which can be monocrystalline and polycrystalline and polymeric
membranes, and two electrode embodiments based on inner contact which can be liquid or

solid.
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2.3. lon-selective electrodes for ferric cations determination

Iron is one of the few elements most abundant in the world. It is used in many aspects of
human life. First of all, it is important to mention its indispensability in the human organism.
Namely, it is an integral part of all cells in the body. Its influence on oxygen transport
processes, cell growth and division, and many other biological processes necessary for the
functioning of the immune system and energy production is particularly important. Although
iron is necessary for the normal development and function of the human body, a deviation of
its concentration from the reference values in the body, whether an excess or a deficiency,
affects the development of numerous disorders and consequently diseases. Excessive storage
of iron in the human body can cause a number of damages to the liver and kidneys, and there
are studies that link the occurrence of Huntington's disease, Parkinson's disease and even
Alzheimer's disease to excess iron in the body. On the other hand, iron deficiency or problems
with iron absorption lead to anaemia. Therefore, the development of new analytical tools for
accurate, selective and rapid measurement of iron concentrations would be of great help both
as a diagnostic tool for human metabolic disorders and as a tool for research and a better
understanding of iron metabolism [37]. Besides the human body, iron and its compounds also
play an important role in the steel industry, in the manufacture of water pipes and in the
production of paints and plastics. It is common to find iron in wastewater from industrial
facilities. Furthermore, since iron alloys are used for tanks and pipelines worldwide, an
increased occurrence of iron in drinking water is not uncommonly due to corrosion process
[38]. Since iron accelerates the growth of bacteria that derive their energy from the oxidation
of iron, a timely indication of elevated iron levels in drinking water is extremely important
[25].

There are many publications on poly(vinyl)chloride (PVVC) matrix used for the preparation of
ferric selective electrodes. As mentioned above, apart from PVC, these membranes usually
contain ionophores, plasticizers and lipophilic additives in their composition. The most
commonly used plasticizers in the literature are: dioctyl phthalate (DOP), dioctyl sebacate
(DOS), 2-nitrophenyl octyl ether (0-NPOE), nitrobenzene (NB), dioctylphenylphophonate
(DOPP), dibutyl phthalate (DBP) and tricresyl phosphate (TCP). Lipophilic additives can
improve some of the most important properties of membranes such as selectivity, stability,
and response time. Some of the lipophilic additives used are: tetradodecylamonium tetrakis(4-
chlorophenyl)borate (TDATpCIPB), potassium tetrakis(4-chlorophenyl)borate (KTpCIPB),
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sodium tetrakis(3,5-bis(trifluoromethyl) phenyl borate and sodium tetraphenylborate
(NaTPB). The usual approach in the application of PVC membranes focuses on finding the
most suitable composition ratio of and material for all the above components. To a less

percentage, carbon paste and screen-printed electrodes are used for the same purpose.

Some of the ion-selective electrodes designed primary for the ferric cations determination
using the potentiometry method are explained and listed in following text and in Table 1. The
literature presented is based on discoveries published in the last decade. The Table 1. lists the
sensing materials of the membranes, their matrix and the type of inner contact with some of
the most important and commonly defined ISE properties such as the slope of the calibration
curve, the linear range and the detection limit. In line with the focus of this doctoral thesis,
special attention was paid in the literature and in Table 1. to whether ISEs are modified with

nanoparticles and if so, which ones are used.

Gupta et al. [39] as a sensing material for iron(l1l) cations determination proposed S-methyl
(N-methylcarbamoyloxy) thioacetimidate (Methomyl) in PVC holder. Among eleven
different membrane compositions, membrane composed of 1% ionophore, 33% PVC, 1%
NaTPB and 65% of dioctylphthalate (DOP) showed slope of 21.2 mV dec? in range from
9.1-10%to 10t mol L%,

Effect of different membrane compositions as well as the nature and amount of plasticizer
added (DOS, DPB, NPOE and DOP) was tested in six membranes used for ferric cations
determination and published by Ozer et al. in ref [40]. Authors developed a new miniaturized
electrode with solid contact and Fe(ll) phthalocyanine as a neutral carrier. Among six
different composited membranes, the one with 32% PVC, 64% dioctylsebacte, 3% Fe(ll)
phthalocyanine and 1% potassium tetrakis(p-chlorophenyl) borate showed best results.
Nernstian slope of 26.04£0.95 mV per decade in linear range 1-10°° —1-10"* mol L was

recorded.

Yari et al. [41] reported the design and application of a new PVC electrode based on (E)-
N'((2-hydroxyphthalen-3-yl) methylene benzohydrazide as a reliable complexing agent for
determination of Fe3*. Ten different composited membranes were tested and best response
results showed the one with 30% PVC, 64% of plasticizer (NB) and 3% of additive. For this
membrane, in linear range from 5-10°to 1-1072 M Nernstian slope of 19.9+0.3 mV per decade

was accomplished. Analytical applicability was tested by determination of ferric cations in
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tap, mineral, river and waste water. Results showed good agreement with those obtained with
AAS method.

Active component 9-ethylacetonaphtho [1,2 b-Jquinoxaline (EANQ) was synthesized and
used for PVC membrane in order to maintain electrode selective for ferric cations by Mizani
et al. [42]. The authors reported how among sixteen different membranes with changed
composition rates and nature of additives and plasticizers of membrane, the one with 33%
PVC, 58% NPOE, 4% NaTPB and 5% of EANQ showed best response with Nernstian slope
of 19.5+0.3 mV dec?, linear range from 2.3-10" to 5-102 mol L™t and limit of detection
9.6:10mol L1,

Wang et al. [43] presented potentiometric sensor for Fe** ions determination based on N,N'-
bis(2,6-diisopropylphenyl)-1,4-diaza-1,3-butadiene as a suitable carrier incorporated in PVC
matrix. Membrane constructed of 33% PVC, 66% DOS and 1% ionophore exhibited a linear
potential response in concentration range from 1-10° to 1:102 mol L™ with a slope of
19.9£0.3 mV per decade and 4.5-10~" mol L™* limit of detection.

Saber et al. [44] reported a highly selective and sensitive iron(I11) membrane electrode for fast
monitoring of trace level Fe** based on norfloxacin (NOR) as a neutral carrier. lonophore was
incorporated in PVC matrix with addition of two different plasticizers: o-NPOE or DOP. lon-
selective electrode constructed with 0-NPOE showed a slope of 19.58+0.2 mV dec ™t in linear
range of 1-10°-1-10"* mol L™* and limit of detection (5+1)-10® mol L. Same linear range
and limit of detection was established for electrode with DOP as plasticizer while slope of
19.27+0.2 mV dec ! was established. Both sensors showed possibility of application for

determinig Fe*" in real samples.

Haputhanthri et al. [45] proposed use of piperine as neutral ionophore for ferric cations
determination. Electrode presented showed linear response over concentration range from
1:10*to 1 mol L™* and a slope of 20.5 mV dec™*. The lower detection limit was found to be
6:10° mol L Vlascici et al. [46] constructed ionophore:PVC:plasticizer = 1:33:66
composed membrane in Fluka electrode body. Three different porphyrines were used as
ionophores and among them, 5-(4-carboxyphenyl-10,15,20-tris(4-phenoxyphenyl)-porphyrin
plasticized with bis(2-ethylhexyl)sebacate showed best results towards iron(lll) cations
determination. Linear range for this electrode was from 10~ to 10™* mol L™ and a slope 21.6

mV per decade. Limit of detection was established at the point of intersection of the
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extrapolated linear mid-range and final low concentration level segments of the calibration
plot and it amounted (8.6+0.4)-10~8 mol L1,

A symmetrical tetradentate Schiff base ligand as membrane active center incorporated in PVC
matrix with solid inner contact was proposed by Bita et al. [47]. The electrode exhibited
Nernstian slope of 19.5 mV dec? in ferric concentration range of 3-107® —1.3-102 mol L
with limit of detection of 1.2:10°® mol L™*. The applicability of the sensor was investigated by
determination of ferric cations in pharmaceutical, biological and water samples where high
recovery values in comparison with Atomic Adsorption Spectrometry (AAS) results were
obtained. Solid contact was accomplished by dipping platinum disc into a mixture of
ionophore, additive and PVC solution in tetrahydrofuran (THF).

Morin-Fe?* Shiff base complex was used as an ionophore in ref. [48] reported by Ozer et al.
New miniaturized solid-state contact PVC electrode with mentioned ionophore and four
different plasticizers (NPOE, DOS, DBP and DOP) for Fe** determination were prepared. The
results showed that membrane composited of PVC, DOC, ionophore, and KTpCIPB in
percentages of 32%, 63.5%, 5%, 4% and 0.5% recpectively, have widest linear concentration
range of 1-10°-1-10"* mol L™ and lowest limit of detection of 4.5-10~" mol L™ with super
Nernstian slope of 56.14+0.22 mV per decade. The proposed electrode was applied for ferric
cations determination in acid mine drainage and soil samples. Obtained potentiometric results
were compared with results of inductively coupled plasma (ICP-OES) analysis and the results
were aggreable.

Isildak et al. [49] presented all solid state PVC membrane with 2-hydroxymethyl-15-crown-5
ionophore as suitable sensor for Fe** determination. Detection limit for this sensor was about
1.2:10°® mol L™* and in linear range (8:107°—1-107%) mol L ™! a slope of —34.6 mV per decade

was reported.

Badakhshan et al. [25] also reported using of crown ether as a ionophore for iron(lll)
determination. Benzo-18-crown-6 was used with combination of different plasticizers and
lipophilic additives in PVC matrix. Membrane constructed from Db-18C-6:PVC:o-
NPOE=4:30:65.5:0,5 mg exhibited best response results towards ferric cations with desired
Nernstian slope of 19.51+0.10 mV per decade and limit of detection of 8-107 mol L.
Proposed method was validated with Atomic Adsorption Spectroscopy method (AAS).

Another crown ether ionophore (18 crown 6) was used in combination with ZnO nanorods

and plasticizer DOPP in PVC matrix and showed sensitivity of 70.2£2.81 mV per decade for
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ferric cations concentration. Khun et al. [50] reported linear range was between 10~° and 102
mol L1, Other than ZnO nanorods, other nanocomposites such as multi-walled carbon
nanotube (MWCNT) was used in ferric selective membrane composition in papers reported
from Mittal et al. [51] , Shariyati et al. [52] and Ghohari et al. [53]. They are often used for
ensuring ion-to electron transfer. Mittal et al. in their research with mentioned nanotubes
modified developed ionophore, (E)-3-((2(2-(2-
aminoethylamino)ethylamino)ethylimino)methyl)-4H-chromen-4-one  (IFE(1Il)) in PVC
matrix with plasticizer and aditive and tested it for sensing ferric cations. Among twelve
different membrane compositions, the one with 3% of ionophore, 33% PVC, 62% 0-NPOE,
2% NaTBP and 0.5% MWCNTSs showed most desired properties of linear range 1-1072—1-107°
and slope 16 mV dec™*. This embodiment of electrode was with liquid inner contact. Shariyati
et al. and Ghobhari et al. in their researches among MCWNTSs used nanosilica and reported use
of modified carbon paste electrodes (MCPESs) for determination of ferric cations [52,53]. In
ref. [52] di-tertbutylazocarboxylate (TBADC) was used as an ionophore and it was mixed and
homogenized with MCWNTSs, graphite powder, paraffin oil and nanosilica which is used for
helping the extraction of ions on surface of prepared carbon paste electrode (CPE). Sensor
with composition containing of 4% TBADC, 0.3% nanosilica, 30% paraffin oil, 62.7%
graphite powder and 3% MWCNTSs showed extraordinary characteristics. Nernstian slope
recorded was 19.9£0.4 mV per decade in linear range from 1-107°to 1-1072mol L™t and limit
of detection 8-107° mol L™ for ferric cation concentration. In ref. [53] authors prepared
carbon paste electrode with 5% of 1,4-diaminoanthraquinone (DAQ) as ionophore, 25%
paraffin oil as binder, 0.5% nanosilica, 1% MCWNTs and 68.5% graphite powder as inert
matrix material. This newly constructed sensor showed Nernstian response towards Fe3* of
19.7+0.7 mV dec ! in linear range between 1-1078 and 1072 mol L. Described homogenous

paste was packed into a tip of tube containing a copper layer for ensuring electrical contact.

Bandi et al. [54] constructed a novel polymeric membranes (PMESs) using three different
ionophores and their response to ferric cations was discussed. They prepared a coated graphite
electrode (CGE) with same composition and results were compared. Best results were
obtained with N-((3-methylthiophene-2yl)methylene)tjhiazol-2-amine in CGE which showed
a most wider working concentration range of 8.3-10°%-1-10"2 mol L™ and lower detection
limit of 2.3-108 mol L™ with a near Nernstian slope of 19.5+0.4 mV per decade. Motlagh et
al. [55] also reported comparison between PVC and CGE electrode but with 1-phenyl-3-
pyridin-2-yl-thiourea (PPT) as active center for ferric cations determination. Among 15
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different membrane compositions with changing of parameters of ratio and nature of
plasticizers and additive, membrane composited of 30% PVC, 64% DBP, 2% NaTPB and 5%
PPT was used in preparation both polymeric membrane (PME) and coated graphite
electrodes. Results obtained were Nernstian slope of 20.02+0.8 (CGE) and 19.9+0.4 (PME)
mV dec ™. Linear range for CGE was 3-107"—1-10"2 mol L ™! and for PME 6.9-10""—1-10"2 mol
L.

Ali et al. [26] in their study focused on synthesis of a nano Fe(ll1)-Sud complex and using it
for constructing modified carbon paste electrodes (MCPEs) and screen printed electrodes
(SPEs) for ferric cations determination. Since the ionophore is the most important sensing
component in every ion-selective electrode, they prepared five modified CPEs and SPEs in
order to determine best electrode composition. The proportions of Fe(lll)-Sud ionophore
varied as 5, 7.5, 10, 12.5, and 15 mg. Testing results showed that the highest (best) Nernstian
slope and wide linear range was obtained with 7.5 mg and 10 mg of ionophore for MSPE and
MCPE sensors, respectively. Both electrodes were prepared with TCP as plasticizer and
slopes of 19.73+0.82 mV dec ! with usable range 2.5-107°~102 mol L™* and 18.57+0.32 mV
dec™! with range of 10°-10"2 mol L™! were obtained for MSPE and MCPE, respectively.
Proposed sensors were applied for Fe®* determination in different water samples and results

were compared with ones obtained with AAS analysis.

Ali et al. [56] also for ferric cations determination reported ion-selective screen printed and
carbon paste sensors but based on 2-methyl-6-(4-methylenecyclohex-2-e-1-yl)hept-2-en-4-
one (MMCHH) ionophore. Addition of different plasticizers (o-NPOE, TCP, DOP, DBP and
DOS) were studied. Best results were obtained for electrodes with o-NPOE and TCP
plasticizers. MSPEs contained of ionophore, plasticizer, PVC and carbon powder while
MCPEs were constructed of ionophore, plasticizer and graphite powder. MCPEs (el. I and el.
I1) with TCP and o-NPOE respectively showed a wide linear ranges and Nernstian slopes (see
Table 1.). MSPEs (el. 11l and el. 1V) also exhibited very good results shown in detail in Table
1.

In reference [57] Ali et al. presented possibility of ferric cations determination with screen
printed electrode based on Fe-phosphotungstate as ion-associate and TCP as plasticizer. The
working electrode was composited of iron-phosphotungstate, TCP, PVC and carbon powder.
Among seven electrodes with different percentage of ionophore in composition, electrode
with 12.5 mg of it showed best response with Nernstian slope of 19.20+0.73 mV per decade,
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linear range from 1-10°7 to 2.5-1072 mol L ™! and limit of detection 1.57-10" mol L% This

electrode showed long lifetime and good stability.

In addition to publications dealing primarily with the development of ion-selective electrodes
for iron(l11) cations, these have also been successfully determined with some other selective
electrodes, such as the fluoride ion-selective electrode [58] where authors even used FexOy

nanoparticles as modification of electrode.

Earlier literature described the possibility of determining iron(lll) cations with a cooper
selective electrode based on CuS and Ag»S precipitates [59]. Another research published with
AQ>S in role of conductor was by Duzgun et al. [60] where authors used AgFeS2-FeSx mixture
for the same purpose and showed that this electrode exhibited linear Nernstian response with
a slope 18.7+0.8 mV over the range from 107! to 10~ mol L ferric cations concentration.

21



Table 1. A review of some literature research on potentiometric ion-selective electrodes for the determination of iron cations in the last decade

) _ ] Limit of
) Nanosized Matrix/ Linear range ) Slope
Active center ) detection Ref.
modif. | contact state (mol L) (mV dec™)
(mol L)
Methomyl — PVC/liquid | 9.1-10°%-1-107 - 21.2 [39]
Fe(l1) phthalocyanine — PVC/solid 1107%-1-1071 1.8-10°7 26.04+0.95 | [40]
E)—N'—((2—hydroxynaphthalen—3—yl)methylene
(Ey- N2 hydroxynap _ ylmethylene) - PVClliquid | 5-107°-1-1072 1-107° 19.9+0.3 [41]
benzohydrazide
9—ethylacetaonaphtho(1,2—B)quinoxaline - PVC/liquid | 2.3-1077-5-1072 9.6:10°8 19.5+0.3 [42]
N,N'-bis(2,6—diisopropylphenyl)—1,4—diaza—1,3—
( P py}_) 2 - PVCl/liquid 1:107%-1-1072 451077 19.9+0.3 [43]
butadiene
Norfloxacin (el I) — PVC/liquid 1-10°-1-10"1 (5+1)-10°° 19.58+0.2 [44]
Norfloxacin (el I1) - PVCl/liquid 1-10°-1-107 (5+1)-10°° 19.27+0.2 [44]
Piperine - PVCl/liquid 11041 6:107° 20.5 [45]
5—(4—carboxyphenyl)—10,15,20—tris(4—phenox
( yphenyl) @ P - PVC/liquid 107107t (8.6+0.4)-10°78 21.6 [46]
henyl)—porphyrin
Schiff base ligand - PVC/solid | 3:107°-1.3-1072 1.2:10°° 19.5 [47]
Morin—Fe?* Schiff base - PVC/solid 1-10°%-1-1071 4.5-1077 56.14+0.22 | [48]
_ 1.2:10°°
2—hydroxymethyl—15—crown—>5 — PVC/solid 810%-1-1071 —34.6 [49]
b-18C6 - PVC/liquid | 1-105-1-107" 81077 19.51+0.10 | [25]

22



Zn0O

18 crown 6 PVC/- 1-:107°-1-102 5107 70.2£2.81 [50]
nanorods
IFE(I1) MWCNT | PVC/liquid 1:10%-1-1072 51077 16 [51]
Graphite
MWCNT
powder and
TBADC and _ 1:10°-1-1072 810710 19.9+0.4 [52]
- paraffin
nanosilica o
oil/solid
Graphite
MWCNT
powder and
DAQ and _ 1-108-1-1072 5-107° 19.7+0.7 [53]
- paraffin
nanosilica o
oil/solid
N—((3—methylthiophene—2yl)methylene)thiazol—2 Graphite
( Yo _Y) ylene) — P _ 8.3-10%-1-101 2.3-10°8 19.5+0.4 [54]
—amine rod/solid
1—phenyl—-3—pyridin—2—yl—thiourea - PVCl/liquid | 6.9-107"-1-1072 3.9:1077 19.9+0.4 [55]
Graphite
1—phenyl-3—pyridin—2—yl—thiourea - _ 3-1077-1-1072 2:1077 20.2+0.8 [55]
rod/solid
Nanosized ]
Nano Fe(IIT)—Sud complex ] PVC/solid 2.5-107°-1-1072 2.5-10°° 19.73+0.82 [26]
ionophore
Nanozized Carbon
Nnao Fe(III)-Sud complex _ 1:108-1-1072 1:1078 18.57+0.32 | [26]
ionophore powder
MMCHH (el. I) — PVC and 43-107-1072 431077 18.5+0.9 [56]
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carbon

powder/solid

MMCHH (el. I1)

PVC and
carbon

powder/solid

4.3:107-102

431077

19.3+0.5

[56]

MMCHH (el. 1)

Graphite

powder/—

1-1077-1072

1-1077

19.1+0.2

[56]

MMCHH (el. IV)

Graphite

powder/—

110771072

1-1077

19.8+0.5

[56]

Fe—phosphotungstate

PVC and
carbon

powder/solid

1:1077-2.5-1072

1.57-1077

19.20+0.73

[57]
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2.4. Nanoparticles (NPs) synthesis processes, classification and characterization

Nanotechnology as a science field that deals with preparation of 1-100 nanometers sized
particles has gained a huge attention and development over time [61]. One of the first
literature sources for preparing and size measurements of gold nanoparticles was published in
early years of 20" century [62] while nanotechnology golden era became in the 1980s with
fullernes discoveries and advanced with carbon nanotubes development [63]. Nanotechnology
with all its aspects has entered many areas of human life, but one of the most important
discoveries and application research was on attached to nanoparticles with anti-cancer
properties [64]. Nanoparticles exhibit completely different and unique physical, chemical and
biological properties according to same matter properties at higher size scale. These
phenomena are related to the larger surface area to volume ratio, which is 35-40% higher
compared to larger particles or atoms, resulting in strong surface reactivity as it is size
dependent. Greater reactivity or stability in a chemical process, improved mechanical

strength, etc. have also enabled the multifunctionality of nanoparticles [65].
Synthesis processes

There are various methods for the synthesis of nanoparticles, which are divided into two main
categories: bottom-up and top-down synthesis methods. The bottom-up method, e.g., the
constructive method, is the assembly of atoms into clusters and eventually into nanoparticles.
The top-down method, e.g. the destructive method, on the other hand, involves breaking down
a bulk material into nanoscale particles [61]. Top-down methods thus include the techniques
of Mechanical milling, Laser ablation and Sputtering. Bottom-up methods are divided into
four groups of techniques: Solid phase (Physical vapour deposition and Chemical vapour
deposition), Liquid phase (Sol-gel method, Chemical reduction, Hydrothermal method and
Solvothermal method), Gas phase (Spray pyrolysis, Laser ablation and Flame pyrolysis),
Biological e.g. green synthesis methods (accelerated bacterial, fungal, yeast, algal or plant
extracts) and other methods (Electrodeposition methods, Microwave-assisted methods,
Precipitation methods with supercritical fluid and Ultrasound techniques) [66].

