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Abstract

This thesis aims to develop appropriate sensing chemistry for the electrochemical
detection of alkaline-earth metal ions in formation water. Accordingly, the first
chapter outlines the relevance of this work and gives an overview of the methods
currently used for the determination of alkaline-earth metals in aqueous conditions.
The second chapter then details the electrochemical concepts that underpin the
subsequent results and the third chapter outlines the experimental techniques used
throughout this work.

The reliable measurement of peak potentials in non-aqueous conditions is challenging.
IUPAC recommends the use of an internal standard, typically the ferrocene |
ferricinium redox couple. Chapter 4 investigates the reliability of this system and finds
that chloride ions present in the system interfere with the ferrocene. This chapter
shows that the ferrocene | ferricinium redox couple can be used as an internal standard
in non-aqueous environments alongside a quasi-reference electrode; however, the
exact solution composition and conditions must be considered. Therefore, any result
obtained must be thought of in terms of the system, where each component must be

scrutinised.

Chapter 5 focusses on the interaction of chlorquinaldol and broquinaldol with alkaline-
earth metals as a route for detection. Firstly, the voltammetric response of the two
quinaldols is characterised in equimolar DMSO/H20 with a DISP2 reaction process
proposed for both due to the decrease in apparent diffusion coefficients with increasing
concentrations. Both ligands produced an increase in the Nesf values in the presence of
barium ions above 10 mM. It is also demonstrated that chlorquinaldol is more sensitive

to barium ions over strontium and calcium ions.

The use of compounds soluble in aqueous conditions allows for the use of a reliable
commercial Ag | AgClI reference electrode. Ferrocenemethanol is a water-soluble
derivative of ferrocene that interacts with thiols. Chapter 6 explores the EC’ electrode
mechanism that is present for ferrocenemethanol and tiopronin. It shows how the

turnover number can be manipulated by changing the solution pH in order to increase



the reactivity of the tiopronin. The introduction of barium ions to the system (above
10 mM) is shown to reduce the turnover number; this allows for their determination

but not to levels low enough for the desired application of this work.

The first two sensing methodologies explored utilised amperometric changes to
determine the presence of alkaline-earth metal cations. Chapter 7 utilises an entirely
novel approach to ion sensing by using changes in both the peak potential and current
to successfully determine the concentration of alkaline-earth metal ions. It looks at the
voltammetric response of disodium rhodizonate which is a water soluble compound
that can bind with barium to produce a solid precipitate. This complexation is shown
to produce an oxidative shift in the reductive peak potentials and a decrease in the
peak current. The system exhibits the ability to detect alkaline-earth metal cations in
this way at pH 8.5 (sea water), pH 7 (formation water) and at 35 % salinity (sea water).
A 3-Dimensional model is produced that allowed for the prediction of barium ion
concentrationn in samples containing strontium ions as an interfering substance. This
model produced good results with every test sample producing a peak potential within

5 mV of the true value.
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1 Introduction

This thesis is aimed toward the development of a low cost, down hole, electrochemical
sensor capable of detecting scaling ions in formation water. Scaling ions such as
calcium, strontium and barium can form sparingly soluble inorganic salts in oilfield
operations. The accumulation of these compounds on oilfield equipment can cause
major flow assurance problems and possibly halt oilfield operations.! Currently, scale
inhibitors can be used in bulk to deter the accumulation of these compounds.? The
ability to predict the location and volume of scale formation in oilfield operations
would increase efficiency, have environmental benefits from the reduced use of

inhibitors, and greatly reduce costs.

1.1 Scale

Scale is a deposit of insoluble, or slightly soluble, compounds formed upon the surface
of another material; e.g. metal or rock. The most widely known example of this is the

formation of limescale, figure 1.1, on the inside of pipes and containers charged with

the heating of water.

Figure 1.1 - An image showing the build-up of limescale on the inside of a kettle.

