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Abbreviations

CGE - Conventional Glass Electrode

ED — Electrodeposition

IE — Indicator Electrode

IrOx - Iridium Oxide

IUPAC — International Union of Pure and Applied Chemistry

LDso — Lethal Dose, the average dose of the compound that causes the death of half of the members of
the test group.

MOx — Metal Oxide

MS — Magnetron Sputtering

Nafion — Nafion™

OMC — Ordered Mesoporous Carbon
PVDF - Polyvinylidene Fluoride

RE — Reference Electrode



Introduction

pH is one of the essential parameters in water and food quality control. The pH value influences many
chemical and biological reactions during food processing and fermentation processes. The common
potentiometric method that is embodied in pH meters is an inexpensive, easy, and fast way of pH
measurement. Nevertheless, in many food-processing operations pH control is still carried out offline
(Figure 1). The conventional glass electrode (CGE) is not suitable for inline use: its fragility can result in
contamination of water or food with dangerous glass fragments.

Online

—
it
S - 1

Atline Offline

Figure 1. A measuring device can be applied to an industrial line in the following ways: (i) inline —when the entire flow is
evaluated; (ii) online — when some amount of the flow is directed to a small tube with a build-in measuring device and (iii);
offline —when a small amount of the flow is directed toward a faucet allowing to collect a sample for further investigating

by a researcher or a machine (atline) (reproduced from [1]). At present, offline pH measurement is the dominant way to

measure pH.

The modern alternatives to the CGE are proton sensitive all-solid-state metal oxide sensors, among
which ruthenium dioxide (RuO,) electrodes are the most promising. RuO, electrodes have such
advantages as high pH sensitivity, mechanical durability, and low cost. Nevertheless, all ruthenium
compounds are considered toxic and cancerogenic. To overcome this problem a partial replacement
of RuO; by the much less toxic and less expensive copper oxide is proposed in this thesis.

The main objective of this work was to investigate the applicability of RuO,-based electrodes for pH
measurement in beverage samples as an alternative to a conventional glass electrode. Main aims of
the work included determining electrochemical characteristics of RuO,-based electrodes and their
performance in real-life aqueous samples. Furthermore, this work aimed to compare the
abovementioned parameters to those of CGE.

The thesis consists of 4 parts. 1. Literature overview describes the potentiometric method used for pH
measurement, working principles of the CGE and RuO; electrode. The main objectives of the study are
listed in 2. Aims of the work. Chapter 3. Materials and methods contain the information about used
equipment and chemicals and describe the main methods: screen-printing method, that was applied
for fabrication of electrodes, and the standard potentiometric method, the pH measurements were
performed by. For the convenience of perception of information, 4. Results and discussion have been
united into one chapter, that contains both the received data and an explanation of it.

As a result of the current work, the novel binary ruthenium oxide-copper oxide electrodes that have
not been investigated and described before were developed. The developed electrodes have
electrochemical characteristics similar to that of pure RuO; electrodes and a CGE. Furthermore, binary
electrodes reported in this work showed better performance in beverage samples compared to that
of the pure RuO; electrodes.



1. Literature overview

1.1. What is pH

According to the International Union of Pure and Applied Chemistry (IUPAC), pH is one of the most
frequently measured physicochemical quantities[2]. The measurement and control of the acidity of a
sample are essential in a wide range of processes, including food production and quality control. pH
value can be a mark of protein denaturation[3], growth and mortality of microorganisms[4][5], the
germination or inactivation of bacteria spores[6][3]. High pH values can indicate the poor structure of
meat[7] or long storage and therefore spoilage of fish[8]. Increased pH value of milk can indicate
inflammatory infection of cows[9].

The concept of pH is unique in the sense that it is based on the quantity of a single ion present in an
analyte. IUPAC defines pH in terms of the activity of the hydrogen ions (H*) in solution as follows[2]:

My+Y, g+
pH = pay+ = —lg(ay+) = —lg(—"—) (1)
where p is interpreted as an operator (px = —lgx), ay+ is the activity of hydrogen ions in an aqueous

solution (H*q)), ¥ g+ is the activity coefficient of H*(q) at molality my+., m? is the standard molality,
1 mol kg™.

1.2. Potentiometric method of pH determination

IUPAC has developed recommendations for procedures related to pH measurement in dilute aqueous
solutions in the temperature range of 5-50°C[10]. According to IUPAC recommendations, routine pH
measurement is carried out by the potentiometric method in an electrochemical cell containing a glass
electrode serving as a combination of an indicator electrode and a reference electrode. The
conventional glass (CGE) electrode is described in section 1.5. The working principle of the conventional
glass electrodeCertified buffer solutions should be used for calibration of the glass electrodes used for
pH measurement[10].

Potentiometry is a versatile analytical method that allows simple and rapid analysis of various
samples[11]. It is based on the measuring of the potential of the electrochemical cell with low current
applied[12]. The electrochemical cell for the determination of the activity of H" ions consists of (i) a
measuring device (e.g., potentiometer), (ii) two electrodes: indicator electrode (IE) and reference
electrode (RE), and (iii) electrolyte (analyte solution) through which ions are conducted (Figure 2).
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Figure 2. The electrochemical cell for the determination of the activity of H*ions consists of a potentiometer (V)
and two electrodes: hydrogen-selective indicator electrode (green) and reference electrode (blue), and analyte
solution through which ions are conducted (adopted from[13]).

The potential of the potentiometric cell (Ecen) is a difference between the potential of IE and RE:
Ecel = Eind — Erer (2)

where, Einq is the electrochemical potential of the reaction taking place on the indicator electrode, V;
Erf is the electrochemical potential of the reaction taking place on the reference electrode, V.

In general terms, the redox reaction taking place on the electrode can be represented as follows:
At +ne 2 Areq (3)

where Ao is the oxidized form of the element, A4 is the reduced form of the element, and n is the
number of electrons or participating in the electrode reaction.

The potential of any electrode (E) depends on the activity of the ions participating in the electrode
reaction according to the Nernst equation[12]:

(4)

where, E° is standard electrode potential’, V; n is the number of electrons or participating in the
electrode reaction; R is the universal gas constant (R = 8.314 J/(K-mol)); T is absolute temperature, K; F
is Faraday constant (F = 96485°C/mol); aox, and areq are the activities of the oxidized and reduced forms
of the electrode material respectively, mol/L.

After substituting constants, at room temperature (T = 21°C or 294°K) Nernst equation takes the
following form:

1 Standard potential is a measure of the individual potential of a reversible electrode (in equilibrium) in a standard state (concentration 1
mol | 7%, pressure 1 atmosphere and temperature 25 °C).



0.0584 a
+ g (5)
Ared

E=E°

Therefore, knowing what electrochemical process takes place on the electrode and measuring the
potential it is possible to find activities of the ions participating in the process. If hydrogen ions
participate in the reaction, it is possible to measure H*-ions concentration (activity) and therefore the
pH value of the solution.

1.3. Indicator electrodes

An indicator electrode is an electrode, the potential of which depends on the activity (concentration)
of the detected ion in the analysed solution[12]. There are two groups of indicator electrodes: metallic
electrodes and membrane electrodes. For the metallic electrodes, the potential appears as a result of
an electrochemical reaction involving the electrode’s material (e.g., for a Cu, Ag, Pb[12]). Since the
electrochemical reaction taking place involves electrons such electrodes have electronic permeability.
For the membrane electrodes, the potential is a result of ion-exchange reaction at the
electrode/solution interface, electrodes have ionic permeability[11]. The classification of the working
principle of the indicator electrodes is presented in Table 1.

1.4. Reference electrodes

A reference electrode provides a stable potential that is independent of the composition of the
analysed solution. A reference electrode must be chemically stable and should not affect the probe. Its
potential should not change with the current.

The most suitable ones for being reference electrodes are the electrodes of the second kind? (Table 1).
For example, a conventional pH probe embodies an Ag/AgCl reference system[14] that consist of an Ag
wire, poorly soluble AgCl and a chloride-containing electrolyte solution. The potential of this electrode
depends on the concentration of the chloride ions but does not depend on the pH value of the
solution[12]. Therefore, the potential of Ag/AgCl electrode stays stable in the solutions with different
pH making the electrode suitable to be a reference electrode for pH measurements.

In potentiometric pH measurement, the reference electrode is usually grounded and its potential is
considered zero. Therefore, the potential of an electrochemical cell is equal to the potential of the
indicator electrode as can be seen from equation (2).

2 An electrode of the second kind is an electrode, consisting of a metal covered with a slightly soluble salt of
this metal immersed in a solution containing the same anion as the salt[12].
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Table 1. Classification of the indicator electrodes[11][12].

Electrode type Description Examples
) . . Ag*|A
The first kind pure metallic electrodes g2+| &
" Zn**| Zn
] . a metal covered with its slightly soluble salt immersed in a solution Cl|AgCls),Ag;
B | Thesecond kind < > SHgNtly _| gClis),Ag
s containing the same anion Cl"|Hg2Clzs),Hg
% Red/Ox electrodes inert electronic conductor (e.g. Pt, Pd, Au) immersed in a solution Fe3*,Fe?*|Pt;
o containing a Redox pair of an element MnOa,MnQ4% | Pt
= . a layer of metal oxide (or a mixture of metal oxides) on conductive OH"|HgO,Hg;
o Metal oxides Y ( ) _I g-,ns
s substrates OH"|Sb203,Sb
a Pt wire immersed into a solution of an acid through which gas is H*|Hz,Pt;
Gas electrodes X
flown Cl-|CI%,Pt
glassy (non-crystalline) membrane typically based on silicon oxide
Glass electrode network that is doped with a relatively high concentration of Li.O conventional pH glass electrode
and/or Na20
o Solid membrane a membrane of slightly soluble crystalline material with an ionic membrane based on AgCl
3 electrodes conductivity type membrane based on CuS
- . traditionally membrane is made from a simple organic highly viscous . . .
‘8 Liquid and polymeric L. y . . P . g gnly . Valinomycin (K*-selective) membrane
< liguid embedded in a porous matrix, nowadays it is replaced with a . . N .
Y membrane electrodes Nonactin/Monactin (NH4* selective) membrane
g polymers
‘8’ lon-exchanger-based liquid polymeric membranes that exhibit ion-exchanger properties so (tridodecylmethylammonium chloride (anion-selective)
E electrodes g that the concentration of analyte in the membrane phase remains potassium tetrakis (4-chlorophenyl) borate (cation-
g approximately constant as the sample concentration is changed selective)

Gas sensitive
electrodes

gas-permeable membrane

microporous Teflon membrane with an inner solution
containing bicarbonate salt (CO2 sensitive)

Enzyme electrodes

membrane with an incorporated thin layer of enzyme

a biosensor with immobilized urease at an ammonium-
selective electrode (urea-selective)
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1.5. The working principle of the conventional glass electrode

The glass electrode is one of the ion-selective membrane electrodes. Its potential linearly depends on
the logarithm of the activity of hydrogen ions. The electrode has a glass membrane, that is permeable
only to H* ions. The typical thickness of the membrane is in the range between hundreds of
micrometres to one millimetre[11].