Among the many synthesis methods, hydrothermal is one of the most useful and widely used
for the synthesis of metal and metal oxide nanoparticles. These reactions take place in an
aqueous medium at high temperature (usually above 200°C) and high pressure conditions. In
such an environment, the metal cations precipitate in the form of polymeric hydroxides,

which are dehydrated over time and form metal oxide crystal structures. Due to the extremely
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low solubility of the obtained metal oxides in aqueous medium, oversaturation occurs and
very fine crystals can be produced. To obtain the desired shape or size of the synthesised
particles, parameters such as temperature, pressure, reaction time, type and concentration of
precursors can be changed. The particle size and size distribution are thus related to the
concentration of the precursor and the reaction time. The influence of temperature is
explained by two processes: nucleation and crystal growth. At higher temperatures, nucleation
is faster than crystal growth, so the particles obtained have a small size. Larger particles are
obtained by a longer reaction time, where crystal growth becomes the decisive factor.
Hydrothermally formed crystals have a high density without porosity and are homogeneous in
composition. The main advantages of the hydrothermal synthesis method are thus:
homogeneous nucleation process, small sized particles, narrow particle distribution, single-

phase product, controlled particle morphology and high-purity powders [67,68].

Nowadays, microwave techniques are preferred to thermal heating in the production of
nanoparticles. The first publications on microwave synthesis methods date back to 1986
[69,70]. Although microwave radiation was first used in organic chemistry, the number of
papers dealing with microwave-assisted synthesis of inorganic substances is growing rapidly.
Although many papers (especially in the early years) domestic microwaves, today the use of
dedicated equipment is highly recommended. The use of domestic microwaves was associated
with some uncertainties, such as irradiation power and reaction temperature, so there was a
lack of reproducibility and also a major safety problem. In contrast, modern, commercially
available microwave reactors for chemical synthesis have built-in magnetic stirrers and direct
temperature and pressure monitoring by various probes and sensors. They are also connected
to a computer that enables the regulation of temperature and pressure. [71]. Microwave
chemistry is based on the efficient absorption of microwave energy and its conversion into
heat. Since the energy of a microwave photon at a frequency of 2.45 GHz is only 1-107° eV, it
is obvious that it is not sufficient to break chemical bonds [71,72]. It is thus obvious that
microwave-assisted synthesis processes are based on efficient heating of materials and not on
the initiation of chemical reactions by direct absorption of high-energy electromagnetic
radiation. This heating process involves two processes: dipolar polarisation and ionic
conduction. They are the result of the electrical component of an electromagnetic field [73].
Irradiation of a sample with microwaves causes the dipoles or ions in the electric field to
align. Since electromagnetic radiation creates an oscillating field, they are constantly trying to

realign themselves in the electric field, resulting in molecular friction and energy loss in the
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form of heat due to molecular friction and dielectric loss (the amount of microwave energy
supplied that is lost in the sample in the form of heat). In the case of ionic conduction, a much
stronger effect, heat is generated by the oscillation of the dissolved charged particles back and
forth under the influence of microwave radiation, colliding with neighbouring molecules [71].
In the nanoparticles synthesis processes, microwave irradiation is applied to liquid—phase
synthesis techniques [71,74]. Microwave-assisted synthesis of nanoparticles has many
advantages over conventional hydrothermal methods. They relate to the reduction of reaction
time, energy savings, good dispersion of particles, high phase purity, high homogeneity in

stoichiometry and small particle size [75].
Surface modification with surfactants

Numerous properties of particles depend on their size. With nano-sized materials, the
proportion of surface atoms increases and thus their reactivity, while at the same time their
stability decreases, so that they have a strong tendency to agglomerate. Surface modification
of nanoparticles can take place in two ways: physically (by physiosorption) or chemically (by
covalent bonds). Physical modification is usually achieved by surfactants or macromolecules
adsorbed on the surface of the nanoparticles [76]. Surfactants are organic compounds
consisting of a head group with affinity to polar phases and a tail that is non-polar. Since they
consist of two parts with opposite polarities, a surfactant solution is thermodynamically
unstable due to the repulsive force between the hydrophobic tail of the surfactant and the
polar medium [77]. Thus, in the hybrid system of surfactant and nanoparticles, the
hydrophobic surfactant tails direct themselves to the surface of the nanoparticles via
electrostatic or van der Waals forces, while the hydrophilic head is in contact with the polar
solvent. Due to the potential advantage of surfactants in adjusting the surface/interfacial
tensions between solid and liquid interfaces and further improving dispersion stability,
surfactants can be a key agent in the synthesis of nanoparticles with well-controlled
geometries. Thus, when the agglomeration process of nanoparticles is studied, surfactants can
reduce the interaction between particles and disable agglomeration due to the decrease in
physical forces [76,77]. The surface of metal oxide nanoparticles can be modified with
different types of coupling agents (surfactants) in order to improve their surface properties
and achieve specific application possibilities [76]. They are classified in four main groups:

carboxylic acids, polymers, silanes and organophosphorus molecules [76].
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Classification

The general classification of nanoparticles includes organic, inorganic and carbon-based
particles. Organic nanoparticles (dendrimers, micelles, liposomes, ferittin, etc.) are commonly
known as polymeric nanoparticles. They are biodegradable, non-toxic and some of them, such
as micelles and liposomes, are sensitive to thermal and electromagnetic radiation. They are
ideal candidates for drug delivery, making them an important component of biomedicine.
Inorganic nanoparticles include those based on metals and on metal oxides. Carbon-based
nanoparticles are composed entirely of carbon and are classified into five subgroups:
Fullerenes, graphene, carbon nanotubes, carbon nanofibers and carbon black [61].

Characterization

In addition to the synthesis procedures and classification of nanoparticles, it is also important
to mention the characterisation procedures and techniques used to characterise the products
obtained. Various nanoparticles have been characterised using Infrared spectroscopy (IR), as
it provides discriminating information due to the excitation of inherently specific fundamental
vibrational transitions of the molecular species present in the sample. [78]. Since size is one
of the most important features of nanoparticles, it is usually measured using a Scanning
Electron Microscope (SEM) or a Transmission Electron Microscope (TEM). These
techniques can be used to determine whether the particles belong to the nano or micro size
scale. Nanoparticles can occur in different shapes and surface structures, such as spherical,
flat, cylindrical, tubular, conical or irregular. Thanks to the imaging methods mentioned
above (SEM and TEM), it is possible to determine particle shape. The presence of impurities
in the nanoparticles obtained can reduce efficiency, lead to secondary reactions and cause
contamination. For this reason, it is important to determine the composition of the sample,
which is usually carried out with X-ray Photoelectrode Spectroscopy (XPS), while
crystallography information is obtained with Powder X-ray diffraction (PXRD). The surface-
to-volume ratio is the cause of many properties of nanoparticles. Therefore, the surface area
can be measured with the Brunauer—Emmett—Teller (BET) analysis, while the zeta

potentiometer is used to measure the surface charge [61].
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2.5. Metal oxide nanoparticles, structure and synthesis methods

Among all nano-sized materials, metal oxides are the most perspective and attractive
candidates from a scientific and technological point of view. Due to their diverse applications,
e.g., in biomedicine, optics and electronics, their synthesis processes and their influence on
properties are the focus of numerous scientific studies [76].

As mentioned in the previous section, there are many different synthesis methods, but metal

oxide nanoparticles are most commonly synthesised by the following methods;

1) co-precipitation methods, which rely on supersaturating a solution with the substance
that forms the precipitate,

2) microemulsion techniques, which include two types: direct (oil dispersed on water)
and inverse (water dispersed in water) and

3) solvothermal/hydrothermal methods, previously explained in detail and most

commonly used [76].

In the following text, structure of chosen metal oxides nanoparticles and their synthesis
methods are explained. The literature review presented in Table 2. gives a systematic
overview of the conditions of microwave synthesis, the surfactants and precursors used, the
shape and crystalline phase of the products obtained, for nanoparticles of iron oxides and
aluminium oxide and oxide hydroxides. Data presented in Table 2. apply only on papers

where microwave synthesis was successfully applied for pure phase and nano-sized product.
Iron oxides nanoparticles

It has been established existence of different iron oxides and oxide—hydroxides; goethite,
lepidocrocite, akaganeite, schwertmannite, feroxyhyte, ferrihydrite, bernalite, hematite,
magnetite, maghemite etc.

Hematite is the oldest known and the most stable member of the iron oxide family and is
widely distributed in rocks and soils. It is blood red when finely divided, or grey and black
when coarsely crystalline [79]. In the crystal structure, ferric ions occupy two-thirds of the
octahedral positions surrounded by an oxygen lattice in almost perfect hexagonal, close-
packed form. It is n—type semiconductor with a band gap of 2.3 eV at ambient conditions
[68].
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Magnetite (FesOs or FeO-Fe203) is, among all the natural minerals of the earth, the one with
the strongest magnetism. It stands out from other iron oxides because it contains both Fe?*
and Fe®" ions. The structure of magnetite is a cubic inverse spinel consisted of a cubic close-
packed arrangement of oxide ions, with the tetrahedral site occupied by Fe* cations
surrounded by four oxygen atoms, while the octahedral site is occupied by Fe?* and Fe** ions
surrounded by six oxygen atoms, so that Fe3* ions are present in both the tetrahedral and
octahedral sites. In addition to its magnetism, magnetite also shows interesting electrical
properties due to a small band gap (0.1 eV). Also, the fast electron hopping between Fe?* and

Fe3* ions causes its conductivity [68].
The most commonly used methods for the synthesis of iron oxide nanoparticles are:

1) coprecipitation, thermal decomposition,
2) hydrothermal or solvothermal synthesis,

3) pyrolysis,
4) microwave assisted synthesis.

There are a large number of publications dealing with microwave synthesis of iron oxide
nanoparticles. This is quite expected considering the range of applications of these
nanoparticles and the time and energy saved by using microwave ovens [80]. Review papers
published systemised literature of iron oxides synthesis by method [81] or time [80].

Alumina and boehmite nanoparticles

Aluminum oxide, (Alumina, Al203) can occur in 8 different crystal structures; a, ¥, p, M, K, 6,
& and y. Other forms that can occur are called transitions Al.Oz and are formed during the
thermal decomposition of aluminium thryhydroxides under various conditions [82]. Among
all of them, o-Al203 is the most stable one and his structure is also known as corundum.
Aluminium hydroxides and oxide hydroxides crystal phases known are: monocyclic gibbsite
(y—Al(OH)z3), orthorombic boehmite (y—AIOOH), orthorombic diaspore (a—AlIOOH) and
monoclinic bayerite (o—AIl(OH)3z) [83]. Most commonly, nanosized alumina particles are
synthesized by following methods: bal milling, precipitation, hydrothermal synthesis, sol-gel
method and vapour phase reaction [84].
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Table 2. Literature data of microwave synthesized hematite, magnetite, alumina and boehmite nanoparticles

at same

Metal oxide -
_ Precursor Base Surfactant Solvent Conditions Shape Ref.
nanoparticle
H.02* . .
o—Fe203 FeCls _ PEG! Water 100 °C/10 min ellipsoid [85]
hydrazine
a—Fe203 FeSO47H20 NaOH PEG water 100 °C /10 min sphere [86]
500 W
microwave and )
a—Fe203 FeClz-6H.0 NaOH - water " spherical [87]
en
calcination
Water and ) )
a—Fe203 FeClz-6H.0 NaOH - 0.5 MPa temp. anisotropic [88]
ethanol
a—Fe203 K3(Fe3(CN)s) N2H4 CMC? Water 160°C /60 min | Various shapes [89]
80°C/multiple
Fes04 FeSO47H20 NH3 - water synthesis times spherical [90]
tested
Ethylene 160°C/15—-60
FesO4 FeCl3-6H20 Na—acetate P1233 ) nanoroses [91]
glycol min
260°C/ 15 min
Ethylene
Fes04 FeClz-6H.0 NHsAC - ol and then kept aggregates [92]
glyco
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temperature for
2h

FesOq4

FeSO4-7H0

NH3

water

100°C/8 min
and then kept
at same
temperature for

15 min

[93]

FesOq4

FeCl3-:6H,0
and
FeClz-4H,0

NH3

water

80°C/30 min

[94]

AIOOH—>yAI,03

AlCl;-6H20

NaOH

CTAB*

Water and

methanol

160°C/30 min+
calcination
after synthesis
at 500°C

nanostructured

microspheres

[95]

o—Al>O3

Al(NO3)3-9H.0

urea

900 W; 2.45
GHz; 3—5 min
(domestic
MW)

spherical

[96]

1 Polyethylene glycol? Sodium carboxymehtyl cellulose
3 PEO-PPO-PEO (poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO)

4 Cetyltrimethyl ammonium bromide
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2.6. Electrodes modified with metal oxides nanomaterials

Nanomaterials play an important role in the modification of electrochemical sensors due to
their unique physical and chemical properties. This is especially related to their large surface-
to-volume ratio, good conductivity, excellent electrocatalytic activity and high mechanical
strength [97]. Nanomaterials are present in ion-selective electrode modifications in the form
of solid contacts, nanomaterials dispersed directly in ion-selective membranes, ionophor
modified nanomaterials dispersed in ion-selective membranes and nanomaterial-based

potentiometric sensor membranes [97].

Metal oxides as ionic compounds consist of positive metal and negative oxygen ions, and the
electrostatic interactions between them lead to the formation of ionic bonds. Therefore, the d-
shells of metal oxides may not be completely filled, resulting in some properties that make
them good candidates for use in electronic devices. Some of these are: high dielectric
constants, superconductivity, reactive electronic transitions and good electrical and optical
properties [98]. Considering the thermodynamic aspect of decreasing material particle size, it
is known how the total free energy of a nanoparticle is the sum of the free energy of the mass
and the surface of the nanoparticle. Unlike macromaterials, the surface energy of
nanoparticles is a large component of the total free energy and thus the surface free energy
and surface tension are important components for the overall phase stability of nanoparticles.
The size-dependent particle properties are thus the electronic properties, the shape, the surface
properties and the possibility of aggregation [99]. According to mentioned, metal oxide
nanoparticles occupy a unique and important position among the many different types of
nanomaterials due to their significant physical and chemical properties, which allow them to

be employed in electroanalysis, engineering and biomedical applications [98].

Thus, the most important properties of metal oxide nanoparticles that make them suitable for
electrochemical sensing are their high surface-to-volume ratio, surface reaction activity,
chemical stability, non-toxicity, ability to facilitate electron transfer, and catalytic activity due
to the high proportion of atoms on the surface with free valences compared to the total
number of atoms [100,101]. Electrochemical use of metal oxide nanomaterials have a wide

range of applications, from heavy metals determination [102] to biosensors [103].

The ability of metal oxide nanoparticles to increase the sensitivity and specificity of sensors

for the detection of molecules results from the increase in electrode surface area available for
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electron exchange or enzyme immobilisation. In addition to individual types of metal oxides
used to modify electrodes, the use of mixed metal oxides has become increasingly common
due to the synergistic effects resulting from the close electronic interaction of the components.
[104].

Metal oxide nanoparticles are an important component of electrodes with enzymes in their
composition. Enzymes are required for specific and sensitive detection of analytes despite the
presence of interfering species. Since enzymes usually do not have direct electrical
communication with electrodes, their immobilization is essential. If the enzymes are
immobilized on the surface of an unmodified electrode, this could lead to their denaturation
because the structure of the proteins is not compatible with the electrode surface. By
facilitating electron transfer between the enzyme and the electrode, the metal oxide
nanoparticles provide a suitable environment for the enzymes to function, enabling higher
selectivity towards the analyte. [100,105].

However, most modifications of electrodes by nanoparticles refer to electrodes analysed by
voltammetric methods. Nanomaterials in potentiometry have found their application in the
last two decades, mainly as transducers in solid contact ISE [106].

2.6.1. Electrodes modified with iron oxides nanoparticles

Iron oxides and oxide hydroxide nanoparticles occupy a unique and very important position
among the other metal oxides in terms of their application in the modification of
electrochemical sensors. As already mentioned with metal oxides in general, these
nanoparticles can have completely different properties due to the different surface area, which
are not observed on a larger scale with the same matter [99]. Due to the greater density of
reactive sites per unit surface area, a larger area for the adsorption of analyte molecules on the
electrode surface is achieved, so that the increased reactivity for the adsorption of cations
[107] and electron transfer [108] are reported. More efficient charge transfer makes iron oxide
nanoparticles promising candidates for electrochemical sensors and thus enables improvement

of sensor performances such as selectivity, sensitivity and detection limit [109].

Among all of iron oxide and oxide hydroxide phases, hematite and magnetite are the most
perspective ones for ion-selective electrodes modification [101]. As explained in the previous
sections, the oxidation state of iron in the hematite phase is +3, while in the magnetite phase
there are two oxidation states, +2 and +3. Two different oxidation states enable electron

hopping between Fe?* and Fe3* and thus increase the electrical conductivity even at room
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temperature [102]. Also, the magnetic properties can be used for separation of analytes [100].
Hematite-based nanomaterials also have some exceptional properties that make them

advantageous for modifying electroanalysis. Some of these are:

1) attractive photo(electrocatalytic) properties that provide alternatives to valuable
nanomaterials for numerous energy conversion reactions,

2) superior energy storage capabilities,

3) long-term sustainability,

4) non-toxicity,

5) low cost,

6) high availability,

7) high theoretical specific capacity.

Although there are many papers reported with using only iron oxides as electrode
modificators [110-112], in some researches, they are combined with some other materials. For
improving the efficiency of working electrode, specially conductivity, in some cases, iron
oxide—metal core shell nanostructures are used [113,114]. Among metals, iron oxide
nanoparticles are often combined with carbonaceous materials which enable homogenous
nanoparticles dispersion, prevent the aggregation and enhance the electrocatalytic process
[115-118]. Also, in molecularly imprinted electrochemical sensor, iron oxide nanoparticles
are modified with polyaniline [119-121] or some other polymer [122]. Iron oxide
nanoparticles including magnetite, maghemite and hematite are considered as promising
electrode active materials for lithium ion batteries due to their low cost, high capacity and

environmental friendliness [123].