There are two common classifications of scale that occurs in oilfield operations;
inorganic scale and organic scale.®* In the oil industry, some of the most frequently
encountered organic scales are paraffin wax, asphaltenes and gas hydrates. This thesis

will focus on the other primary form of scale; inorganic scale.



Inorganic scale is a crystalline deposit, typically consisting of one or more compounds,
that results from the precipitation of minerals from water. There are numerous
varieties of inorganic scale, table 1.1, which can form depending on the ions present
in the system. Deep subsurface water that is present in an oilfield operation will
typically become enriched in ions depending on its surrounding environment; e.g.
sandstone reservoirs will become saturated with calcium (Ca?") and magnesium

(Mg?") cations.!

Table 1.1 - A table presenting the chemical name, mineral name and formula of some

common inorganic scale found in oilfield operations.

Chemical Name Mineral Name Formula
Calcium carbonate Calcite CaCOs
Calcium carbonate Aragonite CaCO3
Calcium carbonate Vaterite CaCOs

Calcium sulfate Anhydrite CaSO04

Calcium sulfate dihydrate Gypsum CaS04.2H,0

Strontium sulfate Celestite SrSO4

Barium sulfate Barite BaSO4
Iron sulfide Pyrite FeS2

Sodium chloride Halite NaCl

Calcium fluoride Fluorite CaF:

Lead (1) sulfide Galena PbS

Inorganic scale formation is apparent in three main ways; supersaturation of
conditions arising from a change in the pressure or temperature, the mixing of two
incompatible fluids or through a microbial induced method.>® Not all scales form for
the same reason or in the same location within an oilfield operation. Carbonate based
scale will form predominantly in the wellbore and production facilities following a
change in the temperature or pressure.” Calcium carbonate is the most common
carbonate scale that is formed.

Calagy + 2HCO3 4y = CaCOs(5) + COzqq) + H2 0 11



In addition to this, it is naturally abundant in deep sea water; where it undergoes the

same chemical changes due to alterations in the temperature and pressure.®

The mixing of incompatible fluids is the primary way of inducing sulfate scale
formation. A common example of this is the introduction of sea water (typically a high
sulfate concentration) to bottom hole formation water (typically rich in Ca?*, Sr?* and
Ba%).
2+ 2— —
Bal}y + SO0Zaq) = BaSOy 1.2
This form of scale will commonly occur inside the wellbore, near the wellbore area or

in the production facilities.

The formation of these scales present a massive problem to the extraction of oil from
wells. The build-up of these sparingly soluble compounds on the pipelines will

dramatically reduce the interior area of the pipes, figure 1.2.

Scale

}‘QA Build
Up

Figure 1.2 - An image showing the formation of scale on the interior of a pipe and the

resulting reduced area.

Consequently, this reduction in area, A, means a much greater force, F, is required to
achieve the same recovery or pressure, P.

p= 1.3

|

In fact, the accumulation of scale can be devastating to oil recovery; where a North
Sea well observed a reduction in production from 30,000 barrels per day to zero in the

space of 24 hours.®



Scale formation is clearly a key aspect to consider when looking at the efficiency of
oil recovery capable from an oil well. Both of the two main mechanisms of scale
formation involve aqueous solutions, be it the supersaturation of water or the mixing
of incompatible ones. Consequently, understanding the composition of different

waters is key.

1.2 Formation, produced and sea water

Formation water is water that has been isolated with oil and natural gas between layers
impermeable rock for millions of years.'? In a petroleum reservoir, below the target

layer of hydrocarbons sits a layer of water known as formation water, figure 1.3.

Gas

Oil

Formation
Water

Figure 1.3 - A schematic showing the typical structure of an oil reservoir.

The properties of formation water vary depending on the specific reservoir. It is
typically slightly acidic, with a pH just less than'® 7.0 and its viscosity increases with
pressure, salinity and decreasing temperature.!! As mentioned earlier, these waters
will typically become enriched with different ions depending on its surroundings. This
formation water is described as produced water once it has been combined with

injected water, figure 1.4.