A modern glass pH electrode is a combination electrode that integrates indicator and reference
elements in the same body (Figure 3a). Generally, both electrodes are metal electrodes, consisting of
silver wire covered with silver chloride that is immersed in a solution containing chloride ions (slightly
acidic (pH ~6) pH buffer for indicator electrode, and KCl electrolyte for the reference electrode[11]).

Ag/AgCl Ag/AgCI
reference | reference wire

electrode wire ‘

reference
reference internal solution

internal solution

internal junction

electrolyte

Junction external junction

AgCl covered =

AgCl covered
silver wire

silver wire
glass membrane glass membrane

a) b)

Figure 3. Glass combination electrodes integrate indicator and reference elements in the same body: single-
junction electrode (a) has a junction that allows contact between the reference system and the sample solution
and double junction electrode (b) has an additional chamber that prevents contamination of the electrode
inner solution with the sample (adopted from [15]).

The combination electrode has a junction that allows contact between the reference system and the
sample solution. Under adverse conditions (high temperature, highly acidic conditions etc.), the
reference electrode can be contaminated with sample residues due to ingress of sample into the
reference compartment[16]. The double junction electrode (Figure 3b) has an additional chamber that
prevents contact between the electrode’s inner solution and the sample. This way the contamination
of the electrode is minimized, leading to a longer electrode’s life[17]. Such electrode is the most
popular solution for measurement in food samples.

The membrane of the glass electrode has to be soaked in water before the start of a measurement. In
contact with water, a gel-like hydrated layer (up to 100 nm[11]) is formed on the surface of the glass
(Figure 4). At room temperature, the swelling of the membrane takes up to 24-48 h[14].
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- > < >

Hydrated layer
(approx. 0.0001 mm)

Reference electrolyte £

acidic alcaline

Figure 4. When the glass electrode is placed into an aqueous media, a hydrated layer is formed on the surface
of the membrane of the glass electrode. Hydration of the glass membrane is accompanied by an exchange
reaction between cations of alkali metal in glass and protons in an aqueous solution. This reaction underlines
the pH response of the glass electrode (adopted from [14]).

Hydration of the glass membrane is accompanied by an exchange reaction between alkali metal cations
in glass and solution protons. The pH response arises due to this exchange reaction[12]:

H* + NatGlass 2 Na* + H*Glass (6)

In the case when H* ions activities are different on the different sides of the membrane, the potential
arises. This potential is the difference between boundary potentials on both sides of the membrane
(Figure 4):

E=Eout — Ein (7)

where E is membrane potential, Eoy and Ei, are the boundary potentials on the outer and inner sides
of the membrane. Since the activity of hydrogen ions in the internal solution of the glass electrode is
constant, the potential of such electrode becomes a measure of the activity of hydrogen ions in the
external solution[12]. Equation (5) for glass electrode takes the following form:

E = const + 0.0584 lgay+ = const — 0.0584 pH (8)

The const value includes the potentials of the external and internal reference electrodes and depends
on the type of glass and temperature[12]. This value changes in the process of electrode exploitation,
which is why glass electrode needs regular calibration. The factor before pH is called sensitivity and
describes how accurately the electrode works. The value 0.0584 V/pH (or 58.4 mV/pH) is theoretical or
Nernstian sensitivity for room temperature.

CGE have close to Nernstian pH response, high accuracy, and selectivity. These electrodes are stable
over a wide range of pH values and have a long lifetime. However, glass electrodes have some
disadvantages as well. Along with the need for regular calibration, CGEs have a large size, and it is hard
to miniaturize them. Corrosive environment, strong acids and bases can influence the stability of
electrodes. Moreover, the biggest issue is the mechanical fragility of glass electrodes; pollution with
glass shards is dangerous in the food industry.
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1.6. Solid-state metal oxide electrodes

A modern alternative to the glass electrode is the pH sensors based on the various metal oxides (MOx)
that exchange electric charge at electrode-electrolyte interfaces. MOx electrodes are not only stable
mechanically and chemically, but also show good performance in extreme conditions[18]. Such sensors
are fit for online monitoring and can be easily miniaturized for flexible systems[19].

The working principle of the MOx based electrodes is similar to the CGE and is based on the selective
response to the H* ions present in an electrolyte. Trasatti[20] suggested the most probable sensing
mechanism[6], according to which pH response arises due to the formation of the hydroxide layer by
dissociative adsorption of water. The mechanism will be described in detail in section 1.7.2. Working
principle of the ruthenium dioxide pH-electrode In general, the following reaction occurs on the surface
of MOx based electrode:

Me®04(OH)y + ne™ + nH* & Me®™0,_,(OH)y4py (9)

The formation of a couple of higher and lower valency MOx lead to the generation of a potential
difference between the IE and RE. The value of the potential can be expressed by the Nernst equation:

aMeA—n

E=E -In (10)

e/MeA™ T F T ayeacapt
Since metal oxides are in a solid state, the activity of metals approximates 1 (ame=1), the equation (10)

takes the form of:

o R:T
E = Epea/mean ~ 7T

- pH (11)
Therefore, according to equation (11) the potential of the MOx based electrode is proportional to the
pH of the solution.

The sensitivity of MOx electrodes significantly depends on the type of materials and the method used
for its fabrication. MOx sensors vary in terms of sensitivity, hysteresis, and drift. Some of the MOXx
electrodes are undesirably cross-sensitive to several redox agents[6]. This cross-sensitivity leads to
limitation of the performance in pH measuring, e.g. for electrodes based on antimony and bismuth[6].
At the same time, some of MOx have very good sensitivity and selectivity to hydrogen ions, and a high
degree of accuracy. For example, metal oxides of Pt-group (e.g. RuO,, IrO,) that show sensitivity close
to the ideal Nernstian response (58.4 mV/pH at 21 °C, see equations (4) and (5)) (Figure 5).

14
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Figure 5. Electrodes based on metal oxides of Pt-group, especially IrO, and RuO2, show the best pH-sensitivity
compared to other metal oxides (dash line — theoretical Nernstian sensitivity, A — average sensitivity of group,
S$1-S5 — sensitivities of samples 1-5). (reproduced from [19]).

1.7. All-solid-state ruthenium dioxide electrode

The ruthenium dioxide (RuO;) is used in electrochemical sensors, electrocatalysis and
supercapacitors[6]. It is a mixed electronic and ionic conductor with a conductivity of 25000 S cm™ at
room temperature[18]. Such a high conductivity in addition to high stability allows electrodes based
on RuO; to inhibit the space charge accumulation and as a result show very good sensing performance
over a wide pH range (2—12). Ruthenium dioxide sensors have several advantages, compared to both
conventional glass pH-electrode and other MOx electrodes[6]:

e higher sensitivity towards hydrogen ions;
e lower sensitivity towards interfering ions;
e faster response;

e longer lifetime;

e smaller hysteresis effect;

e better repeatability;

e lower cost.

RuO; electrodes described in the literature are presented in Table 2. The characteristics of the
electrodes are discussed in section 1.10. Electrochemical characteristics of the pH-sensitive electrode

1.7.1. Physical and chemical properties of ruthenium dioxide

Ruthenium dioxide (ruthenium (IV) oxide, dioxoruthenium) is an inorganic compound with the
molecular formula RuO; and a molecular weight of 133.1[21]. Physically it is a blue-black powder with
a melting point of 995 °C and a decomposition temperature of 1127 °C[22]. RuO; is almost insoluble in
water and poorly soluble in acids. It can be reduced to metallic ruthenium by hydrogen or carbon
oxide[22].

15



Table 2. Properties of RuOz-based electrodes

Electrode .. . .
sensitive Deposition Substrate Precursor Slope, pH range Response T oC Hysteresis, Drift, Reference Ref.
. method mV/pH time, s ! mV mV/h electrode
material
£D3 Au wire K2RuO4 59.3 2.0-12.0 N/A N/A N/A N/A Normal Hydrogen  Pazstor et al., 1993[23]
Au disk RuClz-xH.0 60.5 2.0-11.0 7 N/A N/A N/A Ag|AgCl|KCl Shim et al., 2012[24]
Polyelster RuO%- 512 50-10.0 N/A N/A N/A N/A Saturated Koncki, Mascini,
foil graphite calomel 1997[25]
Mihell, Atkinson,
Screen- RuO2-xH.0 52.1 2.0-10.0 15 21-24 N/A N/A
orinting Ag|AgCl|KCl %998[26]
RuO: 61.8 1.0-13.0 14 22 4.6-24.9 0.15 Uppuluri et al., 2021[27]
RuOz-glass 56.0 9.0-12.0 120 N/A N/A N/A Screen printed Manjakkal et al.,
paste Ag/AgCl 2016([28]
Pt wire RuO2-glass 60 2.0-12.0 90 25 30 3 NHE McMurray, 1995[29]
omc® RuO2 57.8 2.0-12.0 180 22 3.14 19.0 Lonsdale et al., 2017[30]
oMC RuO2 58.4 4.0-10.0 30 22 1.13 5.0 Lonsdale et al., 2017[31]
RuO: Carbon RuO2 59.2 4.0-10.0 25 22 5.44 20.5 Lonsdale et al., 2017[31]
Pt RuO2 58.6 4.0-10.0 20 22 6.45 23.4 Ag|AgCl|KCl Lonsdale et al., 2017[31]
Pt RuO2 56.2 4.0-10.0 N/A 37.5 N/A N/A Mingels, 2019[32]
Pt-Ti RuO> 59.3 4.0-10.0 N/A 37.5 N/A N/A Mingels, 2019[32]
Mms* Ru 55.6 1.0-13.0 <1 N/A 4.36 0.38 Liao, Chou, 2008[33]
Si Ru 51.7 2.0-10.0 N/A N/A N/A N/A SCE Yao et al., 2020[34]
RuO2 55.8 2.0-10.0 N/A N/A N/A N/A SCE Yao et al., 2020[34]
RuO2 54-60 2.0-10.0 N/A N/A N/A N/A Ag/AgCl Kreider et al., 1995[35]
RUO> 738  4.0-100 3 22 ~5 N/A Ag|AgCl|KCI Sardarinejad et al.,
Al,03 2015([36]
RuO2 58.8 2.0-12.0 30 22 1.3 2.9 Ru02-Si02° Lonsdale et al., 2018[19]
RuO2 55.7 2.0-12.0 30 22 1.66 36 Ru0>-SiO: Lonsdale et al., 2019[37]

3 ED — Electrodeposition
4 MS — Magnetron Sputtering
5 OMC - Ordered Mesoporous Carbon

6 Ru0,-Si0; — a polyvinylbutyral-SiO, modified RuO; electrode
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Dioxoruthenium crystals have a rutile structure, where the Ru atoms are surrounded octahedrally by
six oxide ions, and the O atoms are coordinated by three trigonal planar ruthenium ions (Figure 6). The
lattice constant a=449.2 pm and c=310.7 pm (the shortest Ru-Ru distance). The Ru—0 distance in the
plane where Ru is surrounded by 4 O is 194.2 pm, and in axial O—Ru—-0 is 198.4 pm[18].

a=449.2pm
b=c=310.7pm
Ru(lV) 57 pm

0 132pm

Figure 6. RuO: crystals have a rutile structure: black spheres represent ruthenium atoms and white spheres are
oxygen atoms (reproduced from[30]).