In Table 3 is presented literature review on iron oxide (Fe2Os) nanoparticles in the
modification of ion-selective electrodes. The main properties of the analyte, electrode
composition and sensors are clearly shown. To observe the frequency of use of the
potentiometric method to measure the electrode potential, the reported method is also
indicated. In addition, the sensors modified exclusively with pure hematite (a- Fe2Os3) phase
are highlighted.
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Table 3. Literature data of electrodes modified with iron oxide nanoparticles (Fe2Oz)

Linear range

Limit of detection

Analyte Electrode modification Method Ref.
(mol L™) (mol L™)

Zn?* Bi/Fe,03/GY/GCE? 1.53-108-1.53-10°° 1.68-10°° & [116]

cd* Bi/Fe203/G/GCE 8.9:10°-8.9:107 7.2:107° Vv [116]

Ph%* Bi/Fe,03/G/GCE 4.83-10°-4.83-10' 3.38:1071° Vv [116]

Nitrite Fe-03/rGO*/GCE 5-10°-7.8-10* 1.5-10°8 DPV® [124]

H20; Fe203/ITO® 1-10°-3.6-10* 3-10° A’ [125]

Dopamine EPGE®-SWCNT®-Fe,03 3.2:10°-3.18-10° 3.6-10°7 Swy10 [126]

H20, Amorphous Fe,O3/CPE 0-8.5-10° 2:107° A [112]

N:/::::;L Fe2,0s@COHCF2/csMCPE® | 1.22-1075-6.67-10°8 205107 LSV [127]

NraceylL Fe;0s@CoHCF/csMCPE 2105-4.32-10° 2.092-10° A [127]
cysteine

2:10'-4.98-107°
L—cysteine Fe,03/N-GRY¥/CPE and 1-1077 A [128]
5-10°—4-107*
Nitrate Ag@Fe,03/SPCE*® 0-1-1073 3-107° A [129]
Ascorbic acid Fea0dlgraphene 5.7-10-3.97-10° 5.34-107 oV [130]
nanocomposite/GCE
Rutin Fe,0s/rGO 1.510°%-1.8-10° 9.8-10°° DPV [131]
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Gallic acid CS—Fe,03—ERGO/GCE 10°%-5-107° 1.51077 DPV [132]
Ivabradine Fe,03:@MWCNTSs®/MIP?°/CPE 1-:103-1-1078 9.8:10°8 p2 [133]
Hidroguinone CHIT??/a—Fe203-NGZ/ITO 3-10°-3.3-10°° 1.09-10°° PEC* [134]
Ammonia 0—Fe203/CNTs?® - - - [135]
H20, o—Fe,03/GCE 5-10°-9.25-107° 1.3:10°° A [136]
Honokiol Fe,0s;—RGO/GCE 1.5-108-3.3-107° 9.64:107° DPV [137]
Magnolol Fe,03—RGO/GCE 7.5108-2.6-107° 1.05-10°8 DPV [137]
1 Graphene

2 Glassy carbon electrode

% Voltammetry

4 Reduced graphene oxide

5 Differential pulse voltammetry

6 Indium tin oxide

7 Amperometry

8 Edge-plane pyrolytic graphite electrode
% Single wall carbon nanotubes

10 Square wave voltammetry

11 Carbon paste electrode

12 Cobalt hexacyanoferrate

13 Modified carbon paste electrode
14 Linear sweep voltammetry

15 N-doped graphene

16 Screen printed electrode

17 Cyclic voltammetry

18 Electrochemically reduced graphene oxide
19 Multi walled carbon nanotubes
20 Molecularly imprinted polymer
21 potentiometry

22 Chitosan

23 N-doped graphene

24 Photoelectrochemical

25 Carbon nanotubes
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In Table 4 is presented same approach as in Table 3. for literature review of electrodes modified with magnetite (Fe3Oa).

Table 4. Literature data of electrodes modified with magnetite

Linear range

Limit of detection

Analyte Electrode modification Method Ref.
(mol L™) (mol L)
5-10 ™-7.2-104
Nitrite Ag—Fe304—GOYGCE? and 1.7-10°7 Al [138]
7.2:10%-8.15-10°®
Catechol AuUNPs*/Fe3s0,~APTES>-GO/GCE | 2-10°-1.45-10* 8-10°7 A [139]
Hydrokinone AUNPs/Fe30,—APTES—-GO/GCE | 3-107°-1.37-10°* 1.1-10°° A [139]
2:10%-1.5-107
NADH Fe304/rGO%/GCE and 41077 A [140]
1.5-10°-1.9-10*
0, Indiumtin0>-(ide electrode modified 21042103 1105 A [111]
with Fes04 NPs
Glutathione FesO4@PANI'/rGO 5-107'-5-107° 3-10°° DPV® [121]
Hydrazine MBCPE®/Fe;04NPs/DPB*° 1:1077-1.2:10°° 1.8-10°8 DPV [141]
Catechol FesO.—MWCNT!Y/GCE 5-10'-5.5-10°° 5.38-:10°8 A [142]
As®* AuUNPs/Fe304/GCE 1.33:10°-2.67-10"7 1.29-10°1¢ Swv1? [143]
Dopamine Doped PPy*/Fe304/rGO/GCE 7.9-:10°-2-10°° 2.33:107° DPV [144]
L—cysteine Pt—Fe304/rGO/GCE 1-10%-1-103 1.01:107° DPV [145]
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Glucose oxidase on the
Glucose _ _ 1-107°-3-1072 - pl4 [146]
FesOa/chitosan composite
Isoniazid Fe304/CPE 1-107°-1071° 3.09-10° 1 P [147]
Chlorhexidine
_ GCE/Fes04/CS® 2.1-10°-2.09-1077 5.7-10°° SWV [148]
digluconate
Methyl parathion Fes04@ZrO2/MGCE?® 7,6:108-9.12-107° 1.52:1078 SWV [149]
3.9-10 -1.38-10°°
Olanzapine Fes0s@Ag/CPE and 1.8:107° DPV [150]
1.38:10°-3.84-10°°

1 Graphene oxide

2 Glassy carbon electrode

3 Amperometry

4 Au nanoparticles

5 3-Aminopropyl triethoxysilane

6 Reduced graphene oxide

" Polyaniline nanofiber

8 Differential pulse voltammetry

9 Magnetic bar carbon paste electrode
10 2-(3,4-dihydroxyphenyl) benzothiazole
11 Multi walled carbon nanotubes

12 Square wave voltammetry

13 Polypyrrole

14 Potentiometry

15 Chitosan

16 Magnetic glassy carbon electrode
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Although there are many research papers using iron oxide nanoparticles to modify electrodes,
few of them refer to the potentiometric analysis method. Thus, the nanomaterials are much
less employed in potentiometric sensors than in voltammetric ones. Moreover, many
publications have reported the use of iron oxide nanomaterials (in the form of Fe.QOz3) in the
modification of electrodes, but only a few of them contain the pure hematite phase
[128,130,134-136].

2.6.2. Electrodes modified with alumina and boehmite nanoparticles

Membranes based on nanoporous alumina particles are used as biosensors to detect many
viruses, proteins or pathogens, and high selectivity properties have been reported [151]. It is
also taken into consideration as electrode material for lithium batteries [152]. In electrodes
modifications presented in Table 5, these nanoparticles are often used in combination with
ZnO nanoparticles. Main reason for their use in electrochemical analysis and combination
with other metal oxide nanoparticles is their ability of increasing long term stability as
structural promoter of the catalyst system [153,154]. Although it is insulator, its high
mechanical strength and compressive strength [155] makes them attractive candidates for
improving the mechanical properties of the sensor which could lead to prolonging its
durability.

To the best of my knowledge, boehmite nanoparticles have not been used in any electrode
modification. Nevertheless, in reference [156] y—AIOOH@SiO2/Fe304/GCE microspheres

electrode is used for determination of Zn?*, Cd?*, Pb?*, Cu?* and Hg?" ions in drinking water.
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Table 5. Literature data of electrodes modified with alumina nanoparticles

o Linear range Limit of detection
Analyte Electrode modification Method Ref.
(mol L™) (mol L)

NADH Al,03—GOY/CPE? 3-10°-3.3:10* 4.5-10°° DPV3 [157]
Dopamine ZnO—-Al,03/GCE* 5107°-7-107 2:10°° DPV [154]
Vitamin E AU/PAN®/y—Al,03 — 6-10°8 DPV [158]
Methyldopa ZnO/Al,03/SPE® 1-10°-1-107* 51077 DPV [153]

Hydrochlorothiozide ZnO/Al,0s/SPE 1-107-1-107* 81078 DPV [153]
Salycil acid ZnO/Al,Os/SPE 5-10-8-107° 2.5-1077 DPV [159]
Acetaminophen Al,03—Au/PDDA’/rGO®GCE 2:1077-2-10* 6:107° DPV [160]
Melatonin PANP@AI,03/CPE 6-108-1.4-107 2.1-10°8 DPV [155]
Dopamine PANP@AI,O3/CPE 5-108-1.45-10* 3.6:107° DPV [155]
Acetaminophen PANP@AI,Os/CPE 4-10%-1.4-10"* 2.1:10°8 DPV [155]
o ZnO/Al03
Ascorbic acid _ 1-10°%-1-107* 6:1077 DPV [161]
nanocomposite/SPE

! Graphene oxide

2 Carbon paste electrode

3 Differential pulse voltammetry

4 Glassy carbon electrode

5 Polyaniline

6 Screen printed electrode

7 Poly(diallyldimethylammonium chloride)
8 Reduced graphene oxide



3. DISCUSSION
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Article 1 presents the development of a new potentiometric sensor based on ferric phosphate
precipitate for the determination of ferric cations. In addition to the proposed development of
an ion-selective membrane, a newly designed electrode body was developed and compared
with the one used in this and previous research. The development of the ion-selective
membrane started with the precipitation of iron(111) phosphate and silver sulphide as two main
components of the presented sensor. Both precipitates were obtained in our laboratory, while
commercially available polytetrafluoroethylene (PTFE) was used as matrix. A detailed
description of the experimental procedure for the preparation of the powders used as well as

their XRD characterization can be found in the Materials and Methods section of Article 1.

After the precipitation process, different ratios of the three aforementioned membrane
components were weighed and pressed under 625 MPa pressure for two hours to form 10 mm
diameter pellets or ion-selective membranes. Similar to the approaches in the literature
review, it was important to establish ideal membrane composition for successful
determination of iron(ll) cations. Therefore, the membranes were prepared by increasing or
decreasing each of the three main components in order to establish importance and influence
of each component. Detailed information on the composition of the membranes can be found
in Table 1 in Article 1. Membranes M1-M5 were prepared with decreasing amounts of ferric
phosphate and increasing amounts of silver sulphide to determine the smallest active site ratio
required to obtain a potentiometric response towards ferric cations. Membranes M6—M10
were made with a slightly decreasing proportion of PTFE to find the ideal proportion for
maintaining all mechanical properties while avoiding the insulating effect on the conduction
process through the membrane. Membranes M11-M14 were prepared without PTFE in their
composition. The M14 membrane was constructed with ferric phosphate only, while M15 was
composed of iron(l11) phosphate and PTFE. These two membranes therefore did not contain
silver sulphide and therefore Ag>S contributions can be concluded from their response. All
fifteen prepared membranes were inserted into electrode body 1 (EB1), embodiment with
solid inner contact through a stainless steel disc. This electrode body has been used in
previous research. The schematic and digital photograph are shown in Figure 1 and Figure 2
in Article 1, respectively. The membrane testing was carried out under acidic and alkaline
conditions. It was established that membrane M1 at pH 1 showed best response, most closely
to the requirements of Nernst's equation. Membranes M2—M15 showed no indication of being
able to determine ferric cations (Table 3 in Article 1). Under alkaline conditions, at pH 13, the

membranes were tested for the determination of phosphate ions and none of them showed
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Nernstian response. From the graphical (Figure 8 and Figure 9 in Article 1) and numerical
(Table 2 in Article 1) representation of the M1 membrane test results, it is obvious that this
sensor was successful in the determination of ferric cations with a slope of —20.63+0.63 mV
dec! and a detection limit of 2.64-107° mol L in ferric chloride solution, while in ferric
nitrate solution a slope of —18.76+1.01 mV dec ! and a detection limit of 4.54-10~* mol L
were obtained. However, it can be seen from the graphical representation that the
reproducibility of the potentials was not satisfactory. This was probably a consequence of the
incomplete adhesion between the membrane and the stainless-steel disc, which led to the
“loss of part of the charge. And this, along with the need for miniaturisation, was the main
reason for producing a new electrode body that would ensure better charge transfer.

The design of electrode body 2 (EB2) is based on the print screen electrodes mechanism, but
manufactured in our laboratory without sophisticated equipment, large investments or
inaccessible components, so that any laboratory could manufacture it on its own. The EB2
(Figure 3 and 4 in Article 1) was designed with a copper layer on an epoxy plate, which was
important for charge transfer to the millivoltmeter. The copper layer was connected to the
millivoltmeter via a wire. The ion-selective membrane M1 was inserted into the electrode
body with conductive graphite adhesive. Before drying, the adhesive was in a liquid state, so
that a complete interaction was established between the membrane and the copper layer. After
the adhesive had dried in the air, the copper layer was protected from the influence of the test
solution with a non-conductive polish. The sensor made in this way was tested towards
possibility of determination of ferric cations. The results confirmed the hypotheses made, as
the deviation of the three E° potential values were significantly lower than with the membrane
used in EB1. Figure 10 and Figure 11 (Article 1) show that the calibration curves overlapped
satisfactorily. The results agreed well within one and within three days. The membrane in
EB2 also showed a Nernstian response with a slope of —19.421+1.70 mV dec! and a
detection limit of 1.43-10* mol L™,

Further experiments with the proposed sensor were the determination of the selectivity and
the application of the sensor in real samples. The selectivity coefficients were examined using
the matched potential method and the results are shown in Table 5 in Article 1. The
interference of AI®*, Ba?*, Ca?* and Mg?* was investigated. The most influential interference
was caused by AI**, but if these ions are present less than 50.4 times with regards to an
iron(111) concentration of 5:10™ mol L™ , the determination of iron(lI11) cations should still be

possible. Other ions caused less significant interference. The determination of ferric cations
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with membrane M1 was successfully performed in standard solution of Fe3* with recovery
values of 101.2%, 98.2% and 98.9% for added m(Fe®*") =0.84 mg, 1.64 mg and 8.37 mg,
respectively. For establishing the possibility of a wider application of the presented M1
membrane, it was tested towards the determination of iron(lll) cations in real samples. Two
pharmaceuticals, Tardyferon and Heferol, prepared by a microwave digestion process, were
used as real samples. The potentiometric results were compared with those obtained with
Ultraviolet Visible Spectrophotometric (UV/VIS) analysis carried out with complexation of
ferric cations with 5-sulphosalicylic acid. The compared results were aggregable and the

determined recovery value for Tardyferon® was 98.6% and for Heferol® 106.5%.

Article 2 presents a synthesis method for the preparation of iron oxides and hydroxides. This
article is mainly devoted to the study and clear explanation of the conditions for microwave-
assisted hydrothermal synthesis and the complete characterisation of the products obtained.
The influence of the synthesis temperature as well as the addition of the surfactant
cetyltrimethylammonium bromide (CTAB) is studied in detail. Table 1 in Article 2 lists ten
different synthesised samples with detailed experimental conditions. The main principle for
establishing the synthesis conditions was based on changing the parameters of temperature
and CTAB concentration, while the concentration of the precursor (FeCls), the pH of the

medium (~13.5) and the synthesis duration time remained constant.

The temperature effect could be observed for samples RS1, RS2 and RS3 as they were
synthesised at 150°C, 200°C and 250°C, respectively, and without the addition of surfactant.
The same temperature layout was used for the synthesis of samples S1-S3, but these samples
were prepared with the addition of 1% CTAB. Samples S4—S6 were synthesized under the
same temperature (200°C) but with an addition of 0.25%, 0.5% and 2.5% CTAB,
respectively. Sample S7 was synthesized with the same amount of CTAB as sample S6, but at

a higher temperature (250°C).

All synthesized products were characterised in detail using various techniques: Fourier
infrared spectroscopy (FTIR), powder X-ray diffraction (PXRD) and field emission scanning
electron microscopy (FE-SEM). The data obtained with FTIR analysis provides information
about the molecular species present in the sample, while PXRD analysis provides accurate
information about the composition and crystallography of the sample. The estimated mass
fractions of the identified phases were calculated using the Rietveld algorithm. The shapes

and surface structures of the particles are observed using the FE-SEM analysis technique.
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In Figure 1 in Article 2 are represented FTIR spectra of three reference samples (RS1, RS2
and RS3) as well as of S1, S2 and S3 samples synthesized with addition of 1% CTAB.
Samples RS1 and S1, synthesized under temperature of 150°C showed the same IR bands,
assigned to the formation of goethite and hematite phases and they refer to the in-plane
bending band (SOH) at 893 cm ™t and out-of-plane bending band (yOH) at 795 cm ™ typical for
goethite phase, as well as bands visible at 536 cm™ and 461 cm™* which indicated hematite

(a-Fe203) phase.

In Figure 2 in Article 2, PXRD patterns of RS1 and S1 samples showed the presence of both
goethite and hematite phases but according to the results of structure refinements, RS1 sample
contained of ~40wt.% a-Fe203 and ~60wt.% a-FeOOH while sample S1, where 1% of CTAB
was added, consisted of ~20wt.% a-Fe203 and ~80wt.% o-FeOOH. So, it was obvious how,
in this case, addition of certain amount of surfactant slowed down the rate of goethite to

hematite transformation process.

The FTIR spectra of the reference sample synthesized at 200°C (RS2) in Figure 1 (Article 2)
and the PXRD pattern in Figure 3 (Article 2) show the formation of a pure hematite phase,
while the FTIR spectra of the S2 sample show peaks at 893 cm™* and 799 cm™ assigned to the
goethite phase and peaks at 546 cm™ and 471 cm™! indicating the presence of a hematite
phase. The PXRD pattern together with the quantitative analyses confirmed that the S2
sample consists of ~40 wt% a-Fe20O3 and ~60 wt% a-FeOOH. As mentioned, it is evident that
the addition of CTAB, as in the RS1 and S1 samples, slows down the phase transformation of
goethite to hematite. At a temperature of 250 °C, the addition of CTAB had no effect on the
transformation of goethite to hematite, as the FTIR and PXRD analyses of samples RS3, S3
and S7 confirmed the composition of the pure hematite phase (Figures 1, 4 and 6 in Article 2).

When considering the influence of the addition of CTAB concentration, the samples
synthesized under the same temperature value (200°C) are observed. As shown in Table 2 in
Article 2, the addition of 0.25% CTAB (sample S4) had no significant influence on the
mentioned process of transformation of goethite into hematite. Nevertheless, it is evident from
the quantitative analysis in Table 2 in Article 2 that the larger amount of CTAB added to

samples S4—S6 resulted with smaller mass fraction of hematite phase.

The FE— SEM images (Figure 7 in Article 2) for the RS1 sample show the presence of
nanorods typical of goethite and irregular particles typical for hematite formed in alkaline

media. In the S1 sample, with CTAB addition, an increased proportion of goethite nanorods
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and smaller irregular hematite particles are visible. In sample RS2 only irregular hematite
particles can be seen, while in sample S2 goethite nanorods together with hematite particles
are recognized. The FE-SEM images for samples RS3, S3 and S7 (Figure 8 in Article 2) show
the presence of irregular hematite particles with an estimated size of several tens of
nanometres to 1 um. According to the mentioned, the addition of CTAB did not affect on the

size and shape of hematite particles in the synthesized samples.