Injected Produced Water
Water and Oil

Sea Water

oil
Injected and Formation
. Water Mix . ] . ] ] .
Figure 1.4 — A diagram showing sea water being introduced into an oil reservoir to
aid in secondary oil recovery. The sea water mixes with the formation water naturally

present in the reservoir to form produced water.

This produced water is generated during the production of oil and gas from wells as
water is commonly injected into the system during secondary recovery.'? Produced
water is a complex concoction of different chemicals, organic and inorganic. An
overview of the mean concentrations of some ions that are present in produced water
and a comparison to their typical concentrations in 35 % salinity seawater is given in
table 1.2. It can be observed from table 1.2 that the concentrations of significant
cations is much larger in produced water than sea water. This means that, as produced
water is a mixture of formation water and injected water; formation water must have
a much larger concentration of these ions in. Consequently, when water is injected
into the system (commonly this is sea water) compounds that are abundant, such as
sulfates and carbonates, will react with these ions to form scale. Sea water typically
has a salinity, or total dissolved solids, of 35 g kg and a pH in the range of
8.08-8.33.1* As this is commonly used in second phase oil recovery, the typical
composition of sea water for these compounds that can lead to the formation of scale
are given in table 1.2 and 1.3.



Table 1.2 - A table showing mean concentrations of significant ions in produced water
and sea water. Data is taken from Collins (1975)° and Neff (2002).1

Chemical (Formula) Sea Water Produced Water
Concentration (mg L*) | Concentration (mg L)

Sodium 10,560 65 - 97,000

Potassium 380 3-6,500

Magnesium 1,270 4-11,700
Calcium 400 13-118,800

Strontium 13 7-3,200
Barium 0.003 - 0.034 <0.001 - 2,000

Table 1.3 - A table showing the typical sea water composition for significant
compounds. Data obtained from Lyman and Fleming (1940).%°

Chemical Sea Water Concentration (mg L)
Sulfate 2,649
Bicarbonate 140
Flouride 1

Tables 1.2 and 1.3 show that sea water contains a large concentration of sulfate ions
and a very low concentration of barium ions. When mixed with formation water
however, there is a large concentration of both ions present; hence the formation of

barite scale.

It can be seen through table 1.1 that a vast majority of scale that forms in oilfield
operations involves the alkaline-earth metals. The alkaline-earth metals refer to
calcium, strontium, barium and radium. For the sake of this thesis, radium will not be
discussed; however, magnesium will be included in part. Therefore, the next section
will look to understand what these metals are and why it is they are prone to this sort

of chemistry.

10



1.3 Alkaline-earth metal ions

This thesis is primarily concerned with magnesium, calcium, strontium and barium.
Magnesium and calcium are two of the most abundant elements in the Earth's crust;
eight and fifth respectively. They are also the third and seventh most abundant
elements present in sea water.'® Barium and strontium occur far less commonly, being
the fourteenth and fifteenth most abundant elements on Earth.!” Due to its high
abundance, magnesium is commercially extracted from sea water; where 1 g of Mg
ions can be obtained from 1 L of sea water. This process functions due to the solubility
of mononegative salts in water increases as you descend the group. Therefore, adding
calcium hydroxide (or oxide) to sea water forces the precipitation of magnesium
hydroxide; which is then converted to a chloride via treatment with hydrochloric

acid.1®

CaO) + Hy0(y = C(OH)3(qq) = Caf;q) + 20Hg, 1.4
Mglyy + 20Hg) = Mg(OH) 1.5
Mg(OH)Z(S) + ZHCl(aq) - MgClz(aq) + ZHZO(Z) 16

The other three elements are typically extracted from their molten chlorides through
electrolysis; whilst barium and strontium can be obtained through their reduction via

aluminium.*®

6ST0(S) + ZAl(l) - 357'(5) + ST3A1206(5) 1.7

The alkaline-earth metals are defined by their silvery metal appearance, ionic model
bonding and their ns? valence electron configuration. They exhibit similar trends to
other groups in the periodic table; for example their ionic radii increasing and first
ionization energy decreasing as you descend the group. Some of the key properties of

these elements are presented in table 1.4.