Ruthenium dioxide powder can be both in crystalline and amorphous state depending on the
temperature ruthenium dioxide hydrate powder was dried at. The amorphous powders consist of
crystallites with a deformed elementary cell[18]. The amorphous powder has a higher capacitance in
comparison with crystalline powder. According to Kurzweil[18], the reason for the higher capacitance
of amorphous RuOQ; is its crystalline structure, where water and protons can easily reach RuO;
adsorption sites, while ordered crystal lattice has too narrow channels.

RuO is a toxic compound with oral lethal doses (LDso) for rats and mice are 4.6 g/kg and 5.6 g/kg of
body weight respectively[21]. The toxicity is a very important characteristic of the material, especially
when considering the use of the electrode in food samples as some parts of the electrodes material
can leak into the sample. Therefore, mixtures of RuO, with other MOx is investigated to improve the
toxicity of the pH electrode.

1.7.2. Working principle of the ruthenium dioxide pH-electrode

The pH response of the ruthenium dioxide electrode is observed since the surface of the RuO; can
exchange protons with aqueous solutions[17]. Water molecules bond to the outer layer of ruthenium
oxide lattice by the process of dissociative adsorption (Figure 7). Then one hydrogen atom of water
molecule bonds to oxygen in ruthenium oxide. As a result, RuO; hydrate (RuO;-nH,0) is formed as an
ordered mixture of Ru-bonded layers of hydroxide and oxide groups. At anodic potentials, protons
escape these hydroxide groups and oxide groups are formed. Water serves as a carrier of protons[18].
According to Kurzweil[17], this process is driven by the goal to compensate for the oxygen defect
stoichiometry of the lattice. The formation of oxide groups leads to the generation of ruthenium atoms
of higher and lower valency, which in turn result in the generation of a potential of the electrode[6].
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Figure 7. The pH response of the ruthenium dioxide electrode is observed since the surface of the RuO2 can
exchange protons with aqueous solutions. Water molecules bond to the outer layer of ruthenium oxide lattice
by the process of dissociative adsorption. Then one hydrogen atom of water molecule bonds to oxygen in
ruthenium oxide. As a result, RuO; hydrate (RuO2:nH,0) is formed (M=[Ru]): [Ru]+H20 = [Ru]OH2 = [Ru]OH™ +
H*) (reproduced from [29]).

The mechanism mentioned above can be described by the following equation[17]:

RuO,(OH)y + ze™ + zH™ = RuOy_,(OH)y,, (12)
Or simplified:
RuVO, + e~ + H* = Ru'0(0OH) (13)

When the RuO; electrode is a part of the electrochemical cell, equation (13) describes the half-reaction
taking place on the RuO; electrode. Quantitatively it can be described by the Nernst equation as
follows:

R-T ap 11
. ol . Ru
E= ERuIV/Ru“I - n-F In

(14)
dRylv " ayg+

As ruthenium oxide is in a solid state, its activity approximates 1 (a ry)=1, a rua=1). From equation (13)
it can be seen that only one electron participates in the reaction (n=1). Considering this, the Nernst
equation (5) for RuO; electrode takes the following form (in Volts):

E = Eg v pgm — 0.0584-1g [HY] (15)
Proceeding from the logarithm (—lg ay+) to pH:
E = Egyv pum + 0.0584 - pH (16)

Thus, the pH of an analysed solution can be determined with the use of a RuO; electrode by calibrating
the electrode in buffers with known pH value and calculating the pH from equation (8). The values

EguIV/Rum and the factor before pH (sensitivity) are individual characteristics of an electrode.
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1.8. Modified ruthenium dioxide electrodes

1.8.1. Binary metal oxide electrodes

Ruthenium dioxide for the electrode’s fabrication can be dopped or mixed with other metal oxides.
Such modification can improve the electrocatalytic properties, sensing performance and stability of pH
electrodes[38]. Some of the binary materials have also shown better antifouling resistance [39].
Another advantage of the binary oxides is the reduced cost of the electrode’s fabrication, as Ruthenium
is the most expansive component needed for the electrode’s fabrication[40].

In a modified MOy system, an active transition metal oxide (e.g. RuO;, IrO;) is mixed with a chemically
inert oxide (e.g. Ta,0s, TiO,)[38]. The MOx can be modified with another oxide in different amounts
and therefore 2 types of modified MOx are distinguished: binary oxide electrodes and dopped
electrodes. The most common found in literature ratio RuOz: inert MOx for the binary electrodes is
70:30 mol% respectively. The following binary electrodes with such ratios were investigated in the last
years Ru0;-TiO,[40]'[38], RuO;,-Ta;0s[41], Ru0,-Sn0,[42]. Furthermore, the electrodes with reverse
ratio (30 mol% of RuO;) for Ta,0s[41] and SnO,[42] were reported. The doped RuO, material contains a
lower ratio of inert metal oxide. 5 mol% La,0s-doped Ru0,[43], 20 mol% Cu,O-doped RuO,[44][39],
and Bi2Ru,07.x-Ru0,[45] electrodes were described. The sensing properties of the abovementioned
electrodes are presented in Table 3.

1.8.2. Modification of RuO; electrodes with a Nafion membrane

Another way to modify the metal oxide electrodes is by covering them with a protective layer. Such
protection is needed for an electrode when it must be used in samples containing fats and proteins or
other common components of food samples. and can adsorb on the electrode’s surface[13]. Since the
reactions that allow MOy to sense H* ions (e.g., equation (13)) occur on the surface of an electrode,
adsorbed fats and proteins can block the measurement. This interruption by fats and proteins is the
reason for the limited application of metal-oxide electrodes to the food samples, despite similar to the
glass electrodes performance in aqueous media[17][6]. Coverage of the electrode’s pH-sensitive area
with a semi-permeable membrane allows to protect the electrode from contamination and overcome
this limitation (Figure 8).
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Figure 8. Coverage of the electrode’s pH-sensitive area with a semi-permeable Nafion membrane allows
protecting the electrode from contamination by fats and proteins present in food samples (reproduced from
[13]).
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Table 3. Properties of modified RuO»-based electrodes

Electrode Deposition Slope, Response o~ Hysteresis, Drift, Reference
material method Substrate Precursor mV/pH PH range time, s T°c mV mV/h electrode Ref.
RuO2, Ta20s, Screen printed .
Ru02-Ta20s glass powder 68.2 2.0-12.0 15 N/A 10 N/A Ag/AgCl Manjakkal et al., 2016[28]
Ru02-Ta20s RuO2, Ta20s 56 2.0-12.0 15 N/A N/A N/A Manjakkal et al., 2016[46]
Ru02-Sn0: RuO2, SnO2 56.5 2.0-12.0 9 N/A 7 N/A Manjakkal et al., 2015[42]
Ru0O2-Cu20 Screen- ALO RuO2, Cu20 47.4 2.0-13.0 N/A 21 N/A N/A Zhuiykov et al., 2011[39]
Ru0O2-Cu20 printing 23 RuO2, Cu20 N/A 2.0-13.0 25 21 N/A N/A Ag|AgCl|KCI Zhuiykov et al., 2012[44]
Ru0O2-La20 RuO3, La203 49.3 2.0-12.0 N/A 19 N/A N/A gl7g Zhuiykov et al., 2011[43]
Ru02-Bi,03 RuOg2, Bi.03 58.0 2.0-12.0 ~20 23 7 <1 Zhuiykov et al., 2010[45]
RuO2-Pt RuO: 58.0 2.0-13.0 1-2 23 ~0 1.5 Zhuiykov et al., 2009[47]
Ru02-TiO2 RuO2, TiO: 56.6 2.0-11.0 15 N/A 5 N/A Manjakkal et al., 2014[48]
RuO2-TiO2 Pechini Ti RuCls, Ti 56.0 2.0-12.0 N/A 25 N/A N/A SCE Pokrifka et al., 2016 [40]
A
RuO2-CNT’ Sol-gel sL'Ic,e((:e(I), RuO2, CNT 63.1 2.0-12.0 50 N/A N/A N/A SCE Kahram et al., 2013[49]
RuO2-CNT  Sputtering Ta Ru, CNT 555  2.0-12.0 40 25 10.2 ~3 Ag|AgCl|Kcl Xu, Zhang, 2010[50]
Nafion-modified RuO2-based electrodes
RuO2 58.3 2.0-12.0 42 22 N/A 0.4 Uppuluri et al.,2021[27]
RuO2-Nafi R -gl
HReration “S;sfeass 586 3.0-11.0 N/A  N/A 115-26  N/A Lazouskaya et al., 2020[51]
————————— Screen-
RuO,-Nafi - Al,0 RuO:-g| Ag|AgCl|KCl
uozNafion — 4iing 23 uoxglass o5 30-110 N/A 21 10-24 2535 Pelrecl Lazouskaya et al., 2021[13]
(3 layers) paste
RuO2-Nafion Rubaglass o1 30_110 N/A 21 20-32 2535 Lazouskaya et al., 2021[13]
(5 layers) paste
Ru0>-Ta20s- . .
N Sputtering A0 RUO: 553 20-120 136 22 0.7 72 RuO:SIOz Lonsdale, 2018[19]

7 CNT - Carbon Nanotube
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One of the materials most extensively used as a filtering membrane in electroanalytical applications is
Nafion™ (Nafion) membrane [52]. Nafion is a fluorinated comb-like copolymer with short side chains
terminated by sulfonic acid groups (SO*)[53]. A chemical structure of Nafion is presented in Figure 9a.
The presence of sulfonic acid side chains in a regular order provides to the compound high proton
conductivity of 0.1S/cm[54]. These SO* groups are organized in clusters that have an approximately
spherical shape and resemble inverted micelles. As illustrated in Figure 9b,c. diameter of the cluster is
varying between 1.8 and 3.5 nm[53] (according to some sources to 4 nm[54]), with an average of 2.4
nm[53]. These clusters are connected by 1 nm wide channels. The negatively charged sulfonic acid
groups that cover the inner side of clusters and channels permit the migration of protons or positive
ions[53]. A higher number of water molecules bound in clusters elevates the H* ions mobility through
the channels in membrane[53].
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Figure 9. Structure of Nafion: a) Chemical structure of Nafion (adopted from [45]); b) structure of Nafion
surrounding water cluster (grey rounds are sulfonic acid groups, black lines are backbone and side chains)
(reproduced from [43]) c) model for the structure of inverted-micelle-like water clusters and channels in Nafion
(the backbone of Nafion is not shown) (reproduced from [44]).

The Nafion membranes are formed by casting Nafion solution on a suitable substrate and drying at
elevated temperatures. The structure of the dried membrane and its properties depend on the
distribution of hydrophobic (polymer backbone) and hydrophilic (sulfonic acid groups) parts, which in
turn depends on the density and the length of the side chains that may vary in the Nafion structure[53].