Article 3 is composed of two main parts and their combination in form of improvement
sensor proposed in Article 1. The first part of Article 3 is thus devoted to the synthesis
processes and characterisation of the nanoparticles used for the modification of the ion-
selective electrodes whose properties are presented in the second part. The sensor is also
modified with (nano)particles, whose synthesis process and characterisation are presented in
detail in Article 2. Thus, the solid-state ion-selective membrane with solid inner contact
embedded in electrode body 2 (EB2; Article 1) was modified with (nano)particles of hematite
(sample RS3, presented in Article 2), nanoparticles of magnetite, boehmite and alumina to
achieve an ideal membrane composition for the determination of ferric cations (Article 3).
This article is thus a combination of the simplicity of the potentiometric technique and the
improvement of sensor properties through its modification with nanostructured materials. The
combination of the advantages of these two scientific fields is presented in this article, but

also, considering the combination of all three articles, this doctoral thesis as a whole.

A microwave-assisted hydrothermal synthesis method was used to obtain all nanoparticles.
The detailed experimental conditions are presented in Table 1 and Table 2 in Article 3 for
boehmite, alumina and magnetite, respectively. Boehmite nanoparticles were synthesized
using Al2(S04)3-18 H20 as precursor at a temperature of 200°C for 30 minutes. After drying,
part of the sample was calcinated at a temperature of 800°C to obtain alumina nanoparticles.
Magnetite was synthesized from FeCl.-4H>,O and FeCls with the addition of ammonium
solution at a temperature of 200°C for 10 minutes. The approach of characterisation of the
synthesised nanoparticles in this Article was similar to that in Article 2. Accordingly, the first
technique used for characterisation was FTIR. The FTIR spectra of boehmite (Figure 1 in
Article 3) showed peaks at 1067 cm™ and 1159 cm™, which are characteristic for symmetric
and asymmetric AI-O—H bending, respectively, and peaks at 737 cm™, 610 cm™ and 476
cm* occurred from Al-O vibrations. The PXRD pattern in Figure 2 in Article 3 confirms that
these are crystalline (y-AIOOH) particles, which are then analysed by FE-SEM (Figure 3 in
Article 3) and EDS (Figure 4 in Article 3). The boehmite nanoparticles appear in needle
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shaped structure and their estimated size is less than 20 nm in diameter. The EDS data
confirmed atomic ratio of Al and O in good agreement for the boehmite phase. For the
alumina nanoparticles, the FTIR spectra (Figure 5 in Article 3) showed a characteristic peak
for the stretching of the Al-O bond at 1115 cm™ and peaks at 745 cm™ and 554 cm™* due to
the symmetric stretching and bending vibrations of the AlI-O—Al bond, respectively. The
PXRD pattern of the alumina nanoparticles (Figure 6 in Article 3) showed an indication of
hexagonal Al>Os formation, but also the appearance of an amorphous phase, so that the
proposed sample was poorly crystallised. Nevertheless, needle shaped particles are visible
under high magnification with FE-SEM analyses (Figure 7 in Article 3) and EDS data agree
well with the atomic ratio of Al and O in the Al>O3 phase (Figure 8 in Article 3). The FTIR
analyses of the magnetite nanoparticles (Figure 9 in Article 3) show a characteristic Fe—O
stretching vibration peak and PXRD analyses (Figure 10 in Article 3) confirm the formation
of the phase-pure sample, cubic Fe3Os. In FE-SEM images (Figure 11 in Article 3),
irregularly shaped aggregates with individual magnetite nanoparticles less than 20 nm in
diameter are visible. The EDS data (Figure 12 in Article 3) show the ideal atomic ratio for the

magnetite phase.

After successful synthesis and complete characterisation of the nanoparticles, they are used
together with hematite particles for the modification of the ion-selective membrane from
Article 1 (membrane M1). The sensor is tested towards determination of ferric cations.
Twelve different composited membranes were prepared with different types and proportions
(0.25-1%) of nanoparticles, while the ratios of the three main components remained constant
(Table 3). In this way, it was possible to establish which (nano)particle phase and in which

amount can improve the properties of the ion-selective electrodes.

Membrane MN7 with addition of 0.25% alumina nanoparticles showed a Nernstian response
for the determination of ferric cations with a slope of —21.73 mV per decade in the range from
6.25-10* to 1072 mol L1 The addition of 0.5% alumina nanoparticles (MN8) showed a
positive effect on the widening of the linear dynamic range for almost a whole decade with a
slope of —18.75 mV per decade. Positive effect of a larger amount of added boehmite
nanoparticles was not detected. The only membrane with boehmite nanoparticles that showed
satisfactory sensitivity to the concentration of ferric cations was the one with 0.25% boehmite
in the composition (MN10) and it showed a slope of —18.86 mV dec™* in the linear range of
1.56-10" 4102 mol L with a detection limit for ferric cations of 8.38-107° mol L L.
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Nevertheless, membranes modified with iron oxide (nano)particles showed much more
attractive results in the determination of ferric cations. The addition of 0.25% magnetite
nanoparticles affected on expanding linear range from 2.44-107% to 1072 mol L™* with a slope
of —22.38 mV per decade and a detection limit of 1.85-107° mol L.

However, the best response showed membrane MN1 with an addition of 0.25% pure hematite
phase (nano)particles. This sensor showed an almost identical slope with the Nernst's equation
requirement for trivalent cations and it was —19.75 mV decl. As mentioned in the
introduction, the ideal Nernstian slope for trivalent cations would be —19.73 mV dec*. The
linear range for the determination of ferric cations for this sensor was between 1.22-107° mol
L™t and 102 mol L. The correlation factor (R?) for this sensor was also almost ideal and was
0.9925. The detection limit is 1.01-10° mol L. Due to the very attractive properties of the
MN1 sensor, it was applied for the determination of iron(l11) cations in a laboratory prepared
iron(111) solution as well as in the standard solutions of Fe** cations within three cycles
(Tables 6 and 7 in Article 3). The recovery values are always calculated in the same way,
regardless of whether the calculations are performed for trivalent or monovalent ions.
However, when looking closely at the calculated and measured potential values for the
determination of ferric cations in standard solution samples, it becomes clear that even a small
deviation in the potential measurement can lead to a much larger deviation in the recovery
values than would be the case for monovalent cations. Nevertheless, the MN1 membrane still
showed high recovery values between the determined and the reference value for ferric
cations (99.4%, 106.7%, 93.6% and 101.1%).

The morphology of the tested MN1 sensor surface was examined using the FE-SEM
technique. At 500x magnification, a very heterogeneous surface can be seen while at 10000x

magnification, different sizes and particle agglomerations are noticeable.

To summarise the discussion, Table 6 in Article 3 shows the main contributions of all three

articles represented as well as their relevance to the doctoral thesis as a whole.

49



Table 6. Summary of individual contributions for presented articles (Article 1, Article 2 and Article 3) with united scientific contribution for

doctoral thesis as a whole

Main individual scientific contributions

Article 1

Article 2

Article 3

establishment of the the ideal
composition of the three basic ion-
selective membrane components
(FePOa4, Ag2S and PTFE) for the
successful determination of iron
cations,

proposal for a new electrode body
design (EB2),

obtaining a sensor for the successful
determination of iron(l11) cations with
a slope of — 20.53+0.63 mV dec* and
a detection limit of 2.41-10~° mol L™
for the M1 membrane in EB1,
obtaining a sensor for the successful
determination of ferric cations with a
slope of — 19.42+1.70 mV dec ! and a
detection limit of detection 1.43-10~*

establishment of the ideal synthesis
conditions for the synthesis of pure
hematite (nano)particles synthesis
(RS3)

study of the influence of temperature
conditions on size, shape and
composition of the obtained products,
study of the influence of CTAB
addition on size, shape and
composition of the obtained products,
detailed characterisation of all
obtained products.

establishment of ideal synthesis
conditions for the synthesis of
boehmite, alumina and magnetite
nanoparticles,

detailed characterisation of all
nanoparticle products obtained,
modification of ion-selective
membranes with boehmite, alumina,
magnetite and hematite nanoparticles,
obtaining six (MN1, MN2, MN4,
MN7, MN8 and MN10) ion-selective
membranes inserted into electrode
body EB2 for successful
determination of ferric cations,
successful determination of ferric
cations in standard solutions with high

recoveries corresponding to the
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mol L™ for membrane M1 in EB2,
e successful application of sensor M1

inserted in EB2 for determination of

ferric cations in pharmaceutical

samples.

The ion-selective membrane (M1) presented in Article 1, modified with (nano)particles of pure hematite phase (Article 2) and inserted into
the electrode body (EB2) presented in Article 1, showed improved properties compared to membranes modified with other nanoparticles or
without any modification. The membrane (MN1) modified with hematite presented in Article 3 showed Nernstian response with a slope of
—19.75 mV dec? in the linear range from 1.2:107° to 1072 mol L ! and a detection limit of 1.01-:10°® mol L™ for the determination of ferric
cations. Comparing the properties of the MN1 membrane with those of the M1 membrane in EB1 or EB2, it is clear that modification of the

reference value of ferric cation

concentration.

sensor with nanoparticles leads to an extension of the linear range, better sensitivity and a lower detection limit.
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4. CONCLUSION

lon-selective electrodes as a simple and affordable analytical tool for the precise and accurate
determination of analytes have good prospects for wider application. The combination of the
simplicity of the potentiometric technique with the modernisation through nanotechnology

and the new design of the electrode body is explained in detail in this doctoral thesis.

An ion-selective electrode based on iron ferric phosphate with addition of silver sulphide and
polytetrafluoroethylene in the ratio FePO4:Ag.S:PTFE=1:1:2 was successfully used for the
determination of iron(l11) cations. This sensor showed Nernstian slope of — 20.53+£0.63 mV
dec™ ! and a detection limit of 2.41-10" ® mol L™ *. Although the sensor obtained a slope in
good agreement with the Nernstian equation for trivalent cations, the poor repeatability of the
results was the main reason for fabricating a new electrode body with a miniaturised design
which provided better charge transfer. Membrane inserted in the newly developed electrode
body responded to concentration changes of ferric cations with a slope of —19.421+1.70 mV
dec™! and a detection limit of 1.43-10~* mol L™ was determined. It showed a good response
not only to ferric cations in a solution containing ferric cations alone, but also in the presence
of some other interfering species. This sensor was successfully used for the determination of
ferric cations in two different pharmaceuticals and high recoveries were obtained (98.6% and
106.5%). It became clear that although the repeatability of the potential measurement is much
better with the new electrode body, the detection limit was in the concentration range where

there was still room for improvement.

Four different types of nanoparticles were used to increase the sensitivity of the sensor. Since
the main components of the sensor, iron phosphate and silver sulphide, as well as the process
of integrating the ion-selective membrane into a newly developed electrode body were carried
out in our laboratory, the nanoparticles used for sensor modification were also synthesized in
our laboratory. The nanoparticle synthesis was carefully performed and explained in detail,
focusing on the experimental conditions. The microwave-assisted synthesis method was used
for all nanoparticles because it has numerous advantages, such as reduction of reaction time,
energy conservation, good particle dispersion, high phase purity, high homogeneity in
stoichiometry and small particle size. Special attention was paid to the synthesis of iron
oxides. During the synthesis process, the effects of the synthesis temperature and the addition

of the surfactant CTAB were studied in detail and described. The investigation of the



influence of the above parameters was complemented by a number of characterisation
techniques such as FTIR, PXRD and FE-SEM analyses.

The samples prepared using FeCls as precursor in alkaline media and 20 min synthesis time at
a temperature of 150°C gave both goethite (a-FeOOH) and hematite (a-Fe2O3) phases, while
the pure hematite phase was synthesised at 200°C and 250°C. The effect of the CTAB
addition showed a slowing down of the transformation process from goethite to hematite at
200°C, while it did not affect the transformation at 250°C. The FE-SEM analyses showed the
presence of goethite nanorods and irregular hematite particles in the samples with
heterogeneous phase (RS1, S1, S2) and only irregular hematite particles are visible in samples
RS2, RS3, S3 and S7. The addition of surfactants had no effect on the size and shape of
hematite particles. The estimated particle size for hematite was in the range of several tens of
nanometres to one micrometre. In addition to hematite, pure magnetite phases, boehmite and
alumina nanoparticles are also synthesised. The Al>(SOa4)3-18H20 was used as a precursor for
the synthesis of boehmite nanoparticles and the synthesis process was carried out at a
temperature of 200°C and a duration of 30 minutes. The calcination process of boehmite
particles at 800°C resulted in obtaining alumina nanoparticles. Magnetite was synthesised at
the same temperature but in a synthesis time of 20 minutes using FeCls and FeCl>-4H20 as
precursors. The characterisation of the obtained products was carried out in a similar way as
for hematite. Pure phases of boehmite and magnetite were synthesised, while for alumina the
presence of hexagonal Al>Oz and amorphous phase was found. The FE-SEM analyses for the
boehmite and alumina samples showed the needle shape with an estimated size of less than
20nm in diameter. For the magnetite samples, irregularly shaped aggregates are visible, but

the size of the individual particles within the aggregates is smaller than 20nm.

All presented nanoparticles (except goethite) are used for ion-selective electrode modification
to obtain a fast and reliable sensor for the determination of ferric cations. The modified
membranes consisted of 0.25% iron phosphate, 0.25% silver sulphide and 0.50%
polytetrafluoroethylene, while the percentage of nanoparticles in the membranes varied from
0.25%—-1%. Although six modified membranes showed satisfactory response to iron(ll)
cations, the best results were obtained with a pure— phase hematite modification. The addition
of 0.25% hematite (nano)particles to the membranes affected higher sensitivity, wider linear
range and lower detection limit compared to the values of the above parameters in the
unmodified membranes. The results of ferric determination with membrane MN1 showed a

nearly perfect Nernstian slope of —19.75 mV dec?, a linear range from 1.22-107° to 1072 mol
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L™! and detection limit of 1.01-1072 mol L. This sensor was successfully used for the
determination of ferric cations in three different standard concentrations and the recoveries of

the potentiometric measurements towards reference values were 106.7%, 93.6% and 101.1%.

The careful synthesis and detailed characterisation of the nanoparticles thus made it possible
to determine which phase composition is most suitable for the modification of membranes for
ion-selective electrodes in order to obtain a suitable sensor for the determination of iron(l11)

cations in wide concentration range, with high sensitivity and low detection limit.
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Abstract: A novel ion-selective electrode with membranes based on iron(IIl) phosphate and silver
sulfide integrated into a completely new electrode body design has been developed for the deter-
mination of iron(Ill) cations. The best response characteristics with linear potential change were
found in the iron(IIT) concentration range from 3.97 x 10> to 1072 mol L. The detection limit was
found tobe 2.41 x 10~°> mol L~ ! with a slope of —20.53 + 0.63 and regression coefficient of 0.9925,
while the quantification limit was 3.97 x 107> M. The potential change per concentration decade
ranged from —13.59 + 0.54 to —20.53 + 1.56 for Electrode Body 1 (EB1) and from —17.28 + 1.04
to —24 £ 1.87 for Electrode Body 2 (EB2), which is presented for the first time in this work. The
prepared electrode has a long lifetime and the ability to detect changes in the concentration of iron
cations within 20 s. Membrane M1 showed high recoveries in the determination of iron cations in
iron(III) standard solutions (98.2-101.2%) as well as in two different pharmaceuticals (98.6-106.5%).
This proves that this type of sensor is applicable in the determination of ferric cations in unknown
samples, and the fact that all sensor parts are completely manufactured in our laboratory proves the
simplicity of the method.

Keywords: ion-selective electrode; potentiometry; iron(IIl) cations

1. Introduction

Ion-selective electrodes (ISEs) represent a small electrochemical sensor that can deter-
mine ion activity in various sample matrices without pretreatment. Potentiometry stands
out as a non-destructive electroanalytical method with the possibility of application in a
wide range of sensor performances [1]. Although liquid-contact ion-selective membranes
are well developed and commercially available in a number of embodiments, their im-
possibility of miniaturization, special storage requirements, the sensitivity of inner filings
toward evaporation the possibility of volume changes, and delamination of the sensing
membrane, make solid-state electrodes preferred ion-selective sensors [2-5]. The possibility
of developing this type of sensor with the characteristics of high selectivity and sensitivity
and with the simplicity of implementation, low cost, and durability makes them attrac-
tive for use in ion determination in biological, chemical, environmental, and industrial
samples [6].

Numerous solid-state ion-selective membranes with different compositions and per-
formances for the determination of metal ions are known. Since iron is a ubiquitous metal in
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various biological processes and has found numerous industrial applications in steel, water
pipes, paints, plastics, and the medical industry, it was not only desirable but necessary to
develop a suitable method for rapid, efficient, and cost-effective iron determination. Some
of the human health disorders are closely related to the imbalance of iron concentration in
the human body, such as iron deficiency causes anemia, while iron accumulation can lead
to the occurrence of hemochromatosis diseases [7].

Iron(III) cations are often detected by atomic absorption spectroscopy [8,9], inductively
coupled plasma mass spectrometry [10], and spectrophotometry [11,12]. Although the
aforementioned techniques provide accurate results, they are less accessible to the general
population due to the necessary pretreatment of samples and sophisticated, expensive
equipment that requires a trained analyst to use.

Considering different types of potentiometric sensors, ferric cations are mostly de-
termined with membranes based on conductive polymers [7,13-23], carbon materials
electrodes [24,25], and to a small extent with those based on iron salts [26].

In this work, a new homemade solid-contact ion-selective membrane based on spar-
ingly soluble ferric phosphate is presented for the determination of Fe>* cations in acidic
media. To obtain a membrane selective for a particular ion, it is necessary to have a com-
pound in the membrane composition that forms a stable complex or a sparingly soluble salt
with the analyte. That compound represents the active centers of the sensors, and in this
research is the iron phosphate precipitated in our laboratory. The other two components
are silver sulfide, which is the charge transmitter, and polytetrafluoroethylene (PTFE) as
the carrier. In this work, not only a completely new membrane for iron determination was
presented, but also a new electrode body with many improved properties compared to the
electrode body presented in previous work [27].

2. Materials and Methods

The main components of the membrane, iron(Ill) phosphate and silver sulfide, were
prepared in our laboratory by a precipitation technique, while the polytetrafluoroethylene
used was commercially available. The solutions used for both, preparation and testing of
the proposed membranes, were prepared in ultrapure water with a declared conductivity
of 0.04 uS em~! (Millipore Simplicity, Billerica, MA, USA). Ferric phosphate powder
was prepared by mixing 0.5 mol L~! anhydrous ferric chloride with disodium hydrogen
phosphate of the same concentration under acidic conditions. A white-yellow precipitate
was formed, which was centrifuged and washed with ultrapure water. After centrifugation,
the ferric phosphate was dried in a vacuum dryer at 150 °C. Silver sulfide was also
prepared by precipitation technique using silver nitrate and sodium sulfide nonahydrate
as reagents. The black precipitate obtained, was then filtered, washed with chloroform
and ultrapure water, and dried in a conventional dryer at 60 °C for 2 h. Different ratios of
the three membrane components in the 500 mg mixture were homogenized and pressed
under 625 MPa for 2 h to form membranes of 10 mm diameter. The compositions of the
membrane mixtures are chosen by sequentially increasing or decreasing each of the three
major components to investigate their influence. In membranes M1-MS5, it was possible
to find out which is the smallest percentage of the active substance in the composition
to obtain a membrane that is selective towards iron cations. In membranes M6-M10, the
percentage of polytetrafluoroethylene was reduced to find the smallest amount necessary
to ensure the mechanical compactness of the membrane. Membranes M11-M15 show
the importance of the presence of silver sulfide and polytetrafluoroethylene. A similar
approach was previously reported [4,5,27,28]. As described, 15 different membranes were
prepared and their composition ratios are shown in Table 1.
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Table 1. List of all tested membranes.