Along with the high H* ions conductivity, the Nafion membrane has one more important property for
pH measurements in food samples: Nafion membrane is resistant to biofouling — the accumulation of
proteins, fats, cells, and other biological materials on a surface of the electrode. Biofouling is one of
the main reasons for the failure of biosensors for the in vivo application. Nafion membranes at a
functional film thickness of approximately 1-2 um have been successfully used to overcome this
problem[55]. Moreover, it was found that the application of Nafion membrane to the sensors prolongs
its lifetime more than cellulose membranes[56] showing relatively low adsorption of molecules from
solution[55].

Antifouling property and high proton conductivity along with commercial availability and easy
application make Nafion a suitable candidate for the protection of RuO, electrodes from biological
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contaminations. The sensing characteristics of Nafion modified RuO,-electrode are similar to that of
unmodified Ruthenium dioxide electrodes (Table 3).

1.9. RuOy-based electrode’s fabrication methods

Several methods were described for the deposition of RuO,-layer on a substrate. The most employed
methods are thermal decomposition[40][49], magnetron sputtering[35], electrochemical
deposition[24][23], and screen printing[48] (Figure 10). The main advantage of these methods is the
possibility to create a very thin film of ruthenium oxide, which makes the fabrication cost-effective.

Therm_al decomposmgn - Sol-gel Pechini method
The dissolved Ru salt is Ru salt is L .
painted on the substrate and dissolved in Ru salt is dissolved in

polyester (ethylene glycol

is then decomposed by the ethanol and RN ;
heating to a high thermally with citric acid) and
temperature . decomposed , thermally decomposed -

|

n
'8 Electrochemical deposition
= o . . -
o Substrate is immersed in a solution containing a
£ ruthenium salt that is decomposed by the applying
c and cycling the electrical potential
o
=
o Screen printing
S a printable RuO, paste is applied on the
S conductive layer on substrate | Reactive MS
X , Target is Ru, O, is added as a reactive
Magnetrone sputtering (MS) gas for RuO, formation
RuO, target is bombarded by a _ _
plazma particles in magnetrone, Radiofrequency sputtering
knocked out molecules are MS where the sign of the anode-
deposided onto a substrate | cathode bias is varied at a high rate

Figure 10. 4 main methods are used for the deposition of RuO2-layer on a substrate: thermal decomposition,
electrochemical deposition, screen printing and magnetrone sputtering.

One of the simplest and cheapest methods of RuO; deposition is screen printing[6]. It allows depositing
layers with a thickness ranging from a few to a few tens of micrometres[27], that are mechanically
strong and well-adhering to different substrates. The technique is based on the deposition of layers of
functional materials on a suitable substrate. Each layer is formed from a printable paste by pushing the
paste through the screen with a squeegee that moves across the screen (Figure 11). The screen has a
stencil that determines the size and shape of the generated layer. Each layer of material undergoes
thermal treatment after each printing step.

Printable paste Screen Printed layer Sintering

Figure 11. The fabrication of an electrode by the screen printing method is based on the deposition of layers of
functional materials on a substrate. Each layer is formed from a printable paste by pushing the paste through
the screen. After each printing step, the layer of material undergoes thermal treatment (adopted from [57]).

Substrate
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1.10. Electrochemical characteristics of the pH-sensitive electrode

1.10.1. pH sensitivity

One of the key characteristics of the potentiometric electrode is sensitivity. It allows determining if the
electrode works correctly. In the Nernst equation for RuO; electrode in the form of equation (16) the
factor before pH (0.0584 V/pH or 58.4 mV/pH) is the sensitivity (Nernstian response) for the electrode
at room temperature. Theoretically, at temperature 21 °C, the sensitivity value should be 58.4 mV/pH
for all the RuO;-based electrodes (and all pH-sensitive electrodes with n=1). However, in practice
deviation from the Nernstian response is observed (Table 2, Table 3). The closer is the sensitivity of the
electrode to the theoretical value, the more accurately the electrode works.

1.10.2. The hysteresis effect

The hysteresis effect or the memory effect of an electrode describes how the previous measurement
with the electrode influences the next one. The effect is observed when an electrode used repeatedly
shows different output voltages for the same buffer solution. According to Liao[33], the hysteresis
effect can be regarded as a delay of the pH response. The hysteresis values in the acidic loop are usually
smaller than in alkaline. According to Manjakkal et.al.[6], the higher diffusion speed of H* ions than
OH™ ions can explain this phenomenon.

1.10.3. The potential drift effect

The potential drift effect is the slow non-random change in the reading of an electrode with time in a
solution with constant composition, pH and temperature. According to Sardarinejad[58] et al. the drift
effect is caused by such dynamic processes as ion neutralization and surface rehydration. This
characteristic is important for long-time measurement, which can last for hours, e.g., for control of
maturity stage of cheese[59]. The drift effect rate shows if the electrode reading stays stable over a
long period of measurement. According to Manjakkal et.al.[6], the drift rate grows with increasing pH
value.

1.10.4. Cross-sensitivity

Another important characteristic is cross-sensitivity as samples of water and beverages can contain
different salts, sugars, proteins and other components. The cross-sensitivity shows how the presence
of different compounds in the sample affects the sensitivity toward H* ions of an electrode[27].

1.11. Modern solutions for pH measurement in food products

1.11.1. Types of glass sensors for application in food

Several modifications of a CGE were suggested over the years to overcome the fragility of the glass
electrode in the food industry. The most common are commercially available CGEs, covered with
stainless steel or plastic (polyvinylidene fluoride (PVDF)) protective bodies. For example, Hanna
Instruments (USA) proposes electrodes for different types of food (Figure 12 a-d). The probe for dairy
products (Figure 12 a) has a PVDF body and a conical tip with a sleeve type junction, that prevents
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clogging in viscous liquids such as milk. When the electrode becomes dirty, the sleeve can be moved
to clean the glass surface and the junction. Another electrode for dairy products (Figure 12 b) has a
PVDF body with a more protected tip and a ceramic outer junction. A penetration style pH electrode
presented in Figure 12 c is designed for pH measurements in cheese - with a conical sensing tip,
stainless steel sheath and a single junction gel-filled reference. Furthermore, Hanna Instruments has
designed a pH probe for meat products (Figure 12 d). The probe comes with a removable stainless steel
blade allowing users to make a cut and therefore perform measurements inside the meat sample. The
free diffusion junction helps to avoid a clogged reference. All the probes for food products have a built-
in temperature sensor. Another solution for pH measurement in meat is proposed by Frontmatec
(Denmark). Frontmatec provides a decision for online (Figure 1) monitoring of pH in meat - a glass
electrode, covered by a protective steel case with a telescopic sleeve (Figure 12 e).

a) b) c) d) - e)
pe: 5 “t
Z i 2t
= = £:
! y

Figure 12. Different types of glass electrodes are presented on the market. The electrodes are designed for
specific samples: probes for dairy products have a PVDF body (a, b); probe for cheese has stainless steel sheath
(c); probes for meat can have a stainless-steel blade (reproduced from [60]) or a telescopic steel sleeve
(reproduced from [61]) (e).

However, the problem of fragility is solved in the abovementioned probes only partially: the electrodes
still have sensing glass part, and therefore, can contaminate food, which makes them unusable for
inline and online monitoring (Figure 1). At the moment, there are no commercially available glass-free
pH electrodes, nevertheless, several novel all-solid-state sensors are reported in the literature. The
reported all-solid-state electrodes are discussed in the following section.

1.11.2. Measurements of pH in beverages with solid state electrodes

Huang et al. [62] presented a batteryless radio-frequency transponder with a miniature flexible iridium
oxide (IrOx) sensing electrode and silver chloride (AgCl) reference electrode (Figure 13 a). The sol-gel
technology (Figure 10) was used for the fabrication of both thin-film electrodes on one polymeric
substrate. The system showed a sensitivity of 49.7 mV/pH and was successfully utilised for in situ
monitoring of the spoilage processes in fish meats continuously for 18 h.
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Figure 13. Flexible thin-film IrOx/AgCl sensor for pH measurements in food suggested by Huang et.al. had a sub-
Nernstian response (reproduced from [62]) (a). Meanwhile, the all-solid-state RuO, pH-sensor proposed by
Lonsdale et.al. that consisted of an indicator electrode and a polyvinylbutyral-SiO, modified RuO2 reference
electrode incorporated in a 3D-printed housing showed close to Nernstian response(reproduced from [37]) (b).

Li et.al. [63] developed a sensing systems based on titanium/gold/silver/silver chloride thin-film
reference electrode for ion-sensitive field-effect-transistor. Ti, Au and Ag layers were thermally
evaporated on a polyethylenenaphthalate substrate. A porous structure polyvinyl butyral membrane
was applied on top of the sensor to maintain a constant concentration of chloride. The pH sensitivity
of the developed system was 44.8 mV/pH. The measurements in beverages (coca-cola, red bull, orange
juice, spring water, etc.) showed good repeatability, however, a significant difference from conventional
glass electrode readings was observed.

Lonsdale et al.[37] presented an all-solid-state sensor, that consist of a thin-film sputter-deposited RuO,
indicator electrode, a polyvinylbutyral-SiO, modified RuO, reference electrode and 3D-printed
electrode housing (Figure 13 b). The fabricated sensor with pH-sensitivity 55.7 mV/pH was applied for
pH measurements in different dairy products, including milk with different fat content, cream and
yoghurt. The sensor showed good reproducibility (hysteresis < 2 mV) and a moderate level of accuracy
(£ 0.2 pH).

Furthermore, RuO; indicator electrodes were reported by Liao et al.[33] for measurements in
beverages, including cola, vinegar and milk. The RuO; sensing layer was deposited onto a silicon wafer
substrate using radio frequency sputtering technology (Figure 10). The results obtained the pH
sensitivity of 55.6 mV/pH and the hysteresis widths =4mV. The accuracy for beverage sample
measurements did not exceed 5%.
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2. Aims of the work

The main objective of this work was to investigate the applicability of RuO,-based electrodes for pH
measurement in beverage samples as an alternative to a conventional glass electrode. Based on this,
the main aims of the current thesis were to find answers to the following questions:

1. What are the optimal fabrication conditions for RuO,-CuO electrodes?
Are electrochemical characteristics of the RuO,-CuO electrodes on par with RuO; electrodes
and CGE?

3. How does the presence of various ions in the sample affect the result of pH measurement with
the studied electrodes?
Can binary RuO,-CuO electrodes outperform the pure RuO;-electrodes in real water samples?

5. Can binary RuO,-CuO electrodes outperform the pure RuO,-electrodes in common beverages?
Can the components of beverage samples impact the performance of the fabricated
electrodes?

7. What is the most effective way to clean the fabricated electrode after measurements in
beverage samples?
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3. Materials and methods

3.1. Fabrication of the all-solid-state electrodes

The ruthenium dioxide (RuO) and binary ruthenium dioxide-copper oxide (RuO,-CuO) electrodes were
used as received from tukasiewicz — Krakowski Instytut Technologiczny (Krakow, Poland).