Membrane Composition Ratio

Sensor Name

FePO, Ag,S PTFE
M1 1 1 2
M2 1 2 3
M3 1 3 4
M4 1 4 5
M5 1 5 6
M6 1 4 3.33
M7 1 4 2.14
M8 1 4 1.25
M9 1 4 0.56
M10 1 4 0
M11 1 1 0
M12 2 1 0
M13 3 1 0
M14 1 0 0
M15 1 0 1

The XRD analysis of three main membranes components: FePOy, Ag,S, and polyte-
trafluoroethylene were performed by using Malvern PANalytical Empyrean X-ray diffrac-
tion system with the following operating conditions: Cu-K«, 45 kV voltage and 40 mA
current, 0.1050° step size, counting time/step of 88.5 s and a scanning angle 26 from 5 to
80°. The instrument uses a multicore optics iCore/dCore and detector PIXcel3D-Medipix3
1 x 1 detector. In the procedure of data treatment collected pattern was corrected for
systematic errors (external Si standard). The qualitative interpretation of the XRD pattern
was made by comparison with standards patterns contained in the database PDF2 (ICDD,
PDF2 Released 2020) by using HighScore Plus. Quantitative analysis was made by using
the Direct Derivative (DD) quantification method. [28]

The ion-selective membranes for the determination of ferric cations presented in this
work were tested in two different embodiments of the electrode body. They differ in terms
of electrode size, membrane mobility, and the amount of charge transferred.

The scheme of Electrode Body 1 (EB1) is shown in Figure 1 and the digital photo
in Figure 2. It is entirely made of polytetrafluoroethylene, while the contact between
the sensor and the millivoltmeter (SevenExcellence, Mettler Toledo, Switzerland-USA) is
ensured by a stainless-steel disk connected to the device by a coaxial cable. The use of this
electrode body requires a specially designed glass cell that ensures the positioning of the
sensor at an angle of 45 degrees.

The Electrode Body 2 (EB2), shown in Figures 3 and 4 (digital photo), is based on the
idea of print screen electrodes, it is miniaturized, not limited by the position angle and all
tests can be performed in normal laboratory glass.

Although the idea of EB2 is based on the print screen electrodes, to the best of our
knowledge, this type of design has not yet been reported. The copper layer on the epoxy
plate provides charge transfer between the sensor and the cable connected to the millivolt-
meter. Contact between the ion-selective membrane and the copper layer is made possible
by a special conductive graphite adhesive. Since the adhesive is in a liquid state before
drying, complete adhesion of the sensor to the tile is ensured and no loss of contact occurs.
The copper layer is protected from the influence of the solution with a non-conductive
layer in the form of a varnish commonly used to coat copper wires in cables.

A double silver-silver chloride electrode (Reference plus, Mettler Toledo) was used
as the reference electrode in both cases. Both electrodes (reference and indicator elec-
trodes) were immersed together in a solution containing ions of interest in a double-walled
glass vessel (if EB1) or a conventional laboratory glass (if EB2) on a magnetic stirrer at
room temperature.
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Figure 1. Scheme of ion-selective electrode (ISE(EB1)) and reference electrode (RE); (1—coaxial cable,
2—steel disc, 3—membrane, 4—silicon rubber) [27].

Figure 2. Digital picture of Electrode Body 1 (EB1).

RE ISE (EB2)

Figure 3. Scheme of ion-selective electrode (ISE(EB2)) and reference electrode (RE); (1—epoxy plate,
2—copper layer, 3—non-conductive lack, 4—ion-selective membrane).
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Figure 4. Digital photography of Electrode Body 2 (EB2).

Testing of all the presented membranes in Table 1 was carried out in anhydrous ferric
chloride and ferric nitrate nonahydrate solutions at pH 0, 1, and 1.5 because at pH > 2 ferric
hydroxide starts to precipitate which could prevent the membrane from responding. The
pH of ferric chloride solutions was adjusted with sulfuric acid and ferric nitrate solutions
with nitric acid. All sensors were also tested in the disodium hydrogen phosphate solution
for the response towards phosphate ions at pH = 13, since under these conditions (PO4)*~
is the dominant form in a solution. The tests were carried out at room temperature by a
standard dilution method.

Selectivity is one of the most important properties of an ion-selective electrode. It
refers to the ability of the sensor to determine the presence of the analyte (A) over the
presence of another (interfering) ion in the solution (B).

The matched potential method (MPM) was used to measure the selectivity coefficient
since it was recommended in literature because of the different charge numbers of primary
and interfering ions [29]. According to this method, the activity of Fe®* cations was
increased from ax =5 x 107 mol L™! (reference solution) to ax” =5 x 1073 mol L7},
and the potential change (AE) was recorded. In the next step, 0.1 mol L~! solution of the
interfering ion was added to the Fe3* reference solution until the same potential change
(AE) was recorded, and the concentration of added the interfering ion is thus ag. The values
of the sensor selectivity coefficient are calculated using the following equation.

Kip = (a'a —aa) /ap

The interfering species selected in this work were aluminum nitrate, barium nitrate,
calcium nitrate, and magnesium nitrate. These interfering species were selected because
of their high ability to form sparingly soluble precipitates with PO4>~ anions (Al(POy),
Ba3(POy),, Caz(PO4)2), Mgs(POy4)2), according to their Ksp values which are lower than
1x107%.

To confirm the applicability of the sensor in the determination of ferric cations, a
homemade sensor proposed in this work was used to determine Fe* ions in two different
oxidized drugs. The dietary supplements used in this experiment were Tardyferon® and
Heferol®, both of which contain ferrous cations as active ingredients. Due to the complex
composition of the supplements and the fact that it was necessary to oxidize ferrous cations
to ferric cations, samples were prepared by microwave digestion using the Milestone
flexiWAVE 480 (Milestone, Italy). One sample per insert was digested with nitric acid and
hydrogen peroxide at a pressure of 0.75 MPa and a temperature of 180 °C in the vessel.
The digestion process took 1 h. After cooling, a certain volume of the samples was diluted
separately in two 100 mL flasks with nitric acid at pH 1.
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3. Results
3.1. XRD Characterization

Figures 5-7 show the powder diffraction patterns of the prepared samples of silver
sulfide (Ag»,S), ferric phosphate, and used polytetrafluoroethylene for preparation mem-
branes. According to the results of the analysis powder diffraction pattern of specimens
denoted as Ag,S (Figure 5) is visible that its composition is a mixture of three different
crystal phases, silver sulfide sulfate (PDF 00-061-0633), silver sulfide (PDF 00-068-0300),
and silver (PDF 01-071-4613). The results of the conducted quantitative analysis of the
diffraction pattern on the presence of phases silver sulfide sulfate, silver sulfide, and silver,
indicate the proportion of phases is 31.0, 60.7, and 8.3 wt%, respectively.

4000 {Ag,S
JAgS,0,31.0%
Ag,S 60.7 %
Ag83%
3000
v)
b=
=
o
O 2000
1000 | .
{
0

Position [°20] (Cu)

Figure 5. XRD pattern of silver sulfide.

The diffraction pattern of the sample denoted as FePO; is shown in Figure 6, from the
level of intensity background into diffraction patterns is visible high fluorescence which is
presented into diffraction pattern which arises from the iron. The appearance of a diffuse
diffraction maximum centered at 2Theta value at 8.72° and 29.08° indicates the presence of
a structurally disordered phase (structurally ordered phase at the short-range distance).
In addition, the sample also shows diffraction maxima that belong to the structurally
arranged phases, according to the qualitative analysis diffraction pattern they belong to
the NaCl (PDF 01-080-3939), Fe(H,POy4)3-2H,O (PDF 00-043-0104) and Fe(H,PO;); (PDF
00-001-0181). Figure 7 shows the diffraction pattern of the polytetrafluoroethylene used
in the preparation procedure of membranes. Diffraction patterns show that PTFE is a
semi-crystalline material that consists of the crystallized phase of polytetrafluoroethylene
(PDF 00-061-1415) and the amorphous phase which suggests the appearing the diffuse
diffraction maximum centered at 2Theta value at 39°.
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Figure 6. XRD pattern of ferric phosphate (FePOy).
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Figure 7. XRD pattern of polytetrafluoroethylene (PTFE).

3.2. Membrane Testing Results

Among the numerous sources of ferric cations, membranes M1-M15 were tested in
anhydrous ferric chloride, ferric nitrate nonahydrate, and disodium hydrogen phosphate
solution. The main reason for choosing this kind of ferric solution was the possibility of
chloride ions to form a sparingly soluble precipitate with the silver ions present in the
phase boundary between membrane and solution while nitrate anions do not have this
possibility. In this way, the response of the membrane to ferric cations was studied in the
presence of interfering (C1~) and non-interfering anions (NO3) ™. The tests were performed
with electrode bodies EB1 and EB2. In this way, all sensors were tested for response to
ferric and phosphate ions. Membrane M1 with a composition of 25% FePOy, 25% Ag,S,
and 50% PTFE, as it is shown in Table 2 exhibited a linear response to Fe3* cations at pH = 1
with a potential change per decade in good agreement with the theoretical Nernst slope for
trivalent cations in both, ferric chloride (Figure 8) and ferric nitrate solutions (Figure 9).

Table 3 shows the slope results of the M2-M15 test membranes in ferric cation solution
at pH = 1. Since none of the M2-M15 membranes showed a slope close to —19.6 mV
per decade, which would indicate the possibility of determining ferric cations, these
membranes were not tested further.

Tests of the sensors for phosphate ions were performed at pH = 13 and none of the
15 membranes showed the same Nernst response towards (PO4)>~ as towards ferric cations
at pH values of 0 and 1.5.
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Table 2. M1 testing results in EBI.

Testing Solution  Linear Curve No. Slope + SD LOD LOQ R?
FeCl C1 —205254+156 264 x107° 897 x107° 0.9720
3 c2 —20528 £ 0.63 241 x107° 397 x107° 0.9925
(pH = 1.00) s s
C3 ~16.948 £ 0.72 131 x 10 2.63 x 10 0.9836
C1 —182714+157 113 x107% 452x10~* 09783
Fe(NO3)3 —4 -3
h 2 —18.755 +1.01 454 x 10 1.08 x 10 0.9885
(pH = 1.00) L L
C3 —13587 +£0.54 155 x 10 8.20 x 10 0.9954
0 =
I m CI1
1T~ e (C2
-20 - ® A C3
[ N
[
-40 L.
o
o [ N
> 604 N
e e
Swae A
L ! il
-80 - e
= A4 A
- A
-100 - [ - e
=
= ] ~A
-120 N
1 L) I Y I L I o I 2 1 L 1

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
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Figure 8. Results were obtained for Fe3* cation determination in the ferric chloride solution using
the M1 sensor.
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Figure 9. Results obtained for Fe?* cation determination in ferric nitrate solution using the M1 sensor.
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Table 3. Results of testing M2-M15 membranes in EB1 towards ferric cations.

Testing Solution FeCl; (pH = 1.00) Fe(NO3); (pH = 1.00)

Sensor Slope/mV dec—1! R? Slope/mV dec1! R?
M2 11.49 0.9306 —4.95 0.7662
M3 3.09 0.3982 18.38 0.9176
M4 11.46 0.9900 17.47 0.4835
M5 24.68 0.7874 - -
Mé 11.27 0.9740 5.71 0.9881
M7 —4.42 0.0384 13.09 0.9496
M8 20.56 0.9813 - -
M9 3491 0.9193 1.69 0.8627
M10 22.00 0.9612 3.29 0.8586
M11 - - 5.81 0.8828
M12 - - 17.19 0.9744

M13 —9.01 0.9392 —27.74 0.8946
M14 —6.48 0.2376 - -
M15 —6.91 0.9397 —11.02 0.9221

“-“—measurement could not be performed.

Although the membrane M1 tested in EB1 showed linearity in the range ([Fe3*] =
1072-3.97 x 10°) mol L~! with a slope in good agreement with the theoretical Nernst
slope for trivalent cations (—20.53 & 0.63 mV per decade) and a high correlation factor
(0.9925), there is no satisfactory repeatability among the measurements which could be
caused by a periodic loss of contact between the sensor and the stainless-steel disc.

To ensure complete contact transfer, it was necessary to improve the adhesion of
the sensor with the conductor, which is made possible by a special graphite adhesive in
the EB2.

The sensor M1, which showed good results in the iron cation solution, was tested with
EB2. Figures 10 and 11 show the results of three tests intraday and three interday results.
Table 4 shows slopes, LOD, and LOQ values with correlation factors of each curve (C1,

C2, C3).

155 - = C1
b o C2

150 4 EX
A \-\_

145 S
- 2

140
> | .
£
= 135 1 R
m - 2 "
130 4 2. .
.

125 - T,
] A

120 4

115 . - ; : : - .

25 3.0 35 4.0
pFe

Figure 10. M1 intraday testing (1 = 3).
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Figure 11. M1 interday testing (n = 3).

Table 4. M1 intra- and interday testing results in EB2.

Intraday Results Interday Results
Slope + SD/ > LOD/ LOQ/ Slope + SD/ » LOD/ LOQ/
Curve mYV dec1 R mol L1 mol L1 Curve mV dec! R mol L1 mol L1
C1 —18.58 +1.99 0.9563 327 x107* 183 x 107 Cl(day1) —18.53 +1.83 0.9761 121 x107% 340 x 10*
C2 —19.421 £+ 1.70 0.9631 143 x 107* 586 x 107*  C2(day?2) —24.78 +1.87 0.9724 131 x 107* 443 x 1074
C3 —17.28 +1.04 0.9855 238 x107% 631 x107*  C3(day3) —19.4214+17 0.9631 143 x107* 586 x 107*

When comparing three consecutive measurements within one day, the graphical
representation of the curves shows obvious high repeatability. The membrane showed a
slope of —19.421 4+ 1.70 mV per decade with a correlation factor of 0.9631. The detection
limit is [Fe®*] = 1.43 x 10~* mol L' and limit of quantification [Fe**] = 5.86 x 10~* mol L.

The M1 tests between days also show high repeatability of results with slopes from
—18 £ 1.83 to —24 £+ 1.87 mV per decade and correlation factor of from 0.9631 to 0.9761.
The detection limit is [Fe>*] = (1.21 x 107%-1.43 x 10™%) and limit of quantification
[Fe3*] = (3.40 x 1074-5.86 x 10~4) mol L.

From the graphs, it can be seen that the repeatability of the results is much better
with EB2. As the results of the M1 membrane test showed the expected response, further
experiments were carried out with this sensor only.

3.3. Electrode Selectivity

Table 5 shows the studied interferences with calculated selectivity coefficient values.

Table 5 shows that the values of the selectivity coefficients are very low, indicating
high electrode selectivity to ferric cations. Although the presence of aluminum is the
main interference for the determination of ferric cations, it is important to note that the
concentration of AI** in a solution must be at least 50.4 times greater than the concentration
of Fe3* to cause interference (at [Fe3*] =5 x 107* mol L™1).
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Table 5. Logarithmic potentiometric selectivity coefficient values of M1 membrane in Electrode Body 2.

Interfering pot

Species (B) logKFe3+,B
A13+ —0.74
Ba2* —1.16
C a2+ <—1.45
Mg?* —0.82

3.4. Determination of Iron(IlI) in Pharmaceuticals

To confirm the applicability of the sensor M1 in the determination of ferric cations in
the sample of unknown analyte concentration, it was tested in three different concentrations
of Fe®* standard solutions (Fe(NOj3); x 9 H,O) at pH = 1. Recovery investigations of
prepared membranes were done by using VWR 455532A iron standard for ICP and the
results are shown in Table 6.

Table 6. Determination of ferric cations in standard solution at pH = 1.

Added m(Fe3*)/mg Determined m(Fe3*)/mg Recovery (%)
0.84 0.85 101.2
1.68 1.65 98.2
8.37 8.28 98.9

Since membrane M1 showed high recoveries (98.2-101.2%) in ferric standard solutions,
the same sensor was used to determine Fe* ions in two different oxidized drugs. Samples
of Tardyferon® and Heferol® prepared by microwave digestion described in detail above
were analyzed potentiometrically for iron cations and the results were compared with
those obtained by ultraviolet-visible spectrophotometric analysis. The spectrophotometric
determination of iron cations was carried out by complexation with sulfosalicylic acid.
Results are shown in Table 7 with calculated recoveries.

Table 7. Determination of ferric cations in digested pharmaceuticals.

Determined m(Fe?*)  Determined m(Fe3*)

. o,
Pharmaceutical by M1/mg by UV/VIS/mg Recovery (%)
Tardyferon 0.925 0.938 98.6
Heferol 1.283 1.205 106.5

4. Discussion

The theoretical interpretation of the electrochemical behavior of precipitate-based ion-
selective electrodes is based on the fundamentals of solubility equilibria and precipitation
reactions at the phase boundaries of the electrode membrane. The fundamental reaction
considered in this work is the reaction between phosphate ions (PO4)3~ present in the
phase boundary between the membrane and the solution, and iron(III) cations present in
the solution.

At the beginning of the design of sensors for iron cations, it was necessary to determine
the appropriate composition of the three components of the membrane.

Fifteen different membranes were designed, each of which had a completely different
composition. M1-M5 sensors were designed by gradually increasing the charge carrier
ratio, M6-M10 sensors have the same ratio of FePO, and Ag,S but a reduced ratio of PTFE.
M11 and M12 sensors are without PTFE in their composition. M2-M11 sensors did not
show suitable behavior for trivalent cations. The main reason for the unfavorable behavior
of electrochemical potential is the absence of active centers on the membrane surface
(Fe(POy4)3). Although polytetrafluoroethylene is an insulator and could be considered as
interfering due to its inability to contact, the tests of M6-M10 membranes showed that
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reducing the amount of polytetrafluoroethylene did not improve the membrane behavior.
Also, the tests of M11 and M12 resulted in rupture of the membrane and its one-time use,
which is exactly the consequence of the absence of support. The M1 sensor is obviously
the perfect combination of the set of active sites, charge transmitters, and carriers that
provided a potential change as a function of the change in the activity of the iron cations in
accordance with the requirements of the Nernst equation. Positive slope values recorded
in a high percentage during the membrane test in ferric chloride solution could be due to
the backreaction of the membrane to chloride anions. None of the sensors showed any
response to phosphate anions, which is another indication that the M1 sensor is selective
only for ferric cations.

After determining the ideal membrane composition, two variants of the electrode
body were investigated, of which EB1 was presented in previous papers [4,5,27] and EB2
for the first time in this work. Both bodies were designed in our laboratory. Membrane
tests in both bodies showed results in the style of the Nernst equation requirements, such
that slopes in the range of —13.59 £ 0.54 to —24.78 & 1.87 mV per decade were recorded.
As explained in the Results section, the graphical representation of the M1 membrane test
in the EB2 body shows an almost complete overlap of the three curves (C1, C2, C3) of three
consecutive measurements, indicating high repeatability of the results within one day. The
curves showing test results within three consecutive days show slightly larger deviations
in the Ej value, but this is also to be expected. For this reason, when determining the
concentration of iron cations in a standard or in real samples, the calibration curve must be
prepared immediately before the measurement. The main disadvantage of the EB1 design
is the non-uniform charge transfer. Namely, since both the membrane and the contact plate
are in a solid-state and both have some non-uniformity at the microscopic level, in extreme
cases they may touch each other only at one point, while in the other case they may adhere
to each other completely. Since the silicone rubber that allows the membrane to be fixed
inside the body under the influence of acids can be damaged, it often happens that the
solution penetrates the space between the membrane and the stainless-steel disk, further
preventing their contact resulting in none or Sub-Nernstian slope. The conductive graphite
adhesive used in the construction of the EB2completely eliminates the aforementioned
problem. Other advantages of the EB2 are: minimal saturation, increase in the working
area of the sensor, the impossibility of replacing the working and adhesive sides of the
membrane as it is solid, no need for special construction of the cell in which the electrodes
are located, and general handling is much easier.

The iron ion-selective electrode (M1) described in this work with the possibility of
application in two different electrode bodies (EB1 and EB2) showed a linear response
towards iron cations in the range [Fe3*]1=3.97 x 10" mol L™ — 1 x 1072 mol L~! with
a change of —20.528 4 0.63 mV per decade and a correlation factor of 0.9925. The sensor
showed high selectivity to ferric cations in the presence of numerous interfering species and
an average potential stabilization time of 20 s. The presence of aluminum cations caused
the greatest interference to the determination of iron cations, which was expected according
to the value of the solubility constant, Ksp, of aluminum phosphate, which is 9.84 x 10~2L.
However, it is important to emphasize that as mentioned in the Results section, when the
concentration of iron cations is 5 x 104 mol L~}, the concentration of aluminum cations
causing interference must be 50.4 times higher. Other cations (Ba2+, Ca?*, Mg2+) do not
cause significant interference and thus do not interfere with the determination of iron(III)
cations. The M1 detection limit is [Fe3*] = 2.41 x 10~> mol L~! and the quantification limit
is [Fe**]=3.97 x 10~ mol L.

Due to the recoveries of Fe3* determination in the standard solutions (98.2-101.2%), the
M1 membrane was tested in real samples and the potentiometric results were compared
with the UV /VIS spectrophotometry results. Recoveries of (98.6-106.5%) showed the
reliability of using this homemade sensor for real sample analysis.

The time that has passed from the first to the last testing of the M1 membrane was
around one year, so the conclusion is that lifetime of the sensor is from 10 to 12 months.
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5. Conclusions

The ion-selective electrode, M1 showed a high ability to determine ferric cations
in standard and pharmaceutical samples with recovery values ~100%. Not only the
possibility of using an M1 sensor in the real sample was reported but also high selectivity in
the presence of many interfering species. This low-priced sensor showed high agreement
with the requirements of the Nernst equation for trivalent cations. The potential change
was —20.53 + 0.63 mV per decade, with correlation factor R? = 0.9925.

In contrast to many expensive methods for the determination of ferric cations in a
sample, this method proved to be affordable and all sensor parts were manufactured
entirely in our laboratory, demonstrating the possibility of wide availability.

Sensor M1 proposed in this work is suitable for qualitative and semi-quantitative
analysis.
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Abstract: The advantages of microwave technology over conventionally conducted experiments are
numerous. Some of them are reduction in reaction time, a higher degree of process control, repeatabil-
ity, and work safety. Microwave synthesis routes require a complete description of the experimental
details, instrumentation, and design program of a microwave oven used in the experiments. In
this work, microwave-assisted hydrothermal synthesis of hematite (x-Fe,Os3) particles from 0.1 M
FeCl; solution in highly alkaline media with heating in a microwave oven at continuous microwave
emission of 800 W at 150 °C, 200 °C, and 250 °C for 20 min are presented. Also, the influence of the
percentage of the addition of a cationic surfactant, cetyltrimethylammonium bromide (CTAB) on
the composition, size, and shape of the final product was investigated. The samples precipitated at
150 °C formed a final product consisting of goethite («-FeOOH) and hematite particles in contrast
to the those precipitated at 200 °C and 250 °C where pure hematite phase was obtained. In these
synthesis routes, the CTAB caused to slow down the rate of the goethite-to-hematite transformation
process at temperatures at 200 °C but did not affect the transformation at 250 °C.

Keywords: microwave-assisted synthesis; hematite; x-Fe,O3 particles; goethite; x-FeOOH particles;
cetyltrimethylammonium bromide; FI-IR spectroscopy; powder X-ray diffraction; FE-SEM

1. Introduction

During the last decades, microwaves have been studied as a source of energy for
chemical reactions and processes, mainly for organic synthesis pathways rather than
inorganic ones. Although the number of papers dealing with the microwave-assisted
synthesis of inorganic nanomaterials has been extensive since the 1990s in all classes of
functional materials such as metals, oxides, sulfides, phosphates, and halides, microwave
synthesis is not yet where it belongs in science [1]. Advantages of microwave technology
over conventionally performed experiments are numerous and well known. Some of them
are reducing reaction times and energy costs, suppression of side reactions and, hence,
improvement in product yield, purity, better material properties, a higher degree of process
control, repeatability, and safety [1,2]. All advantages of microwave technology can be
attributed to the efficient internal heating (in-core volumetric heating) by direct coupling of
microwave energy with the molecules (solvents, reagents, catalysts) so that the temperature
rise is uniform throughout the sample [3].

In many publications, the microwave systems used are usually insufficiently described
and details regarding the experimental conditions are relatively scarce. Essential reaction
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parameters, such as the power used in the experiments or the temperatures reached, are not
given, which is mainly due to the use of domestic microwave ovens. Namely, a domestic
microwave oven cannot provide the required information because the irradiation power is
controlled by on-off cycles of the magnetron. Therefore, it is not possible to reliably monitor
the reaction temperature. Many published papers describe only “full power” or 2.45-GHz
power specifications, and very few published synthesis routes can be repeated. There are
no literature data on the repeatability of synthesis products prepared using microwave
techniques. Reactions carried out in this way cannot be compared with literature data, so
such procedures cannot be recommended for scientific purposes, nor can they guarantee
the safety of the work. Schiitz et al. discussed the difficulty of direct comparison of
conditions performed by microwave-assisted synthesis methods [4]. Microwave synthesis
routes require a detailed description of the experimental procedure, such as the apparatus,
reaction protocol, instrumentation, and design program of a microwave oven used in
experiments. The only disadvantage of microwave technology is the high capital cost of
professional chemical microwave systems. Modern professional microwave reactors allow
autoclave process conditions of 300 °C and 100 bar under carefully controlled and safe
operating conditions, with the continuous rotation of samples within the cavity and the
possibility of mixing samples within a reaction vessel [2]. These systems allow temperature
measurements directly in the microwave field by IR sensors or in the reaction mixture
using fiber optic sensors and software that enable temperature control by regulating the
microwave power with faster temperature rise and cooling [5].

Iron oxyhydroxides and oxides are widely spread in our environment, while synthetic
iron oxides are heavily used in advanced technologies. For this reason, the synthesis of iron
oxides is a well-investigated scientific topic. Hematite («x-Fe,O3) and goethite (x-FeOOH)
are the most studied materials due to their diverse applications in many scientific and
industrial fields, e.g., as inorganic pigments [6,7]; adsorbents for wastewater treatment [8,9];
abrasives [10]; gas sensors; catalysts [11]; electrochemical sensors [12,13]; and precursors
in the manufacture of electronic, magnetic, or optical devices and medical diagnosis or
therapy [10,14-17]. The chemical composition, purity, morphology, and size of iron oxide
particles are the key features for their application. Each potential application requires
different properties of the particles, for example, a stable, switchable, magnetic state of iron
oxide particles is necessary for data storage applications, while the stability in the water at
pH 7 is crucial for the versatile biomedical applications [16]. The properties of iron oxide
particles mainly depend on the preparation method and experimental conditions of the
synthesis route. Due to the use of iron oxides in advanced technologies and because they are
non-toxic, biocompatible, and cheap to produce, scientists and engineers have investigated
various methods for the synthesis of precisely defined iron oxide nano/microstructures.
However, designing the iron oxide particles of defined size and morphology for targeted
applications is still a major research challenge. In their book, Yue et al. highlighted the
great challenge of how to efficiently synthesize iron oxides with controlled morphology,
size, and functionality and how to fundamentally understand the formation, growth
mechanisms, and structure of iron oxide particles [18]. Machala et al., in their review paper,
described parameters affecting polymorphous transformations of iron oxides, which is a
great challenge in the study of polymorphism of solid compounds [19].

Among the many available and widely studied methods for the synthesis of hematite
and goethite particles (e.g., sol-gel, microemulsion method, thermal decomposition, sono-
chemical techniques), hydrothermal techniques were the fastest, easiest, and most widely
used pathways for the preparation of these oxides. The hydrothermal routes under different
experimental conditions of pressure, temperature, pH medium, reaction time, precursor
type, and concentration are well investigated and reported in the literature [6,10,11,14,20—46].

As mentioned earlier, microwave-assisted hydrothermal techniques are still not well
investigated because of the high capital cost of professional chemical microwave systems.
There are many published papers in the literature describing the microwave-assisted
hydrothermal synthesis of iron oxide particles prepared using a domestic microwave oven,
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without specifying microwave instrumentation and experimental conditions [12,47-53] or
using microwave digestion systems, where the temperature reached is calculated by the
temperature/pressure ratio based on the steam tables [47,51-60]. Few published papers
described program details of a professional microwave oven, thus providing specific and
well-established experimental conditions that could ensure reproducibility [50,56,61-64].

In recent years, the influence of added polysaccharides [65,66], surface-active sub-
stances [42,67-73], soluble polymers, and biopolymers [18,20,44,72,74-76] was intensively
studied under the influence of various experimental factors in the abovementioned synthe-
sis for iron oxide nano/microstructures. The role of various additives in the synthesis of
iron oxide fascinates scientists because of the impact on the morphology of particles: both
on the internal properties of particles and the external parameters (e.g., particle morphol-
ogy, degree of particle aggregation, the size distribution of particles) and polymorphous
transformation pathways. Commonly, the additives are used in synthesis as a coating
material for particles to design their specific properties for targeted applications [45]. Cole
et al. showed the application and advantages of coated iron nanoparticles for magnetic
tumor targeting [77]. Kumagai et al. [78] described a simple route for the synthesis of
polyethylene glycol (PEG)-coated iron oxide nanoparticles featuring excellent solubility
and stability in an aqueous solution.

Microwave-assisted hydrothermal synthesis ensures rapid research of the influence
of various additives and their added amount in the synthesis mixture. In 2007, Zhu and
co-workers reported the microwave synthesis of Fe304 nanoparticles and ellipsoidal Fe; O3
nanoparticles with a nonionic surfactant, PEG [47]. Yang et al. published the microwave
synthesis of spherical nanoporous Fe3O4 nanoparticles, also with PEG [79]. Unfortunately,
none of the mentioned papers provided microwave instrument-specific experimental
conditions that can be easily replicated. Finding a microwave synthesis route that is fast
and repeatable could ensure that future studies change only one variable in the synthesis
route and examine its effects on the final product.

In this work, the microwave-assisted hydrothermal synthesis of the x-Fe;O3 and «-
FeOOH was carried out in a highly alkaline medium using FeCl3 precursor. The influence
of the added amount of cationic surfactant, cetyltrimethylammonium bromide (CTAB), was
investigated. Iron oxide particles synthesized under the specified experimental conditions
were in excellent agreement with the literature data. It was found that the control of the
experimental conditions can be performed effortlessly and rapidly using a professional
microwave oven.

2. Materials and Methods
2.1. Materials

All the required solutions were prepared by dissolving a certain amount of chemicals
in ultrapure water. Ultrapure water (declared conductivity of 0.04 S cm~!) was prepared
using the ultrapure water purification system Millipore Simplicity 185, Burlington, MA,
USA,; resistivity at 25 °C was 18.2 MQ cm L.

The following chemicals were used: FeClz-6H,O in reagent grade, NaOH (Kemika,
Croatia), and cetyltrimethylammonium bromide, CTAB (Alfa Aesar, Ward Hill, MA, USA).
Absolute alcohol, pro analysis pure, and 25% ammonium supplied by Gram-mol, Za-
greb, Croatia.

2.2. Synthesis

Precipitation experiments were performed at room temperature (RT) in alkali-resistant
plastic bottles to avoid contamination by dissolved silicon from glassware. All mixtures
were prepared by adding 4 mL of 1 M FeClj solution, 32 mL of water, and 4 mL of 8M
NaOH solution. For the samples that contained the addition of CTAB, different masses of
CTAB were added. After vigorous shaking of each precipitation mixture, the suspension
was transferred to a Milestone Teflon-lined, non-stirred pressure vessel. The samples were
heated for 20 min in a microwave oven (Milestone, FlexiWave SK15, Sorisole (Bergamo),
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Italy, direct temperature control monitor via microwave-transparent fiber optic sensor up
to 300 °C, magnetron frequency 2450 MHz, magnetron output 2 x 950 Watt, power supply
230V, 50-60 Hz) at the prevailing temperature according to a microwave oven program
with rotor twist on and continuous microwave emission at 800 W.

Immediately after the reaction time was completed, the autoclaves were cooled utiliz-
ing a cooling program of the microwave oven and left inside until the final temperature
in the vessels was 25 °C. The mother liquor was separated from the precipitate using the
ultrafast centrifuge (Beckman Avanti J-25, Indianapolis, IN, USA). The pH of the mother
liquor was measured using a pH meter Mettler Toledo, MP220, Columbus, OH, USA. The
precipitates were additionally washed with ultrapure water and ethanol to remove the
“neutral” electrolyte and dried in a vacuum oven, Thermo Scientific, 3608—-1CE, Waltham,
MA, USA at 60 °C overnight.

2.3. FT-IR Spectroscopy

A Shimadzu IR Prestige-21, FTIR-8400S spectrophotometer, Kyoto, Japan, was used to
collect the FT-IR spectra. Prior to the analysis, the samples were mixed with spectroscopi-
cally pure KBr (Alfa Aesar, Ward Hill, MA, USA) and pressed into pellets. All spectra were
processed by the Origin program [80].

2.4. Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) patterns were collected using a Malvern Panalytical
Aeris XRD diffractometer with CuK« (A = 1.5406 A) radiation, Ni filter, and solid-state
PIXcel3D-Medipix3 detector. The data were collected in the 26 range from 15° to 90° with a
step size of 0.022°, scan rate 39.53 s/°, %—inch divergence slit, and 13-mm beam mask. The
detector energy discrimination levels were adjusted to suppress the sample fluorescence.
The estimated mass fractions of the identified phases [81] were calculated by the Rietveld
algorithm [82] using the X'Pert HighScore Plus program [83]. A pseudo-Voigt profile
function and a polynomial background model were applied in the structure refinements,
whereas the isotropic vibration modes were assumed for all atoms. The crystallite sizes in
samples were calculated using the phase fit method (i.e., simultaneously with the Rietveld
refinements) based on the change of the profile widths, compared to a standard sample.

2.5. Field-Emission Scanning Electron Microscopy

The morphology of samples was studied using a thermal field-emission scanning
electron microscope (FE-SEM) JEOL JSM-7000F, Tokyo, Japan.

3. Results

The experimental conditions for the preparation of the reference samples and samples
prepared in the presence of the surfactant CTAB are shown in Table 1. The samples were
prepared at different temperatures with the same aging time, 20 min.

Table 1. Experimental conditions for iron oxide particles’ preparation.

1 M FeCl3 H,0 8M NaOH CTAB* CTAB*

Sample /mL mL /mL Ig 1% T/°C  t/min pH
RS1 4 32 4 150 20 13.39
RS2 4 32 4 200 20 13.51
RS3 4 32 4 250 20 13.35

S1 4 32 4 0.4 1 150 20 13.39
54 4 32 4 0.1 0.25 200 20 13.16
S5 4 32 4 0.2 0.5 200 20 13.11
52 4 32 4 0.4 1 200 20 13.46
56 4 32 4 1.0 2.5 200 20 13.35
S3 4 32 4 0.4 1 250 20 13.38
57 4 32 4 1.0 2.5 250 20 13.28

* CTAB (cetyltrimethylammonium bromide).
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3.1. Fourier-Transform Infrared Spectroscopy Features and Structural Characterization

The FT-IR spectra of selected reference samples and samples with the addition of 1%
CTAB in the precipitation mixture are shown in Figure 1.

RS1
1 ! !
n
2 3 3 ' .
) 0~ o r\%
S1 10 o
-+
| ! ! 1
nH = 1
2 & 3 g
) 0~ = [To} o
<+
RS2

Relative transmittance (%)

Wave number (cm™)

Figure 1. FT-IR spectra of reference samples and samples with 1% CTAB.

The reference sample RS1 and sample S1 with 1% CTAB, prepared at 150 °C, showed
the same IR bands typical of goethite and hematite. The in-plane bending band (SOH),
positioned at 893 cm !, and out-of-plane band (yYOH), positioned at 795 cm ™!, are typically
IR bands characteristic for «-FeOOH. The IR band recorded at 644 cm~! presented the
low-wave lattice mode of FeOg and its position was influenced by the particle shape [84] or
could be related to the interaction of Fe-OH groups with CI” ions [34]. On the other hand,
the IR bands at 536 and 461 cm ! indicated an «-Fe,O3 phase. As the IR active vibrations
of hematite are dependent on optical parameters and geometric shape [85], the shift of the
IR band at ~536 cm~! might have been due to the different geometric shapes of hematite
particles in these samples.

The results of the semi-quantitative phase analysis based on Hill and Howard formal-
ism [86] along with the refined unit cell parameters are compiled in Table 2.



Crystals 2021, 11, 383

60of 17

Table 2. Results of semi-quantitative phase analysis as obtained from Rietveld refinement against
PXRD data at RT (A = 1.5406 A). Ryp is the discrepancy factor that characterizes the quality of the
fit [87]. Standard deviations are given in parentheses.

Unit Cell Metrics
Phase
Sample o-Fe; 03 (s.g. R-3¢) o-FeOOH (s.g. Pbnm) Fraction (3;1))
(1]
a(A) c A) a(A) b (A) c ) (wt.%)
5034 (2)  13.748 (1) 40.8
RS1 9954 (6) 3.0204) 4606(5 592 8.93
51 50321 (3) 13.741 (1) 20.6 .
9.950(1)  3.020(4) 4.6049 (6) 79.4 :
RS2 5025(1)  13.725 (9) 100 8.97
. 5031(2) 13.7397 (5) 411 .
9.949 (9) 3.0193(2) 4.6016(3)  58.9 :
o 5031 (1)  13.7397 (5) 89.7 026
9.956 (6) 3.018(1) 4598 (1) 10.3 :
o 5031 (3) 13.7388 (9) 522 o
9950 (2) 3.0182(5) 45994 (6)  47.8 :
s 5.0325(1)  13.749 (5) 395 6.9
9.957 (1) 3.0204 (3) 4.6040 (4) 60.5 :
S7 50416 (1) 13.766 (5) 100 933
RS3 5.0355(1)  13.754 (4) 100 6.72
s3 5.0367 (4) 13757 (1) 100 6.69

PXRD patterns of the samples RS1 and S1 indicated a presence of orthorhombic,
goethite assembly (space group Pbnm) and rhombohedral, hematite phase (space group
R-3c¢) (Figure 2). However, the sample S2, with 1% CTAB addition, differed from sample
RS2 prepared at the same temperature, 200 °C. Namely, the FI-IR spectra of sample RS2
(Figure 1) and PXRD patterns (Figure 3) indicated the formation of solely hematite phase.
As opposed to that, the FT-IR spectra of sample S2 (Figure 1) showed IR bands that can be
assigned to both goethite phase (IR bands at 893 and 795 cm~!) and hematite phase (IR
bands at 546 and 471 cm ). The mixture of both Fe phases in sample S2 was evidenced by
the collected PXRD patterns (Figure 3). Reference sample RS3 and sample S3 prepared at
250 °C did not show IR bands at 893 cm ™! or 795 cm !, but very intense hematite bands
were observed at 546 and 471 cm~! (Figure 1). From the IR spectra and the PXRD pattern
(Figure 4), the presence of hematite as a single phase was evident in the reference sample
RS3 and sample with 1% CTAB addition, S3. The samples RS1 and S1, synthesized at
150 °C, differed in their composition ratio. Namely, the reference sample RS1 contained
~40 wt.% a-Fe,O3 and ~60 wt.% x-FeOOH, while sample S1, with 1% CTAB, contained
~20 wt.% «-Fe;O3 and ~80 wt.% a-FeOOH. Sample RS2, prepared at 200 °C, contained
solely o-Fe;O3 and sample S2, made at the same experimental conditions as RS2 but with
1% of CTAB addition, contained ~40 wt.% of o-Fe,O3 and ~60 wt.% of «-FeOOH phase
(Figure 3). Reference sample RS3 and sample S3, prepared at 250 °C, contained only the
hematite phase (Figure 4). A similar trend was observed in sample S7, with 2.5% of CTAB.
No impurities were detected in those samples. The values of crystallite sizes obtained from
the line-broadening analysis during the crystal structure refinements were in the range
between 24.6(1) and 81.0(1) for the x-Fe,O3 phase and 21.2(1) and 36.7(1) for the a-FeOOH
(Table 3).
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Figure 2. Final observed (red dots) and calculated (blue, solid lines) powder diffraction profiles for reference sample RS1
and sample S1 as obtained from the Rietveld refinement. The green and gray tick marks show the reflection positions of
a-Fe;O3 and «-FeOOH, respectively. The lower, black, solid lines show the difference profiles.
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Figure 3. Final observed (red dots) and calculated (blue, solid lines) powder diffraction profiles for reference sample RS2
and sample S2 as obtained from the Rietveld refinement. The green and gray tick marks show the reflection positions of
a-FepO3 and x-FeOOH, respectively. The lower, black, solid lines show the difference profiles.
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Figure 4. Final observed (red dots) and calculated (blue, solid lines) powder diffraction profiles for reference sample RS3

and sample S3 as obtained from the Rietveld refinement. The green and gray tick marks show the reflection positions of

a-Fe;O3 and «-FeOOH, respectively. The lower, black, solid lines show the difference profiles.
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Table 3. Results of crystallite size calculation as obtained from the phase refinements to PXRD data.