3.1.1. The fabrication of the binary ruthenium dioxide-copper oxide electrodes by screen

printing technology

The RuO,-CuO electrodes were fabricated as previously described by Manjakkal et al.[64] The
schematics of the fabrication process is presented in Figure 14. Firstly, an Ag/Pd thick film paste (ESL
9695) was applied on Alumina (Al,O3) substrate to create a conductive layer. RuO; and CuO were mixed
anhydrous in an agate mortar to prepare the paste for the screen printing. Ethylcellulose (analytical
grade purity) and terpineol (anhydrous, Fluka Analytical) were used as binders. Mixing was carried out
for 20 min to achieve optimal consistency of the paste. The paste was applied to create a sensitive layer
that partly overlapping the conductive layer. Each layer was dried at 120 2C for 15 min and then fired
at 850 2C or 900 C for 60 min. Two different temperatures were used to investigate the influence of
sintering temperature on the characteristics of the electrode. Following, a copper wire was connected
to the conductive layer using Sn/Pb solder. As the final step, a protective layer of silicone rubber (Dow
Corning, 3140 RTV) was applied to cover the electrical connection. The sensitive area of the RuO,-CuO
layer that interacts with a sample remained uncovered.
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Figure 14. RuO:-based electrodes were fabricated by screen printing technology as follows: 1 — an Ag/Pd thick
film paste is applied on the substrate and sintered, 2 — the RuO2-CuO paste is applied and sintered, 3 —a copper
wire is connected to the conductive layer, 4 — the electrical contact is covered with silicone rubber, 5 — Nafion
layer is drop-casted to create a protective layer (reproduced from [24]).

3.1.2. The fabrication of ruthenium dioxide electrodes

The RuO; electrodes were fabricated similarly to the RuO,-CuO electrodes as described in section

3.1.1. The fabrication of the binary ruthenium dioxide-copper oxide electrodes by screen printing technology
The only difference was that for the fabrication of the RuO; electrodes commercially available
ruthenium dioxide paste with the resistivity of 10 kQ/sq (ESL, 3914) was used. Furthermore, the RuO,
layer was sintering at 850 2C as the sintering temperature does not influence the performance of the
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pure RuO; electrodes[27].

3.1.3. Nafion-modification of ruthenium dioxide-based electrodes

The drop-casting technique was used for modification of RuO; and RuO,-CuO electrodes with a Nafion
protective layer. The layer was created as previously described by Lazouskaya et al.[51]. Briefly, the
sensitive area of the electrode was covered with Nafion by drop-casting of 10 pL of 5% solution of
Nafion in a mixture of lower aliphatic alcohols and water (Nafion 117, Sigma Aldrich, USA) (Figure 14).
The layer was dried in a laboratory incubator (BD 53, Binder) at 80 °C for 2 hours in between layer
deposition. The procedure was repeated 2 more times, therefore, creating 3 layers of Nafion. After the
last layer was deposited, the electrodes were left to air-dry at room temperature overnight. The RuO,
and Ru0,-CuO electrodes, modified with Nafion were named RuO,-Nf and RuO,-CuO-Nf respectively.

3.2. Measurement of the characteristics of the potentiometric electrodes

Such electrochemical characteristics as sensitivity, hysteresis and drift effects were determined for 3
types of electrodes: conventional glass electrode, RuO,-Nf and RuO,-CuO-Nf. All measurements were
carried out in 2 parallel. The cross-sensitivity were measured for Nafion-modified electrodes (RuO,-Nf
and RuO,-CuO-Nf) as only modified electrodes are being considered for application in beverage
samples.

3.2.1. Setup

All the measurements were made by the standard potentiometric method. An electrochemical cell
used for this purpose consisted of a fabricated RuO,, RuO,-Nafion or RuO,-CuO-Nafion indicator
electrode and a standard glass ion-selective Ag|AgCIIKCl (HI1053P, Hanna Instruments, USA) reference
electrode. Both electrodes were connected to the measuring device (Data Acquisition (DAQ) device,
USB-6259, National Instruments, USA) through a circuit board with galvanic connections (
Figure 15). The measuring device was powered up by a high-performance digital power supply (E3631A,
Agilent, USA) with an input voltage of 12 V. The LabVIEW program (National Instruments, USA) was
used to measure the potential difference between the indicator electrode and the reference electrode.

Circuit board

=]

Reference
electrode

Qnaly‘e
Figure 15. An electrochemical cell for potential measurement consisted of a fabricated RuO»-based indicator
electrode and a standard glass Ag | AgCl | KCl reference electrode, that were connected to the measuring
device through a circuit board. The LabVIEW program was used to record results (reproduced from [24]).
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3.2.2. pH Sensitivity

The Nernstian equation (16) describes the linear relationship between the electrochemical potential E,

28



and pH value. Hence, for the determination of pH sensitivity of the fabricated RuO,-based electrodes
the electrodes were connected in the potentiometric cell and exposed to buffer solutions of different
known pH. The potential of an electrode was registered 90 seconds after immersion of the electrode
into a buffer to reach stable potential values. In this study, the E value was measured as a function of
pH by a Multifunctional DAQ Device (National Instruments, USA) and the results were recorded using
the LabVIEW program. The data were analysed by plotting graph E = f(pH) and calculating the slope of
the graph (sensitivity) by the method of least squares (Figure 16).
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Figure 16. Quantitatively the pH sensitivity of the electrode is the slope of the calibration graph E = f(pH) (green
solid line) that is plotted measured electrochemical potential of the electrode exposed to the buffers of
different pH. Green dash lines indicate upper and lower confidence limits for a=0.05.

Preparation of Buffer solutions

The buffer solutions of the pH value 3.0 - 11.0 were prepared to evaluate the sensitivity of the
fabricated electrodes. The citrate buffers ((HOC(CO,H)(CH,CO;H), — Na,HPOQ.) were used for the acidic
solutions, phosphate buffers (NaH.PO, — Na;HPO,) for neutral and slightly basic solutions, and
bicarbonate buffer (Na,COs; — NaHCOs) was used for basic solutions. The amounts and types of reagents
needed for the preparation of 50 mL of the buffers are indicated in

Table 4. Salts needed for buffers’ preparation were purchased anhydrous from Sigma Aldrich. Fresh
buffer solutions were prepared before each measurement and the pH of the solutions was measured
with a conventional pH meter (Seven2Go Advanced Single-Channel Portable pH Meter, Mettler Toledo,
Switzerland).

Table 4. Reagents used for the preparation of citrate, phosphate, and carbonate buffers

pH Compound 1 mi, g Compound 2 mz, g
3.0 Citric acid 0.763 Na2HPO4 0.292
4.0 Citric acid 0.590 NazHPO4 0.547
5.0 Citric acid 0.466 Naz2HPO4 0.731
6.0 Citric acid 0.354 Naz2HPO4 0.897
7.0 NaH2PO4 0.234 Na2HPO4 0.433
8.0 NaH2PO4 0.032 Naz2HPO4 0.672
9.2 Na2COs 0.053 NaHCO3 0.378
9.9 Na2COs 0.265 NaHCO3 0.210
10.8 Na.COs 0.477 NaHCO3 0.042
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3.2.3. The hysteresis effect

The hysteresis effect of the screen printed RuO;-based electrodes was determined by exposing an
electrode to buffer solutions of different pH in a loop manner. Two loops were tested — acidic with pH
values 3-5-7-5-3 and alkaline with pH values 11-9-7-9-11. The electrochemical potential of the cell
containing the electrode was measured 5 minutes after submersion into each buffer. In between
exposures to the different buffers, electrodes were rinsed with Milli-Q water. The hysteresis effect was
calculated as the difference of electrode’s reading in buffers of the same pH.

3.2.4. The drift effect

The drift effect of the studied electrodes was determined as the difference between the final and initial
potential for the measurement for 2 hours in the neutral buffer solution of pH 7 (the buffer prepared
as described in section Preparation of Buffer solutions). The drift rate was calculated as the potential
difference per one hour by dividing the value of the difference between the final and initial potential
by the number of hours of measurement.

3.3. The measurement of cross-sensitivity of fabricated electrodes towards common
ions
Cross-sensitivity of RuO,-Nf and RuO,-CuO-Nf was measured similarly to sensitivity measurements as

described in section 3.2.2. pH SensitivityThe studied compounds were added to the buffers electrodes
were exposed to. Added concentration was 0.1M. Used compounds can be divided into 2 groups:

e for measurement of cationic influence — salts with identical anions (chlorides): sodium chloride
(NaCl), potassium chloride (KCI), lithium chloride (LiCl), and ammonium chloride (NH4Cl);

e for measurement of anionic influence — salts with identical cations (sodium): sodium sulphate
(NazS04), sodium L-lactate (NaCsHsOs), sodium oxalate (Na,C;04), sodium tartrate (C4HiNa20g),
sodium glutamate (CsHgNO4Na), sodium caseinate.

3.4. Evaluation of the performance of the fabricated electrodes in real water samples

3.4.1. Water samples

Four samples of water (Figure 17d) were analysed with the fabricated electrodes. The sea water was
collected from Kunda bay of the Baltic Sea near the Toolse castle (Figure 17a) from the surface at a
distance of about 3 meters from the shore. The pond water was taken from the surface of the pond
(about 15 m in diameter) situated near the sea and forest at Toolse village, Haljala vald, Lddne-Virumaa
(Figure 17b). River water samples were collected from a little river that is situated in the same village
(Figure 17c) but is not connected to the pond. Tap water was collected from the tap in the TFTAK
laboratory in Tallinn. All the samples were collected the day before analysis and stored in the
refrigerator. The samples were warmed to room temperature before measurement. pH values of the
samples were measured with a conventional pH meter (Seven2Go Advanced Single-Channel Portable
pH Meter, Mettler Toledo, Switzerland).
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3.4.2. Measurements in real water samples

The pH of water samples from different sources was measured using 2-point calibration. Commercially
available certified buffers of pH 4 and 7 (Certipur®, Merk) were used for the calibration. The
measurements were made in 5 minutes after immersion into the sample or buffer. pH value was
interpolated from the pH values of buffers and measured E values. The electrodes were rinsed with
Milli-Q water in between the measurements. All the measurements were made in triplicate.

The performance of the fabricated electrodes was evaluated as the difference of pH values measured
with a fabricated electrode and the pH meter (pH difference) on the basis of the following formula:

pH difference = prabricated electrode ~— pHpH meter (1 7)
where pHiabricated electrode iS PH measured with a fabricated electrode and pHpn meter is pH value measured
with a conventional pH meter.