Crystallite Size (nm)

Phase Fraction

Sample _ N
P a-Fe; 03 (s.g. R-3¢) o-FeOOH (s.g. (wt.%)

Pbnm)
662 (1) 4038
RS1 29.7 (1) 592
o 637 (1) 206
212 (1) 79.4
RS2 395 (1) 100
65.7 (1) 41
52 36.7 (1) 58.9
23 (1) 89.7
54 355 (1) 10.3
o 387 (1) 522
26.4 (1) 4738
. 38.8 (1) 395
27.7 (1) 60.5
s7 246 (1) 100
RS3 81.0 (1) 100
s3 29.8 (1) 100

Figure 5 shows samples precipitated at 200 °C for 20 min, but with different additions
of CTAB in the precipitation system: reference sample, RS2, without CTAB addition; sample
54 with 0.25% of CTAB addition; sample S6 with 2.5% of CTAB added in precipitation
mixture. In these experimental conditions, without the CTAB addition, the final product
comprised pure hematite phase, as evidenced from the IR spectra of reference sample
RS2. Samples with the addition of CTAB (>0.5%) showed no difference according to FT-IR
analysis and had the same IR bands positioned at 893 em 1, 795em™1, 644 cm 1, 546 cm ™!,
471 ecm~! and 411 cm™! of similar intensity, characteristic for the mixture of hematite and
goethite phases. Sample 54, with the smallest amount of CTAB (0.25%), showed the same
IR bands but reduced in intensity. Sample 54 contained the largest proportion of hematite,
~90 wt.%, of the final product. On the contrary, the sample S6, with the highest content
of CTAB, comprised the smallest fraction of hematite, only 39.5 wt.%, of the final product
(Table 2). Figure 6 shows a comparison of IR and the PXRD data of the reference sample
RS3, synthesized at 250 °C, and the sample with 2.5% CTAB added to the precipitation
mixture, S7, indicating the formation of pure hematite phases.

3.2. Surface Morphology Imaging

FE-SEM image of reference sample RS1 (Figure 7a) shows the presence of nanorods
typical of goethite and irregular particles typical of hematite formed at high pH [22]. In the
presence of CTAB (sample S1, Figure 7b), an increased fraction of goethite nanorods and
smaller hematite irregular particles were visible. FE-SEM image of reference sample RS2
(Figure 7c) shows only the presence of irregular hematite particles, while in the FE-SEM
image of sample S2 (Figure 7d) goethite nanorods are also visible.
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Figure 5. FI-IR spectra of samples with different percentages of CTAB in precipitation mixture.
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Figure 6. Comparison of PXRD patterns and FI-IR spectra of samples RS3 and S7.
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5.0kV  X20,000

Figure 7. FE-SEM images of samples (a) RS1, (b) S1, (c) RS2, and (d) S2 recorded at magnification
of 20,000 x .

FE-SEM images of reference sample RS3 (Figure 8a) and samples S3 and S7 (Figure 8b—d)
show the presence of similar irregular hematite particles of about several tens of nm to
1 um in size. These images indicate an insignificant influence of the presence of CTAB
during high-temperature (250 °C) synthesis on the size and shape of hematite particles.

50KV X20000  1gm  WD9.7mm S 50KV X50000 100nm WD 9.7mm

Figure 8. FE-SEM images of samples (a) RS3, (b) S3, and (c) S7 recorded at a magnification of 20,000 %,
and (d) sample S7 recorded at a magnification of 50,000 x.
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4. Discussion

The formation of x-Fe,O3 particles obtained by the precipitation from FeCl; solution
by forced hydrolysis at elevated temperatures dissolved x-FeOOH particles and recrys-
tallizes «-Fe,O3 particles, as reported in the literature [22,25,34]. The syntheses reported
in these papers represent conventional hydrothermal routes in a gravity furnace under
extended reaction time, hours or days. Foreign species in precipitation mixtures for iron
oxide synthesis (i.e., anions, cations, or neutral molecules) can have two different effects:
They can change either the composition ratio of the final product (goethite/hematite) or
they can modify the properties of the final product [6]. The effect of the surfactant CTAB on
particle morphology has been studied in previous work using conventional hydrothermal
routes under extended reaction time [70].

In this work, we investigated a microwave-assisted hydrothermal accelerated synthe-
sis of a-Fe;O3 and a-FeOOH particles from FeCl; solution in a highly alkaline medium
at 150 °C, 200 °C, and 250 °C and 20-min reaction time. The effect of the percentage of a
cationic surfactant, CTAB, on the composition, size, and shape of the final product was
elaborated in detail.

Reference samples RS1-RS3 and samples S1-S3 were prepared as precipitated mixtures
of 0.1 M FeClj solution at pH values ~13 and heated at 150 °C, 200 °C, and 250 °C for
20 min in a microwave oven. Samples S1-5S3 in the precipitated mixtures contained 1%
CTAB. Reference sample RS1 and sample S1 prepared at 150 °C showed the same IR
bands, assigned to the formation of goethite and hematite phases. The PXRD patterns in
Figure 2 showed the mixture of x-Fe,O3 and a-FeOOH in both the reference sample RS1
and sample S1. According to the results of structure refinements, the reference sample RS1
and sample S1 differed in their composition ratio: The sample RS1 contained ~40 wt.%
a-FeyO3 and ~60 wt.% «-FeOOH, whereas the sample S1 comprised 20 wt.% o-Fe;O3 and
80 wt.% «-FeOOH. Therefore, it can be concluded that CTAB in sample S1 slowed down
the rate of the goethite-to-hematite transformation process. A complete transformation
of goethite to hematite phase was possible only at higher temperatures. In particular,
under hydrothermal conditions, above 150 °C, the formation of the hematite phase was
very fast [6]. The FI-IR spectra of the reference sample RS2 in Figure 1 and the PXRD
patterns in Figure 3 showed the formation of single-phase x-Fe,O3 after 20 min at 200 °C.
On the contrary, the sample S2, prepared with the same aging time and temperature as
the reference sample RS2 but with 1% CTAB addition, comprised the mixture of both
«-Fe;O3 and «-FeOOH phases. The mixture consisted of ~40 wt.% «-Fe;O3 and ~60 wt.%
«-FeOOH. Indeed, slowing down the rate of the phase transformation from goethite to
hematite induced by the CTAB addition followed a similar fashion as for the sample
S1. Furthermore, the synthesis of samples RS3, S7, and S3 showed that the addition of
CTAB did not affect the goethite-to-hematite transformation (see Figures 4 and 6). In these
samples, single-phase o-Fe;O3 precipitated in the nanometer range, as unraveled from the
PXRD line-broadening analysis.

Atyam et al. [88] described that the IR peaks at 536 and 468 cm~! corresponded
to Fe-O bonding of iron oxide for well-calcined particles appearing with the increase of
temperature, which was in excellent agreement with our study, as we can see the shift of
the IR band (Figure 1) compared to the samples prepared at 150 °C (sample S1) and those
prepared at 200 or 250 °C (samples S2 and S3). The FE-SEM analysis revealed that the
goethite particles in samples RS1, S1, and S2 were nanorods and the hematite particles in
all samples had irregular shapes and sizes in the range from ~10 nm to 1 um.

As mentioned in the Introduction, the microwave-assisted synthesis ensured a quick
investigation of the influence of various additives and their addition amount in the synthe-
sis mixture. In particular, the samples precipitated at 200 °C for 20 min, but with different
addition levels of CTAB in the precipitated system, from 0.25% in sample S4 to 2.5% in
sample S6 (Figure 5). The addition of less than 0.25% CTAB had no significant effect on the
goethite-to-hematite transformation process. However, higher additions of CTAB, from
0.5% to 2.5%, according to Table 2, indicated that as the amount of CTAB in the precipitated
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mixture of samples increased, the composition of goethite and hematite varied, resulting
in a smaller mass fraction of hematite phase in the final product. According to FE-SEM
images of samples RS3, S3, and S7 and results of PXRD line-broadening analysis, it was
concluded that CTAB addition had an insignificant influence on the size and shape of
hematite particles.

Based on this rapid and straightforward iron oxide preparation method, future stud-
ies will investigate the effects of other surfactants: anionic, cationic, or nonionic on the
precipitated mixture, with a strong emphasis placed on the reproducibility of the synthesis
data produced by microwave technology.

5. Conclusions

In this work, we reported the facile and fast microwave-assisted hydrothermal synthe-
sis of a-Fe,O3 particles from FeCls solution in highly alkaline media by heating at 200 °C
and 250 °C for 20 min. In these synthesis routes for hematite particles, it was proven that
0.25% of added CTAB slows down the transformation of goethite-to-hematite at 200 °C,
but any percentage of added CTAB had no effect on transformation at 250 °C. The shape of
the synthesized particles, goethite nanorods, and irregular hematite was about a few tens
of nm to 1 pm in size regardless of temperature or CTAB addition.
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Abstract: The solid-state ion-selective electrodes presented here are based on the FePO4:Ag,S:poly-
tetrafluoroethylene (PTFE) = 1:1:2 with an addition of (0.25-1)% microwave-synthesized hematite
(«-FepO3), magnetite (Fe3O4), boehmite [y-AIO(OH)], and alumina (Al,O3) nanoparticles (NPs) in
order to establish ideal membrane composition for iron(III) cations determination. Synthesized NPs
are characterized with Fourier-Transform Infrared (FTIR) spectroscopy, Powder X-Ray Diffraction
(PXRD), and Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS). The
iron oxides NPs, more specifically, magnetite and hematite, showed a more positive effect on the
sensing properties than boehmite and alumina NPs. The hematite NPs had the most significant effect
on the linear range for the determination of ferric cations. The membrane containing 0.25% hematite
NPs showed a slope of —19.75 mV per decade in the linear range from 1.2:107 to 1072 mol L™},
with a correlation factor of 0.9925. The recoveries for the determination of ferric cations in standard
solutions were 99.4, 106.7, 93.6, and 101.1% for different concentrations.

Keywords: potentiometry; nanoparticles; microwave synthesis; iron(IIl) cations

1. Introduction

The electroanalytical methods, with emphasis on ion-selective electrodes, are one of
the most rapidly developing detection methods due to the wide range of applications
and meet the requirements of sensitivity, selectivity, small size, ease of use, portability,
timeliness, and low cost. Ion-selective electrodes can determine the exact concentration
of the analyte over a wide concentration range, allowing the use of a single method to
determine the analyte in a variety range of samples without pretreatment of the sample
matrix [1,2]. Nanotechnology, i.e., the synthesis and usage of nanomaterials such as nan-
otubes, nanowires, nanofibers, nanorods, NPs, nanocomposites, and other nanostructures,
has recently emerged as one of the most exciting and rapidly developing areas of analyti-
cal and electroanalytical chemistry. Various nanomaterials, especially NPs with different
properties, have found a wide application in many types of electrochemical sensors [3,4].
An application of nanomaterials in chemosensors and biosensors is based on their specific
properties, especially the large surface-to-volume ratio, which favors stronger interaction
with analytes when nanostructures are part of the surface layer, as well as their good
conductivity, electrocatalytic activity, and high mechanical strength [5]. The performance of
sensor modification with NPs includes: (i) nanomaterials as solid contacts in solid-state ion-
selective electrodes, (ii) nanomaterials (or ionophore-modified nanomaterials) dispersed
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in ion-selective electrodes, and (iii) nanomaterial-based biosensors [4]. The metal oxide
NPs are widely used as sensor and biosensor modifications thanks to their catalytic and
conductive properties and their ability to roughen the conductive sensor interface. This
particular area of scientific research is constantly evolving [6,7]. Some of the properties
of these NPs depend mainly on their size, which can be controlled by different synthesis
methods, at the physical or chemical level [8]. Namely, numerous metal oxide NPs, i.e.,
manganese [9,10], titanium [11], zinc [12-14], cobalt [15], nickel [16], and iron oxides [13]
have been used in electrode modification processes.

Due to their biocompatibility and non-toxicity, the iron oxide NPs occupy a special
place in improving the properties of electrochemical sensors. Moreover, these NPs are
easy to produce and offer a wide range of biomedical applications, especially hematite and
magnetite [1,6]. The iron oxide NPs are used as sensor modifiers for the determination
of various analytes, such as hydrogen peroxide [17], glucose [18], Pb, Zn, Cd [19], C1[13],
F [20], nitrites [21] and some organic compounds [22-24]. The technology of iron oxide NPs
synthesis has been highly developed and brought to a level where it is possible to obtain
the desired phase and size of NPs by defining the synthesis process [25].

Although boehmite and alumina NPs are not so commonly used as electrochemical
modifiers, the nanoporous electrochemical sensors based on alumina membranes have
been recently used as biosensors. These types of modified sensors are used to detect viruses,
proteins, and pathogens with exceptional sensitivity [26].

Iron is recognized as an essential nutritional element for all life forms. It is found as
a cofactor in various enzymes and is very important for oxygen transport and electron
transfer in the human body. Although the daily requirement of iron for humans is set
at 8-18 mg, iron has been found to be toxic in an excessive concentration due to its pro-
oxidant activity. Accordingly, it can be concluded that iron can be both essential and toxic
to human health depending on the concentration [27]. Due to these facts, it is extremely
important to develop a new, simple, relatively fast, inexpensive, and reliable method for
the determination of iron content in food products, beverages, and food supplements.

Among different types of potentiometric sensors used for ferric cations determination,
most of them are based on conductive polymers [28-35], carbon materials electrodes [36,37],
and to a small extent with those based on iron salts [38]. Silver sulfide was used as a
conductor in Ref. [38], where ferric cations were incorporated in membrane composition,
unlike the Ref. [39] where Ag,S-CuS mixture was used.

In this work, we investigate which type of NPs is the best suited to improve the detec-
tion properties of the ion-selective electrode for iron(IlI) cations. The miniaturized electrode
based on the ferric phosphate (FePOy), Ag,S, and PTFE described in previous work [40]
was modified with the hematite, magnetite, boehmite, and alumina oxide NPs, and their
influence on the detection limit and sensitivity of the electrode was studied. Ferric-selective
electrodes constructed from sparingly soluble salts that had been reported before showed
linearity (1-1075-1-1072) mol L~! [38,39] with a limit of detection of 5.1-10~® mol L~! [38].
The synthesis process of hematite NPs used for electrode modification is described in
detail in [25], while the synthesis of magnetite, boehmite, and alumina NPs is presented
below. This work, with a detailed description of synthesized NPs as modifications for the
ion-selective electrodes, is a great step forward compared to previous research.

Ion-selective electrodes are often modified with different types of metal nanomaterials,
which is a combination of the simplicity of the potentiometric technique with the improve-
ment of the sensor properties by their modernization with nanostructured materials, thus
combining the advantages of these two scientific fields, which is the object of our research
and thus, this paper.

2. Materials and Methods
2.1. Al and Fe-Based NPs Synthesis

All solutions used for the NPs synthesis were prepared by dissolving a precisely
weighed mass of a required solid chemical in ultrapure water that was prepared using
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the Millipore Simplicity 185 purification system (Millipore, Burlington, MA, USA) with
a resistivity of 18.2 MQ cm™! at 25 °C. Mixtures of the corresponding chemicals were
prepared at room temperature (RT) in plastic cuvettes and, after mixing, transferred to a
non-stirred Milestone Teflon-lined pressure vessel (vessel volume up to 100 mL; maximum
pressure of 100 bar and temperature of 300 °C). The samples were heated in a microwave
oven (Milestone flexiWave SK15, Milestone, S.1.1., Sorisole, Italy) equipped with the ATC 400
sensor. The ATC sensor allows direct temperature control via microwave transparent fiber
optic sensor up to 300 °C; magnetron frequency 2450 MHz; magnetron power 2 x 950 Watt;
power supply 230 V, 50-60 Hz,) at the prevailing temperature according to a microwave
oven program with the rotor turned on and continuous microwave emission at 800 W.
After the reaction time, the obtained precipitates were centrifuged (Beckman Avanti J-25,
Indianapolis, IN, USA) and washed several times with ultrapure water and ethanol. After
the first centrifugation cycle, the mother liquor was isolated, and the pH of the solution
was measured using a pH meter (MP220 Basic Mettler Toledo, Columbus, OH, USA). All
precipitates were dried in a vacuum dryer (Thermo Scientific, 3608-1CE, Waltham, MA,
USA) at temperatures that are listed in Table 1. In the case of alumina NPs, the precipitates
obtained after the microwave synthesis and vacuum drying were calcined in a furnace
(Vulcan A—550).

Table 1. Experimental conditions for boehmite and alumina NPs preparation.

01M o . Drying Calcination
Sample Al>(SOy4)3-18H,0 25% NHj, Tempoerature Tlr.ne Temperature Temperature pH
(mL) ()] (min) o o
(mL) “O “QO)
boehmite 24 ~3.7 200 30 100 —
alumina 24 ~3.7 200 30 100 800 9

Boehmite and alumina NPs were synthesized using the apparatus previously de-
scribed under the conditions summarized in Table 1. The boehmite NPs were prepared
using Aly(SO4)3-18H,0, p.a. (VWR chemicals, Radnor, PA, USA), dissolved in ultrapure
water. The 24 mL of the prepared solution was placed in a plastic cuvette and mixed with
ammonia (NHs, 25%, p.a., Gram mol, Zagreb, Croatia) was to tune the pH to 9. After mix-
ing the reactants, white milky precipitates were obtained. The reaction mixture was placed
in the microwave Teflon vessel and exposed to 200 °C for 30 min. The precipitates were
centrifuged and washed with ultrapure water and ethanol and dried in a vacuum at 100 °C
for 20 h. On the other hand, the alumina NPs were prepared by calcination at 800 °C for
4h.

The synthesis of hematite NPs incorporated in different proportions into the MN1,
MN2, and MN3 ion-selective membranes is described in detail in Ref. [25]. The mag-
netite NPs are synthesized by mixing iron(Il) chloride tetrahydrate (FeCl,-4H,0O, p.a.,
0.7952 g, VWR chemicals, Radnor, PA, USA), anhydrous iron(IIl) chloride (FeCls, p.a., 8 mL,
1 mol L™, Fluka, Charlotte, NC, USA), and ammonia (NH3, 25%, p-a., 54 mL, Gram mol,
Zagreb, Croatia). The mixed solution was then transferred to a Teflon vessel and heated
up to 200 °C for 10 min. After cooling, the precipitates were centrifuged and washed with
ultrapure water and ethanol. The synthesis conditions are summarized in Table 2.

Table 2. Experimental conditions for magnetite NPs preparation.

1M 25% . Drying
Sample FeCl; NH; FeCIf A;HZO Temgeé;ture (1;:11::; Temperature  pH
(mL)  (mL) 8 Je

magnetite 8 ~5.4 0.792 200 10 60 8.7
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2.2. Ion-Selective Membranes

The main components of the ion-selective electrode presented in this work, i.e., ferric
phosphate (FePOy), silver sulfide (Ag,S) and 4 different types of NPs, were preproduced
or synthesized in our laboratory. The procedure for the preparation of FePOy4, and AgyS
was described in detail in previous work [40]. The FePOy,, AgyS, Al, and Fe-based NPs,
polytetrafluoroethylene (PTFE, p.a.) (Alfa Aesar, Haverhill, MA, USA) were weighted
and pressed under 625 MPa for 2 h to form membranes weighing 500 mg with a 10 mm
in diameter. Once the membrane was prepared, it was inserted into the electrode body
and ultimately tested. The electrode body used in this work and represented in [40] was
made of an epoxy plate with the cooper layer responsible for charge transfer between the
membrane and cable connected to the millivoltmeter. Contact between the membrane and
the copper layer was ensured with a conductive graphite adhesive. The copper layer was
protected with a non-conductive varnish to avoid the influence of the testing solution. The
composition of 12 different membranes, with indicated percentages for every component
regarding total membrane mass, is shown in Table 3.

Table 3. Composition of the membranes for the determination of the ferric cation.

Membrane Mixture Composition (%)

Membrane NP Type
FePO; Ag:S PTFE ) . - .
Hematite = Magnetite =~ Alumina Boehmite

MNI1 25 25 50 0.25

MN2 25 25 50 0.5

MN3 25 25 50 1

MN4 25 25 50 0.25

MN5 25 25 50 0.5

MNG6 25 25 50 1

MN7 25 25 50 0.25

MNS8 25 25 50 0.5

MN9 25 25 50 1
MN10 25 25 50 0.25
MNT11 25 25 50 0.5
MN12 25 25 50 1

Membranes presented in Table 3 were tested in ferric nitrate nonahydrate [Fe(NO3)3-9H,0,
p-a.), (VWR chemicals, Radnor, PA, USA), solution at pH of 1 and 5. The pH value 1 was
adjusted with nitric acid (HNOj3, p.a. Merck, KGaA, Darmstadt, Germany), while pH
value 5 with acetic buffer prepared by mixing sodium acetate (CH3COONa, p.a., Kemika,
Zagreb, Croatia) and acetic acid (CH3COOH, p.a., VWR chemicals, Radnor, PA, USA). As it
was reported before, membranes with FePOy, Ag,S, and PTFE composition showed the
best response at pH =1 [40], and ferric selective electrodes modified with nanoparticles
of iron oxides showed the best response at pH = 5 [20]. The tests were carried out at
RT. Additionally, the possibility of quantitative application for some sensors was tested
in standard solution (BDH chemicals, VWR 455532A iron standard solution for ICP, p.a.,
Radnor, PA, USA). The reference electrode used in potentiometric measurements was a
double junction silver/silver chloride (Ag/AgCl) electrode (Reference plus, Mettler Toledo,
Columbus, OH, USA). Both electrodes were immersed in the testing solution, which was
positioned on a magnetic stirrer (Heildoph MR 300, Schwabach, Germany). The potential
change was recorded by a millivoltmeter (SevenExcellence, Mettler Toledo, Columbus,
OH, USA).

2.3. Characterization

The Al and Fe-based NPs were characterized by FIIR spectroscopy (Shimadzu IR
Prestige—21, FTIR-8400S spectrophotometer, Kyoto, Japan) and PXRD measurements
(Empyrean X-ray diffractometer with Cu K«1 radiation, A = 1.5406 A, Malvern Panalytical
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Ltd. Malvern, Worcestershire, UK). Samples were scanned over a 20 range between 10° and
75° with a scan step of 0.013°. Crystallite size information was extracted from the phase
fitting method based on the change in profile widths compared to a standard sample. For
insight into nanoparticles morphology, thermal field-emission scanning electron microscope
((FE-SEM), model JSM-7000F, manufactured by Jeol Ltd., Tokyo, Japan) was used, while
the composition of the samples was checked with an energy dispersive spectrometer (EDS,
model Oxford Inca 350, manufactured by Oxford Instruments, Abingdon, UK)

3. Results and Discussion
3.1. Bohemite NPs

The FTIR spectra of boehmite NPs is shown in Figure 1. The intense peaks located
at 3308 and 3088 cm ! originate from the O—H stretching, while the peak positioned at
1630 cm ! indicates the presence of adsorbed water [41]. Peaks at 1067 cmand 1159 em ™!
were characteristic for the symmetric and asymmetric Al-O—H bending, respectively,
while the Al—O vibrations were located at 737, 610, and 476 cm ™1 [42].
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Figure 1. The FTIR spectrum of boehmite NPs.

A single-phase PXRD pattern of boehmite preserves the crystal structure of or-
thorhombic y-AlO(OH) exclusively with Crmcn space group [43] symmetry (a = 2.8612(6) A,
b=12.244(7) A, c = 3.6841(8) A, and V = 129.06(8) A3, Ryp = 7.31%) as indicated from the
FTIR analysis and Rietveld refinement (see Figure 2). The value of the crystallite size
obtained from the line-broadening analysis performed during the Rietveld structure refine-
ments at RT was 11.7(1) nm.

Figure 3a,b shows SEM images of boehmite NPs. Magnifications from 20,000 x up to
33000 % are represented and nanosized, (<20 nm in diameter), needle-shaped particles are
visible under higher magnifications [44,45].
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Figure 2. The final observed (red dots), calculated (blue solid line), and difference (black solid line)
PXRD profiles of boehmite NPs at RT. The fitted background contribution is represented by the
lower green solid line. The upper green tick marks show the reflection positions of the orthorhombic
v-AlO(OH) phase.

SEI 10.0kV  X20,000 1um WD 10.0mm S 100kV  X33,000 100nm WD 10.0mm

Figure 3. SEM images of boehmite NPs at (a) 20,000 x and (b) 33,000 x magnification.

Figure 4 represents EDS data of boehmite NPs. The atomic ratio of 32% Al and 68% O
matches for y-AlO(OH) particles.

3.2. Alumina NPs.

The FTIR spectra of the alumina NPs (Figure 5) show the presence of adsorbed wa-
ter, as indicated by peaks located at 3451 cm~! and 1630 cm~!. The characteristic peak
at 1115 cm™! can be attributed to the AlI—O bond stretching. The peaks at 745 cm ™!
and 554 cm~! were attributed to the symmetric stretching and bending vibrations of the
Al—O-—Al bond, respectively [46].

The PXRD pattern (Figure 6) of the alumina sample shows an indication of the hexag-
onal Al,O3 formation. Undoubtedly, X-ray diffraction indicates the appearance of an
amorphous phase and a rather poor crystallinity of this sample.
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Figure 4. The EDS pattern of boehmite NPs. The results of the element analysis are shown in the inset.
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Figure 5. FTIR spectrum of alumina NPs.

The morphology of alumina NPs is shown in Figure 7a,b. Under a high magnification
of 50,000 x, as with the boehmite NPs, a needle-like structure is visible for the alumina NPs
as well.

The EDS spectrum of alumina NPs (Figure 8) shows a stoichiometric Al/O ratio almost

ideal for alumina. The absence of any other element besides aluminum and oxygen proves
sample purity.
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Figure 6. The final observed PXRD profile of alumina NPs at RT. The upper green tick marks show

the reflection positions of the hexagonal Al,O3 phase formation.

¥
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Figure 7. SEM images of alumina NPs at (a) 20,000 x and (b) 50,000 x magnification.
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Figure 8. EDS pattern of alumina NPs. The results of the element analysis are shown in the inset.



Sensors 2022, 22,297

90f17

3.3. Magnetite NPs

The FTIR spectrum of magnetite NPs is shown in Figure 9, indicating a characteristic
Fe—O stretching vibration located at 571 cm ™! [47].

Relative transmittance (%)
571 -

1622 -

T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wave number (cm™)

Figure 9. FTIR spectrum of magnetite NPs.

The PXRD pattern of magnetite NPs confirmed a formation of the phase pure sam-
ple. As obtained from the Rietveld structure refinement at RT (see Figure 10), the unit
cell metrics was assigned to cubic Fe3O, symmetry [48] (s. g. Fd-3m, a = 8.357(1) A,
V =583.56 A3, Rwp =5.32%). The crystallites of 14.2(1) nm were calculated to form the
line-broadening analysis.

|

Intensity (arb. units)

20(degrees)

Figure 10. The final observed (red dots), calculated (blue solid line) and difference (black solid line)
PXRD profiles of magnetite NPs at RT. The fitted background contribution is represented by the lower
green solid line. The upper green tick marks show the reflection positions of the cubic Fe3O4 phase.



Sensors 2022, 22,297 10 of 17

Figure 11a,b shows SEM images of magnetite NPs. Irregularly shaped aggregates are
visible on SEM micrographs of magnetite. The individual magnetite nanoparticles within
the aggregates are smaller than 20 nm.

SEI 100ky  X20,000 1um WD 10.0mm B SEl 100KV X50000 100nm WD 100mm

Figure 11. SEM images of magnetite NPs at a (a) 20,000 x and (b) 50,000 x magnification.

The EDS spectra of magnetite NPs (Figure 12), apart from the ideal ratio of iron and
oxygen for this type of NPs, do not show the presence of any impurities. The atomic ratio
for magnetite NPs was 54.82% of oxygen and 45.18% of iron.

Element Atomic %

O O 54.82

Fe 45.18
5
8
&
o
=]
e}
O

Fe
J ﬁ’\
T T T T
0 2 4 6 8 10
E (keV)

Figure 12. EDS pattern of magnetite NPs. The results of the element analysis are shown in the inset.
Hematite NPs complete characterization is reported in Ref. [25].

3.4. Membranes with Alumina, Boehmite, Magnetite and Hematite NPs

The response of a solid-state ion-selective electrodes is generally based on ion exchange
processes occurred between the solution phase and the solid phase of the sensor. Since
the membranes presented in this paper contain iron(III) phosphate, the reaction that takes
place on the surface of the membrane is:

Fe3™ (aq) (solution) +PO43™ (aq) (membrane) = Fe(PO4) (s) )
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Table 4 summarizes the most important features of membranes with the addition of
aluminum oxide and boehmite NPs in different percentages according to total membrane
mass. Results obtained for MN7 and MN8 membranes are from tests under strongly acidic
conditions (pH = 1), while results for MN10 were obtained under weakly acidic conditions
(pH = 5). The calibration curves for MN7, MN8, and MN10 membranes are represented in
Figure 13.

Table 4. Test results using membranes modified with boehmite and alumina NPs.

Slope Linear Range LOD

2
Membrane (mV dec1) (mol L-1) (mol L-1) R
MN7 —21.73 6.25-10~4-1-10"2 2.66-10~% 0.9635
MNS —18.37 7.81-1075-1-102 4871075 0.9774
MN10 —18.86 1.56-10~%-1.102 8.38:107° 0.9674
160
= MN7
) e MNB8
140 - MN10
120 4
=
)
= 100 -
I
80
60 -
1 1 1 1)
2.0 2.5 3.0 3.5 4.0 4.5

pFe
Figure 13. Potential change dependence of pFe evaluated for MN7, MN8, and MN10 membranes.

The MN7 membrane with an addition of 0.25% alumina NPs showed a linear response
to ferric cations in Fe(NOs); solution at pH 1. The recorded slope was —21.73 mV per
decade with a correlation factor of 0.9635. The addition of a larger amount of alumina NPs
in the MN8 membrane (0.5%) had a positive effect on extending the linearity range of the
membrane. Accordingly, the linearity of this membrane was measured in a concentration
range from 7.81-107° mol L~! to 1-1072 mol L~!. The slope obtained in the mentioned
concentration range was —18.75 mV per decade with a correlation factor of 0.9774. There-
fore, it is obvious that the increased content of alumina NPs had a positive effect on the
membrane properties, considering the increase of the linear dynamic range for the whole
decade as well as the sensitivity. The membranes MN7 and MN8 did not show signifi-
cant results at pH 5. On the other hand, the MN10 membrane with an addition of 0.25%
boehmite NPs showed linearity in the determination of ferric cations in the concentration
range of 1.56-1074~1-10~2 mol L~! with a slope of —18.86 mV per decade and a correlation
factor of 0.9674, while tested in acetic buffer at pH 5. The detection limit for this membrane
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was 8.38:107° mol L~!. Since the ideal slope for the determination of trivalent cations
according to the Nernst equation was —19.73 mV per decade, the slopes obtained with the
membranes MN7, MN8, and MN10 agreed quite well with the theoretical requirements.

A summary of test results for membranes containing iron oxide NPs is given in Table 5.
The membranes were tested in a precisely prepared Fe(NOs3)3 -9H;0 solution at pH 1 and 5.
The calibration curves for MN1, MN2 (pH = 5), and MN4 (pH = 1) membranes are shown
in Figure 14.

Table 5. Test results using membranes modified with magnetite and hematite NPs.

Slope Linear Range LOD 2
Membrane (mV dec1) (mol L-1) (mol L-1) R
MN4 —22.38 2.44.1076-1-102 1.85-107° 0.9853
MN1 —19.75 1.22:107°6-1.102 1.01-10~° 0.9925
MN2 —23,64 7.81-107°-1-102 4491075 0.9691
10 " MNI
140 - e MN2
i A
120 MN4
7 ®
100
80 —
’>\ .
& 60 —
N
B 40+
207
O —
=20
—40 — A
_60 | 1 1 I I 1 I | I

20 25 30 35 40 45 50 55 60 65 70

Figure 14. Potential change dependence of pFe evaluated for MN1, MN2, and MN4 membranes.

The MN4 membrane with 0.25% magnetite NPs showed linearity in the determination
of iron cations in the concentration range of 2.44-107° to 1072 mol L~! with a slope of
—22.38 mV per concentration decade and a correlation factor of 0.9853. The detection limit
for this membrane was 1.85-107® mol L~!. The MN1 and MN2 membranes contained
0.25% and 0.50% hematite NPs, respectively. The MN2 membrane, with 0.50% hematite
showed —23.64 mV per decade slope in the range from 7.81 x 10~ to 1072 mol L~! of
ferric cations concentration.

To obtain a better insight into the differences in the values of the limit of determination
and the sensitivity between the presented membranes, the results from the tables above are
also presented in the comparative bar graph (Figure 15).
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Figure 15. A comparative bar graph for LOD and sesnsitivity values fo MN1, MN2, MN4, MN?7,
MNS8, and MN10 membranes.

When analyzing the data from Table 5, the addition of 0.25% hematite had the greatest
effect on the extension of the linear dynamic range of the membrane as well as on the
detection limit, which plays an important role in this measurement method. As mentioned
before, an ideal theoretical slope for trivalent cations determination was established us-
ing the Nernst equation and was —19.3 mV per one concentration decade. Since MN1
membrane has a slope of —19,75 mV per decade, it is obvious that it is an ideal one. The cor-
relation factor was also very close to ideal value (~1) as R? = 0.9925. The detection limit of
1.01-10~° was approximately the lower limit of the potentiometry method. Since the MN1
sensor responded best to the determination of ferric cations, this membrane was verified by
the control experiments for the quantitative determination of ferric cations. Table 6 shows
the results of the test of MN1 membrane in iron standard (VWR 455532A, BDH chemicals,
plasma emission standard) at pH 5 with the calculated values using the calibration curve
E = —19.753pFe + 88.334 mV obtained just before the test in the standard solution.

Table 6. Test results for MN1 in standard solution for m(Fe3*) = 1.1169 mg.

m(Fe®*) = 1.1169 mg; E ,1c. = 23.1 mV

1st Cycle 2nd Cycle 3rd Cycle Average
E(measured) (MV) 23.3 23.1 22.8 23.07
m(Fe>") measured (ME) 1.1394 1.1169 1.0749 1.1104
recovery (%) 102.01 100 96.2 99.4

The measurements for the same concentration of ferric cations are repeated three times
intraday, and the arithmetic middle of these measurements showed a rather high recovery
value of 99.4%

After testing in a laboratory prepared Fe(NOj3); solution, the MN1 membrane was
tested in an iron standard solution using sequential dilution method and obtained calibra-
tion curve (Figure 16) was used to verify the possibility of a quantitative application of the
proposed membrane (Table 7).

The slope recorded during MN1 testing in iron standard solution was —14.405 mV
per decade with 0.9931 correlation factor. The linear range was 2.44 x 107—10"2 mol L~!
ferric cations concentration.

The high arithmetic recovery values listed in Table 7 confirm the possibility of using
the MN1 sensor for the quantitative determination of ferric cations. The lowest recovery
value (among arithmetic values of three measurements), obtained for 1.1169 mg of analyte
in solution was 93.6%. However, it is also important to consider the reproducibility values
in the context of the agreement of the potential of the calculated and measured values.
Evidently, the difference of only 0.4 mV between calculated and measured potential change
causes 6.4% uncertainty if analyte masses are compared in solution. Thus, there is a big
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difference in results interpretation according to ion charge number, and this must be taken
into account when considering the effectiveness of a particular sensor. This sensor showed
a limited lifetime of approximately one month. During testing processes, the changes in
potential as a function of the changing concentration of ferric cations and reading times of
potential were recorded. The approximate time for reading was 30 s.

130
3
120
110
—_ n
> 100 4
g
2]
90
]
80 -
70 < u
T T T T T T T

2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
pFe
Figure 16. Potential change dependence of pFe evaluated for MN1 membrane in standard solution.

Table 7. Test results for MNT1 in standard solution for m(Fe3*) = 2.238 mg, m(Fe3*) = 1.1169 mg and
m(Fe3*) = 0.2234 mg.

m(Fe3*) = 2.2338 mg; Ec = 106.8 mV

1st Cycle 2nd Cyle 3rd Cycle Average
Eheasured (MV) 108 107 106.4 107.1
m(Fe**) measured (ME) 2.7213 2.3193 2.1072 2.3826
recovery (%) 121.8 103.8 94.3 106.7
m(Fe3") = 1.1169 mg; Eyje. = 102.4 mV
1st cycle 2nd cycle 3rd cycle average
Eneasured (MV) 102.5 102 101.5 102
m(Fe>") measured (ME) 1.1297 1.0429 0.9628 1.0451
recovery (%) 101.1 93.4 86.2 93.6
m(Fe3*) = 0.2234 mg; Eyie. = 92.4 mV
1st cycle 2nd cycle 3rd cycle average
Eeasured (MV) 929 92 924 924
m(Fe3") measured (Mg) 0.2435 0.2109 0.2234 0.2259
recovery (%) 109.0 94.4 100 101.1

3.5. Surface of an lon-Selective Membrane

Figure 17a,b represents the morphology of the tested MN1 sensor. At 500x mag-
nification, a very heterogeneous surface is noticeable, unlike one that could be seen by
an eye. Lines visible under 500 x magnification are the result of membrane polishing.
In addition, the PTFE, since it is an insulator, interfered with the resolution quality when
recording large magnifications. Different sizes and particle agglomerations are noticeable
at 10,000 x magnification.
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10.0kV  X10,000

Figure 17. SEM images of MN1 membrane surface at a (a) 500x and (b) 10,000 x magnification.

4. Conclusions

Boehmite and alumina NPs as well as magnetite and hematite, were synthesized
under very precise conditions and characterized by FTIR and PXRD followed by Rietveld
analysis to determine the structural and microstructural features. Additionally, the samples
were characterized by FE-SEM and EDS to determine the shape of the particles. Not only
detailed synthesis and characterization of NPs was represented but also the possibility of
their application in the modification of the ion-selective electrode. As reported in previous
work, membranes with only three main components; FePO,, Ag,S, and PTFE showed a
smaller linear range for ferric cations determination in regard to membranes enriched with
specific NPs types. Electrodes with an addition of alumina and boehmite NPs showed
less desirable results in comparison to the results obtained when testing sensors were
modified with hematite and magnetite NPs. The results of testing the MN1 membrane
having composition FePO4:Ag,S:PTFE = 1:1:2 with the addition of 0.25% hematite NPs,
particularly stand out. The slope of —19.75 mV per decade and 0.9925 correlation factor
are in almost ideal agreement with the requirements of the Nernstian equation for the
ion-selective electrodes for trivalent cations. The detection limit of 1.01-10° mol L1 is
very close to the lower detection limit of ion-selective electrodes. Recovery values for ferric
cations determination were 99.4% for the membrane when calibration curve was performed
in Fe(NO3) 9H,O solution and 106.7%, 93.6%, and 101.1% when calibration curve was
performed in standard iron solution. Such high values prove the possibility of quantitative
determination of analytes in a wide range of concentrations. The lifetime of sensors was
approximately one month with only 30 s of detection time. This way, a new homemade
membrane for an ion-selective electrode was constructed and presented.
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