3.5. Evaluation of the performance of the fabricated electrodes in beverage samples

3.5.1. Samples of caffeinated drinks

5 samples of caffeinated drinks with pH values ranging from 3.2 to 7.3 were used for analysis: coffee
(Jacobs’ Cronat Gold instant coffee (Jacobs, Germany)) (pH ~5), black tea (Tetley’s classic black tea
(Tetley, Yorkshire, UK)) (pH ~7-8), green tea (Tetley's classic green tea (Tetley, Yorkshire, UK)) (pH ~6-7),
mint tea (Herba’s Peppermint Herbal Infusion (Herba, Germany)) (pH ~6-7) and rosehip tea (Herba’s
Rosehip Herbal Infusion (Herba, Germany)) (pH ~3-4). The coffee granules and tea sachets were
purchased from the grocery store, prepared with tap water, and cooled to room temperature (21 °C).
pH values of the samples were measured with a conventional pH meter (Seven2Go Advanced Single-
Channel Portable pH Meter, Mettler Toledo, Switzerland).

3.5.2. Samples of juices

5 samples of juices with pH values ranging from 2.6 to 4.3 were used for analysis: tomato juice (Aura
(A. Le Coq, Estonia)) (pH ~4.3), orange juice (Aura (A. Le Coq, Estonia)) (pH ~4), apple-mango juice (Aura
(A. Le Coq, Estonia)) (pH ~4), apple juice (Aura (A. Le Coq, Estonia)) (pH ~3), and lemon juice (Lemon
juice concentrate (ICA, Italy)) (pH ~2-3). The juices were purchased from the grocery store. Samples
were measured at room temperature (21 °C). pH values of the samples were measured with a
conventional pH meter (Seven2Go Advanced Single-Channel Portable pH Meter, Mettler Toledo,
Switzerland).

3.5.3. Measurements in beverage samples

The pH of beverage samples was measured similarly to the measurements in real water samples as
described in section 3.4.2. Measurements in real water samplesThe measurements in different groups of
samples (water, caffeinated drinks and juices) were performed on different days and the calibration
was performed at the beginning of each measurement day.
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3.6. Measurement of cross-sensitivity of fabricated electrodes towards the components
of tomato juice

Cross-sensitivity of RuO,-Nf and RuO,-CuO-Nf towards components of tomato juice was measured
similarly to cross-sensitivity towards common ions as described in section 3.3. The measurement of cross-
sensitivity of fabricated electrodes towards common ions The influence of the presence of the following
compounds was studied:

e glucose (CsH106)
e sucrose (Ci12H2,011)
e sodium ascorbate (CsH;NaOg).

3.7. Study of the effectiveness of cleaning methods for fabricated electrodes

After pH measurement in food samples, the electrodes need to be cleaned as the food residues can be
adsorbed on the surface of the electrode. Four methods of the RuO»-based electrode’s cleaning were
studied:

e mechanical cleaning — electrodes were cleaned with a sponge and a dish cleaning liquid, then
rinsed with Milli-Q water;

e 0,1 M HCl + mechanically — electrodes were soaked in 0.1M HCl for 10 minutes, and then were
cleaned mechanically as described above;

e 1% pepsin in 0.1M HCI — electrodes were soaked in 0.1M HCl with added 1% of pepsin for 10
minutes, and then rinsed with Milli-Q water;

e 0.4 M HCI - electrodes were soaked in 0.4M HCI for 10 minutes and then rinsed with Milli-Q
water.

The sensitivity of the electrodes was measured before using them for pH measurement in milk samples
and two times after using and cleaning: (i) straight away after cleaning and (ii) after conditioning in
Milli-Q water overnight.
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Figure 17. The places where water samples were collected: a) Kunda bay of Baltic sea; b) pond in Toolse village;
c) river in Toolse village; d) water samples used for RuO: electrodes testing.
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4. Results and discussion

4.1. The optimal ratio of RuO; to CuO for binary electrodes fabrication is 1:1 and optimal
sintering temperature is 900 °C

In order to find the optimal ratio of RuO, to CuO in the binary electrode composition, two different
proportions of RuO,:CuO were used for electrode fabrication: 1:1 and 2:3 mass % respectively.
Moreover, electrodes were sintered at different temperatures of 850°C and 900°C to evaluate the
influence of the sintering temperature on the properties of the RuO,-CuO electrodes. The sensitivity
of the fabricated electrodes was measured after one month conditioning in water. Based on the results
of the sensitivity measurement (Table 5 and Figure 18), the electrodes with the ratio of RuO; to CuO
1:1 and sintering temperature 900°C showed the highest sensitivity towards H* ions. Therefore, binary
electrodes with RuO; to CuO ratio 1:1 sintered at 900°C were selected for further investigation.
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Figure 18. The highest pH sensitivity was observed for binary electrodes with RuO2:CuO ratio 1:1 sintered at
900°C (blue column), these electrodes were selected for further investigation. pH-sensitivities (Y-axis) of the
Ru02-CuO-Nf electrodes (X-axis) with RuO2:CuO rate 1:1 and 2:3 and sintering temperature 850 and 900 °C were
measured after one-month conditioning in water and compared to Nernstian response (red line).

Table 5. Sensitivity of the RuO,-CuO-Nf electrodes after one-month conditioning in water.

RuO::CuO ratio  Sintering temperature, °C  Sensitivity, mV/pH E°, mV R?
1:1 850 50.5+45 554 +25.5 0.987
1:1 900 543+6.4 587.8+15.6 0.989
2:3 850 39.7+12.0 420.4 +148.7 0.959
2:3 900 413143 470.0 £ 65.5 0.947

Selected binary electrodes with RuO; to CuO ratio 1:1 sintered at 900°C were covered with Nafion as
for measurements in beverage samples the electrodes need to be modified. The performance of the
bare electrodes (RuO; and RuO,-Cu0) and electrodes modified with a Nafion membrane (RuO,-Nf and
RuO,-CuO-Nf) were compared based on their sensitivity. Furthermore, the electrochemical
characteristics of fabricated and modified electrodes were compared to that of a conventional glass
electrode.
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4.2. Electrochemical characteristics of the fabricated RuO,-CuO electrodes are
comparable to that of RuO; electrodes and conventional glass electrode

All the electrodes showed close to the Nernstian response (Figure 19) and characteristics similar to that
of CGE (Table 6). Unmodified ruthenium dioxide electrodes showed the sensitivity of 57.5 mV/pH and
binary RuO>-CuO electrodes showed the sensitivity of 54.3 mV/pH, both slightly lower than that of the
glass electrode. For Nafion-modified electrodes, a small drop in sensitivity (less than for 1.0 mV/pH)
was observed. For both Nafion covered and uncovered electrodes sensitivity of binary RuO,-CuO
electrodes (53.2 and 54.3 mV/pH respectively) was slightly lower than that of RuO; electrodes (57.0
and 57.5 mV/pH respectively). Lower sensitivity in the case of CuO-modified RuO; electrodes can be
attributed to the presence of copper oxide in the pH-sensitive layer of the electrodes. Previously
reported by Zaman et al.[58] that the pH sensitivity of the pure CuO electrodes is 28 mV/pH, which is
lower than that of RuO; electrodes. Therefore, the sensitivity of the RuO,-CuO electrodes should be
somewhat lower than that of the RuO; electrodes. The coefficient of determination (R?) for the Nafion-
covered electrodes (0.997 for RuO,-Nf and 0.990 for RuO,-CuO-Nf) was slightly higher than that of
electrodes without Nafion (0.979 and 0.989 for RuO>-Nf and RuO,-CuO-Nf electrodes respectively).
Therefore, the introduction of the Nafion membrane does not affect the RuO,-CuO electrodes
performance and Nafion-covered electrodes were investigated further.
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Figure 19. Sensitivity (Y-axis) for the fabricated electrodes (X-axis). RuO2-CuO and RuO2-CuO-Nf electrodes
(green) showed slightly lower pH sensitivity compared to that of the pure RuO; electrodes(blue), glass electrode
(red) and the theoretical Nernstian response (red line). Nevertheless, the sensitivity of the RuO2-CuO and RuO2-
CuO-Nf electrodes was higher than expected taking into account the sensitivity of pure CuO electrodes ( )

(the data on pure CuO electrode is taken from Zaman et al.[58])

Following, the other electrochemical characteristics of the fabricated RuO,-Nf and RuQ,-CuO-Nf

electrodes (hysteresis and drift) were measured and compared to that of a CGE. The results of the
measurements are presented in Table 6.
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Table 6. Characteristics of fabricated RuO»-based electrodes

Electrode Sensitivity, 0 2 Hysteresis A, Hysteresis B, .
type mV/pH E%, mV R mv mV Drift, mV/h
RuO2-Nf 57.0+0.7 684.1+2.3 0.997 11+1 17+9 0-15
RuO2-CuO-Nf 53.2%1.6 575.3+5.5 0.990 52 20+ 3 0-5
Glass electrode
Glass electrode 58.8+3.4 705.7 +36.8 0.997 10+2 12+3 0-5

The hysteresis effect of all the fabricated RuO,-based electrodes was similar to that of the conventional
glass electrode (Table 6) or even smaller (Figure 20 a,b). The electrode of interest RuO,-CuO-Nf showed
the lowest hysteresis value in the acidic loop among all the studied electrodes — 5 mV, but in the basic
loop, the hysteresis was the highest of all the measured values — 20 mV. Nevertheless, this value is still
acceptable for measurements since it does not exceed even 3.5% of the E° value. The low hysteresis
values indicate that the measurement is very slightly affected by the previous one and the fabricated
electrodes do not need long conditioning in-between measurements in different samples. Smaller
hysteresis in the case of the acidic loop can be explained from the point of the size difference of the H*
and OH" ions: due to a bigger size, OH" ions take diffuse, therefore causing increased response time.
This phenomenon was also reported previously by Manjakkal et.al.[6].
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Figure 20. In figure (a) the hysteresis values in the acidic loop (Hysteresis A) and the basic loop (Hysteresis B) are
presented on the Y-axis for the investigated electrodes: RuO2-Nf (blue), RuO2-CuO-Nf (green) and glass electrode
(red). Among all the studied electrodes RuO2-CuO-Nf showed the lowest hysteresis value in the acidic loop (a,
hysteresis A). Meanwhile, in the basic loop, the hysteresis value was higher yet still acceptable (a, hysteresis B),
indicating that measurement is very slightly affected by the previous one. In figure (b) the change of the
electrode’s potential (Y-axis) with time (X-axis) is presented. The hysteresis or memory effect is defined as the
difference of electrode’s reading in buffers of the same pH. The potential response change of electrodes due to
hysteresis effect for different solution pH values in the acidic loop (pH 3-5-7-5-3): conventional glass electrode (b,
red) and RuO2-CuO-Nf electrode (b, green).

All the fabricated electrodes showed an acceptable drift effect (Table 6). The drift effect of the binary
Ru0,-CuO-Nf electrodes was similar to that of the CGE 5 mV/h and superior to that of the RuO,
electrodes (<15 mV/h). Therefore, all the fabricated electrodes can be used for long-time pH
measurement. The measured potential drift values correlate well with the data reported by other
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authors for RuO; electrodes. Lonsdale et al.[30] have demonstrated that for RuO;electrodes sputtered
on different substrates drift values varied from 5 to 23 mV/h for different electrodes. Sardarinejad et
al.[30] demonstrated that for their RuO, electrodes the drift rate was around 17mV/h.

4.3. The presence of common ions in the sample almost does not affect the result of pH
measurement made with ruthenium dioxide-copper oxide electrodes

4.3.1. Fabricated electrodes showed low cross-sensitivity towards cations

In order to study the influence of different cations present in a sample on the performance of the
fabricated electrodes, the sensitivity of the fabricated Nafion-modified electrodes was determined in
the presence of the following cations: Na*, K*, Li* and NH4*. The cations with the charge +1 were
selected for this study since these ions have the same charge as H*-ion and are the most probable
candidates for interfering with electrodes performance.

The pH sensitivity of both fabricated RuO,-Nf and RuO,-CuO-Nf electrodes was almost not affected by
the presence of studied cations (

Table 7). The maximum deviation of 3.4 mV/pH was observed for the RuO,-CuO-Nf electrode. As can be
seen from

Figure 21, the slopes of potential dependency on the pH (the sensitivities of the electrodes) were the
same in all the cases. The behaviour of the RuO,-Nf electrode in the presence of studied cations was
very similar to that of the RuO,-CuO-Nf electrode. For both types of electrodes, the ammonium ion
influenced the E° value the most, however, the sensitivities of the electrodes were not affected. All the
plots have good linearity with the R?value higher than 0.995.

-153.60 4.00 5.00 6.00 7.00 8.00 9.00 1000  *11.00
pH
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Figure 21. Dependency of the RuO2-CuO-Nf electrode’s potential in buffer solution (Y-axis) on the pH value of
the buffer (X-axis) in the presence of the interfering ions: without added salts (black), Na* (red), K* (purple), Li*
(blue) and NH4* (green). The pH sensitivity (slope of the calibration plot) of fabricated RuO2-CuO-Nf electrodes
was almost not affected by the presence of studied cations. The calibration plots for RuO2-CuO-Nf electrode in
the presence of Na*, K*, Li* and NH4* cations are almost parallel to the calibration plot with no ions added. The
ammonium ion influenced the E° value (the point of intersection of the graph with the Y-axis) the most.

Table 7. Characteristics of the RuO2-Nf and RuO2-CuO-Nf electrodes in the presence of the interfering ions

RuO>-Nf Ru02-CuO-Nf
Si:fl';:':y’ E°, mV R? S‘::\S/';:':y' E°, mV R?
No added salts 59.6 711.2 0.991 62.4 684.1 0.998
NaCl 60.9 699.9 0.998 61.9 644.2 0.998
KCl 61.2 698.9 0.999 62.4 654.4 0.999
LiCl 62.4 707.1 0.999 62.4 664.0 0.995
NH.Cl 60.1 622.9 0.991 65.3 634.8 0.999
Na2S0a 61.5 705.5 1.000 63.8 681.7 0.999
Sodium oxalate 57.7 657.6 0.995 59.6 584.0 0.999
Sodium tartrate 58.7 669.1 0.997 60.4 609.5 0.999
Sodium glutamate 59.3 653.9 0.995 59.2 610.2 0.998
Sodium caseinate 61.3 641.1 0.995 59.4 624.6 0.994

The obtained data is in agreement with results gathered by other researchers for RuO;-electrodes
(Table 2). Uppuluri et al.[27] studied the impact of K*and NH,-cations presence observed the maximum
sensitivity decrease by 5 mV/pH for K*-ions. At the same time, Uppuluri et al. [27] attributed the
decreased E° values of the RuO; electrodes in the presence of (NH4),S0; to the presence of sulphate
ions. However, based on our data, the ammonium ions can influence the performance of the RuO;
electrodes as well. Manjakkal et al.[6] have shown that Li*, Na*, K" ions have no big impact on the RuO,-
based electrodes. Furthermore, they have also demonstrated that Cl" anion do not influence RuO,-
based electrodes performance. This correlates well with the results of our study. For the RuO,-CuO
electrodes, there are no studies on these ions influence on electrodes performance to our knowledge.

4.3.2. Fabricated electrodes showed low cross-sensitivity towards anions

Since the sodium cations do not affect the performance of RuO,-based electrodes, sodium salts with
different anions were used to study the influence of anions on the performance of the fabricated
electrodes. The sensitivity was determined in the presence of the following anions: sulphate (SO4%),
ascorbate (CsH;Os), oxalate (C,04%), tartrate (C4HaO6%), glutamate (CsHsNOy), L-lactate (C3HsOs),
caseinate. The results of the measurements are presented in

Table 7. Both types of fabricated electrodes RuO,-Nf and RuO,-CuO-Nf showed low sensitivity to studied
anions (
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Table 7). The influence of anions was similar to that of cations: the sensitivity of electrodes was almost
not affected (Figure 22) while the E° values slightly varied. The behaviour of the RuO,-Nf electrode was
once again similar to that of the RuO,-CuO-Nf electrode.
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Figure 22. Dependency of the RuO2-CuO-Nf electrode’s potential in buffer solution (Y-axis) on the pH value of
the buffer (X-axis) in the presence of the interfering ions: without added salts (black), in the presence of sulphate
(red), oxalate (purple), tartrate (pink), glutamate (green) and caseinate (blue). The pH sensitivity (slope of the
calibration plot) of fabricated RuO2-CuO-Nf electrodes was slightly affected by the presence of some studied
anions. It is demonstrated by plotting the calibration plots for RuO2-CuO-Nf electrode in the presence of sulphate
oxalate, tartrate, glutamate and caseinate anions next to the plot of the pH sensitivity if the fabricated electrodes
when with no ions added to buffer solutions (black). Glutamate and caseinate had the biggest impact on
sensitivity. Oxalate influenced the E° value (the point of intersection of the graph with the Y-axis) the most.

4.4. The performance of the fabricated ruthenium dioxide-copper oxide electrodes in
real water samples was better than that of pure ruthenium electrodes and comparable
to the conventional glass electrodes.

Both types of fabricated electrodes RuO,-Nf and RuO,-CuO-Nf showed good performance in different
water samples (Table 8). In Figure 23 the differences in the pH values measured with the fabricated
electrodes and the pH meter are specified on the Oy axis. The average difference for the RuO,-Nf
electrode was 0.23 pH units. RuO,-CuO-Nf showed even better performance — the average difference
was 0.05 pH units.

Table 8. Results of pH measurement with the RuO2-Nf and RuO2-CuO-Nf electrodes in water samples.

Sample pH meter Glass electrode RuO,-Nf RuO,-CuO-Nf
Tap water 7.70 7.69 £0.02 8.06 £ 0.01 7.68 £ 0.05
Sea water 7.54 7.55 £0.02 7.30£0.01 7.50£0.03
River water 7.34 7.35+0.04 7.20 £ 0.05 7.35+0.03
Pond water 7.18 7.17 £0.02 6.99 + 0.05 7.06 £ 0.04
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Figure 23. pH values measured with the fabricated electrodes are presented on the Y-axis as a difference of pH
values, measured with a studied electrode and pH-meter (pHruoz - pHph-meter) for different water samples (X-axis).
Blue dots indicate the differences of measurement from pH-meter for RuO2-Nf electrodes, green dots for RuO»-
CuO-Nf electrodes, red dots for CGE; red lines indicate +0.5pH and -0.5pH difference compared to pH-meter.
Ru02-CuO electrodes showed results closer to those of pH-meter than RuO2 electrodes.

4.5. The performance of the fabricated binary RuO,-CuO electrodes in common
beverage samples was better than that of pure ruthenium dioxide but poorer than

conventional glass electrode

4.5.1. Caffeinated drinks

In caffeinated drinks, fabricated electrodes showed a bigger pH difference compared to the pH meter
(Table 9) than in the case of water samples (Table 8). It can be described by the fact that analysed drinks
are more complicated matrices than water samples. The average difference in pH for the RuO,-Nf
electrode was 0.54 pH units. The pH of 4 samples of 5 differed from measured with pH-meter by more
than 0.5 but less than 0.65 pH units (Figure 24). RuO,-CuO-Nf electrode showed better performance in
caffeinated drinks than RuO,-Nf electrode. The average pH difference was 0.36 pH units with only one
sample pH difference bigger than 0.5 pH units.

Table 9. Results of pH measurement with the RuO»-Nf and RuO»-CuO-Nf electrodes in caffeinated drinks samples.

Sample pH meter Glass electrode RuO,-Nf RuO,-CuO-Nf
Black tea 7.31 7.21+0.04 7.95+0.09 7.08 £ 0.09
Green tea 6.97 7.10+£0.10 7.56 £0.12 6.51£0.20
Mint tea 6.83 6.84 +0.02 7.40 £ 0.08 7.05+0.01
Coffee 5.08 5.13+0.01 5.60 £ 0.03 4.74 +0.05
Rosehip tea 3.21 3.18+0.01 2.81+0.19 2.66 £ 0.09
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Figure 24. pH values measured with the fabricated electrodes are presented on the Y-axis as a difference of pH
values, measured with a studied electrode and pH-meter (pHruo2 - pHpH-meter) for different caffeinated beverages
(X-axis). Blue dots indicate the differences of measurement from pH-meter for RuO2-Nf electrodes, green dots
for RuO2-CuO-Nf electrodes, red dots for CGE; red lines indicate +0.5pH and -0.5pH difference compared to pH-
meter. 80% of pH values measured in caffeinated drinks with RuO2-CuO electrodes and only 20% of values
measured with RuO: electrodes were in the boundaries of £0.5pH compared to pH-meter.

4.5.2. Juices

The performance of fabricated electrodes in juice samples was very heterogeneous (Table 10). In apple
juice, the pH difference was similar to that of water samples (0.07 pH units for RuO,-Nf electrode and
0.016 pH units for RuO,-CuO-Nf electrode). RuO,-CuO-Nf electrode showed a similar small pH
difference in orange juice (0.04 pH units), while for RuO,-Nf the pH difference in this sample was very
big — 1.67 pH units. Both electrodes showed a pH difference of around 0.5 pH units for lemon juice
samples (0.66 pH units for RuO,-Nf electrode and 0.49 pH units for RuO,-CuO-Nf electrode). In apple-
mango and tomato juice samples, the RuO,-Nf electrode showed a pH difference of 0.73 and 0.4 pH
units respectively, while the pH difference for the RuO,-CuO-Nf electrode was big for these samples —
1.46 and 3.79 pH units respectively. 3 out of 5 measurements in juice samples made with the RuO,-
CuO-Nf electrode and 2 out of 5 measurements made with RuO,-Nf were in the boundaries +0.5 pH
compared to the pH-meter.

Table 10. Results of pH measurement with the RuO2-Nf and RuO2-CuO-Nf electrodes in juice samples

Sample pH meter Glass electrode RuO,-Nf RuO,-CuO-Nf
Lemon juice 2.55 2.44+0.01 3.2140.09 2.06+0.11
Apple juice 3.06 2.88+0.01 2.9910.13 2.90+0.08
Apple-mango juice 3.80 3.87+0.01 3.0710.06 2.34+0.01
Orange juice 3.93 4.04+0.01 3.9810.19 3.97+0.04
Tomato juice 431 4.33+0.01 5.6840.11 7.00+0.14
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Figure 25. pH values measured with the fabricated electrodes are presented on the Y-axis as a difference of pH
values, measured with a studied electrode and pH-meter (pHruo2 - pHph-meter) for different juices (X-axis). Blue
dots indicate the differences of measurement from pH-meter for RuO2-Nf electrodes, green dots for RuO2-CuO-
Nf electrodes, red dots for CGE; red lines indicate +0.5pH and -0.5pH difference compared to pH-meter. The pH
difference measured with RuO2-CuO electrodes compared to pH-meter in lemon, apple and orange juices was in
the boundaries +0.5pH, while a big error was observed in apple-mango and tomato juices. For the RuO:
electrodes, the difference exceeded 0.5 pH for orange juice as well.

4.6. Ascorbate ions have a large impact on the pH sensitivity of fabricated electrodes

In order to investigate the reason for the large error of pH measurement in tomato juice, the cross-
sensitivity towards some components of this juice was measured (Table 11). It can be seen that sugars
almost did not influence characteristics of RuO,-Nf and RuO,-CuO-Nf electrodes — similarly to the
studied cations and anions the sensitivity change did not exceed 5 and 3 mV/pH respectively, the
difference in E° value was acceptable as well (Figure 26). The biggest impact on electrode’s
characteristics had sodium ascorbate: the sensitivity of the RuO,-CuO-Nf electrode in the presence of
ascorbate dropped by 18.2 mV/pH and the sensitivity of RuO,-Nf was lower by 8.4 mV/pH. The E° value
dropped for both electrodes drastically- to 182.9 and 184.8 mV respectively.

However, the large error in pH-measurement in tomato juice can not be described only by the presence
of ascorbate in the sample, since measurement in lemon and orange juice that is much richer in these
ions, showed small error for RuO,-CuO electrodes (while the error for pure RuO, in orange juice was
large as well). This phenomenon needs further investigation.
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Figure 26. Dependency of the RuO2-CuO-Nf electrode’s potential in buffer solution (Y-axis) on the pH value of
the buffer (X-axis) in the presence of the components of the tomato juice: without added compounds (black),
in the presence of ascorbate (red), glucose (blue) and sucrose (purple). Both the pH sensitivity and E° of the
RuO2-CuO electrode dropped noticeably in the presence of ascorbate ions. Other components did not have
such a drastic effect on the sensitivity and E°.

Table 11. Characteristics of the RuO2-Nf and RuO2-CuO-Nf electrodes in the presence of the components of

tomato juice.

RuO>-Nf RuO2-CuO-Nf
S?::‘/';:':y' E, mV R S?::/l;::y, E, mV R?
No added salts 473 711.2 0.991 62.4 684.1 0.998
Sodium ascorbate 38.9 184.8 0.990 44.2 182.9 0.992
Glucose 47.2 648.1 0.997 59.4 626.7 0.996
Sucrose 52.2 526.0 0.999 62.8 561.9 0.989

4.7. The combination of soaking in weak acid solution and mechanical treatment is the
most effective method for fabricated electrode’s cleaning

All the electrodes showed higher sensitivity after cleaning and conditioning (

Table 12 and Figure 27). The sensitivities of the electrodes cleaned mechanically both with and without
0.1 M HCl increased after treatment for more than 10.0 mV/pH. After conditioning these electrodes
showed the biggest growth in sensitivity — 21.0 and 15.6 mV/pH respectively compared to the
untreated electrodes. In the case of cleaning with 1% pepsin in 0.1 M HCI only slight changes in
sensitivity were observed — straight away after cleaning it decreased by 1 mV/pH and after conditioning
increased by 2.4 mV/pH compared to the initial state. The biggest drop in sensitivity immediately after
cleaning was observed for treatment with 0.4 M HCI - 23.2 mv/pH, but after conditioning the sensitivity
increased by 12.8 mV/pH.
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Considering changes in sensitivity, it can be assumed that mechanical treatment is the most important
component of the electrode’s cleaning while using it for the pH measurements in food samples, but
the combination of mechanical cleaning and the treatment with HCl is the most effective method.
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Figure 27. Sensitivity of the RuO2-Nf electrodes (Y-axis) after different cleaning procedures (X-axis): before
cleaning (red), after cleaning (green) and after cleaning and conditioning (blue). The combination of mechanical
cleaning and the treatment with HCl was the most effective compared to other methods, proposed in various
manuals for cleaning of CGE: mechanical cleaning, cleaning with 1% pepsin and cleaning with 0.4M
hydrochloric acid.

Table 12. Characteristics of RuO2-Nf electrodes before and after cleaning.

Sensitivity, mV/pH E°, mV R?
Mechanically
Before cleaning 16.8+2.6 4845+ 1.5 0.956
After cleaning (straight away) 27.9+2.6 419.0 £+ 56.0 0.983
After cleaning (after conditioning) 324+2.2 492.0+23.0 0.985
0.1M HCI + mechanically
Before cleaning 25.3+0.3 523.0+5.0 0.975
After cleaning (straight away) 37.9+8.3 350.5+11.5 0.895
After cleaning (after conditioning) 46.3+4.6 519.5+0.5 0.985
1% pepsin in 0.1M HCI
Before cleaning 29.6+0.9 561.5+10.5 0.99
After cleaning (straight away) 28.5+3.1 511.5+33.5 0.980
After cleaning (after conditioning) 32.0£0.9 543.5£35.0 0.985
0.4M HCI
Before cleaning 28.2+0.2 530.5+2.5 0.960
After cleaning (straight away) 5.0£3.0 76.0 £90.0 0.265
After cleaning (after conditioning) 41.0+14.2 545.5 + 89.5 0.965
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Abstract

The conventional glass electrode that is currently used for pH measurements in food is mechanically
fragile and therefore it can contaminate food with dangerous glass fragments. The all-solid-state
proton sensitive ruthenium dioxide electrodes are the modern alternatives to the standard glass
electrodes providing improved durability. However, ruthenium is a rare element that is known to be
toxic. The partial replacement of ruthenium oxide by the much less toxic and less expensive copper
oxide can improve the toxicity and lower the price of the electrode. The binary RuO,-CuO electrodes
were presented in this thesis and their applicability for beverage samples was studied. The electrodes
were fabricated by the screen printing method and covered with a Nafion membrane for protection.
The best fabrication parameters for the RuO,-CuO electrodes were determined as 1:1 RuO,:CuO ratio
and sintering temperature of 900°C. The fabricated binary electrodes showed electrochemical
characteristics similar to that of pure ruthenium dioxide electrode and conventional glass electrode:
the pH-sensitivity of the fabricated electrodes was 53.2 + 1.6 mV/pH, hysteresis width in the acidic loop
was 5mV and in basic — 20 mV, the drift effect did not exceed 5 mV/h. Furthermore, RuO,-CuO
electrodes showed better performance in real-life samples than pure RuO; electrodes — the values
measured by binary electrodes more often were within the error limits of the pH meter. However, for
some juice samples, the error exceeded 0.5 pH, which can be explained by the cross-sensitivity to some
of the components of food samples, such as ascorbate ions, that was observed for both RuO; and RuO-
CuO electrodes. Furthermore, the most suitable cleaning procedure for the electrodes was suggested
to include mechanical cleaning with soap and consequent cleaning with 0.1M hydrochloric acid.

Considering all the abovementioned, all the 2. Aims of the work were met: electrodes were investigated
for their ability to measure pH in real-life samples and compared to the conventional glass electrode.
The electrodes were evaluated from the point of their characteristics and applicability for the
measurement of pH in real-life samples. Such characteristics as sensitivity, hysteresis, drift effect, and
cross-sensitivity were investigated as main electrode characteristics. RuO,-CuO electrodes exhibited
performance similar to that of RuO; electrodes and on par with the conventional glass electrode.

The results presented in this work form the basis of research paper that is currently being written with
the main supervisor Maryna Lazouskaya as the leading author.
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Annotatsioon

pH mddtmiseks toidus kasutatav standardne klaaselektrood on mehaaniliselt ndrk ja seetottu voib see
saastada toitu ohtlike klaasikildudega. Taiesti tahked (all-solid-state) prootonitundlikud
ruteeniumdioksiidi elektroodid on kaasaegsed vastupidavamad alternatiivid standardsetele
klaaselektroodidele. Ruteenium on haruldane metall, mis on aga teadaolevalt mirgine.
Ruteeniumoksiidi osaline asendamine palju vahem toksilise ja odavama vaskoksiidiga v6ib vahendada
sellise elektroodi toksilisust ja alandada elektroodi hinda. Kdesolevas 10putdos esitleti binaarseid RuO,-
CuO elektroode ning uuriti nende kasutamist toidus. Elektroodid valmistati siiditriiki (screen printing)
meetodil ja kaeti kaitseks Nafion membraaniga. Parimad tootmisparameetrid RuO,-CuO elektroodide
jaoks leiti 1:1 RuO:CuO suhte korral ja kuumutamistemperatuuril 900°C.

Valmistatud kahekomponentsete elektroodide elektrokeemilised omadused olid sarnased puhta
ruteeniumdioksiidi elektroodi ja tavalise klaaselektroodiga: pH-tundlikkus oli 53.2 + 1.6 mV/pH,
histereesi laius happelises ahelas oli 5 mV ja aluselises — 20 mV, triiviefekt ei Gletanud 5 mV/h. Lisaks
naitasid RuO,-CuO elektroodid tegelikes proovides paremat t66d kui puhtad RuO, elektroodid —
binaarelektroodidega moddetud vaartused jadid sagedamini pH-meetri veapiiridesse. Mone
mahlaproovi puhul {iletas viga aga 0.5 pH, mis vdib olla seletatav risttundlikkusega mone toiduproovi
komponendi, néiteks askorbaadi ioonide suhtes, mida naitasid nii RuO; kui ka RuO,-CuO elektroodid.
Lisaks leiti elektroodide jaoks koige Gigem puhastusprotseduur, mis sisaldas mehaanilist puhastust
seebiga ja jargnevat puhastust 0.1M vesinikkloriidhapega.

KGike eeltoodut arvestades saavutati kdik t66 eesmargid (2. Aims of the work): uuriti elektroodide
vOimet moota pH reaalsetes proovides ja vorreldi tavaparase klaaselektroodiga. Elektroode hinnati
nende omaduste ja tegelike proovide pH mddtmise otstarbekuse seisukohast. Elektroodi peamiste
omadustena uuriti selliseid omadusi nagu tundlikkus, hiisterees, triiviefekt ja risttundlikkus. RuO,-CuO
elektroodide t606 oli sarnane RuO; elektroodidega ja standard klaaselektroodi omaga.

Selles t60s esitatud tulemused moodustavad olulise osa hetkel kirjutatavas teadusartiklis, kus
juhtivautoriks on juhendaja Maryna Lazouskaya.
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