11



Table 1.4 - Some selected properties of the alkaline-earth metal ions including

magnesium. Data obtained from Shriver and Atkins.®

Magnesium Calcium Strontium Barium
(Mg) (Ca) (Sr) (Ba)
Metallic 150 197 215 217
radius
(pm)
lonic radius 72 100 126 142
(pm)
Coordination 6 6 8 8
number
First 900 736 590 502
ionization
energy
(kJ mol?)
E° (M?*, M) -2.38 -2.87 -2.89 -2.90
V)
Density 1.74 1.54 2.62 3.51
(g cm®)
Melting point 650 850 768 714
(°C)
AnydH® -1920 -1650 -1480 -1360
(kJ mol?)

It can be seen from table 1.4 that the metallic radius increases down the group; this is
indicative of the electron being further away from the nucleus, at a higher potential
energy and, consequently, less tightly bound to the nucleus. Even so, only a very small
increase in metallic radii is seen between calcium, strontium and barium due to the
lanthanide contraction. This phenomena is due to the poor shielding provided by f
electrons, which results in a higher than expected nuclear charge. The ionic radii of
the alkaline-earth metals follows a more uniform increase in size. This refers to the
size of the M?* jon. It follows that the coordination number, or typical number of atoms
or ions that immediately surround the central M?* in a complex or crystal, increases as
the ionic radii increases. Descending the group makes the formation of M?* ions easier,

12



in turn this results in increased electro positivity and increased reactivity down the
group. This is reflected in the standard potentials, E°, for the M?" | M becoming
increasingly negative as you descend the group. The increase in reactivity is observed
through their reaction with water; whereby calcium, strontium and barium will react

with cold water, whereas, magnesium will only react with hot water.

M(s) + 2H20(l) - M(OH)Z(aq) + HZ(g) 1.8

This can also be observed in terms of the lattice enthalpies, AH.®, of the different
systems. It is defined as the standard molar enthalpy change accompanying the
formation of a gas of ions from the solid.'® The lattice enthalpies play a key role when
investigating solubility as it involves the breaking of the solid lattice. In general, as
the difference in size of the ions involved becomes larger, the more soluble the
compound is in water. When observing the alkaline-earth metal hydroxides, scheme
1.8; the solubility increases as you trend down the group from magnesium to barium.

This shows that for a small anion, OH", a large cation, Ba?*, increases the solubility.

Table 1.1 showed that the alkaline-earth metals form two types of compounds of
particular interest to this work; carbonates and sulfates. Calcium carbonate is the most
common of these in nature; appearing as limestone, chalk, marble and coral to name a
few. It can appear in three different polymorphs, calcite (most common, hexagonal),
aragonite (orthorhombic) and vaterite (least common, hexagonal). Calcium carbonate,
along with the other alkaline-earth metal carbonates, is sparingly soluble in water. The
solubility of the carbonates in water can be measured by their solubility products, Ksp.
This is known as the equilibrium constant for a chemical reaction where a solid ionic

compound is dissolved to yield its ions in solution.

Ky = [M*][X7] 1.9

This can be compared to the Kgp for the other alkaline-earth metal carbonates, table
15.

13



Table 1.5 - A table showing the solubility products, Ksp, for the alkaline-earth metal

carbonates and sulfates at 25 °C. Data obtained from Lide.!8

Element Carbonate Ksp Sulfate Ksp
Mg 6.82 x 10°° -
Ca 3.36 x 10° 493x10°
Sr 5.6 x 1010 3.44x 107
Ba 2.58 x 10° 1.08 x 1010

It can be seen that all of the carbonates are sparingly soluble in water, with magnesium
being much more soluble than the others. The trend mentioned earlier, whereby
mismatched ion size increases solubility, is observed in the Ksp values for the alkaline-
earth metal sulfates. The sulfate anion is large and therefore, the large Ba?* cation is
not a good match for solubility purposes. The K, values quoted above, alongside
equation 1.9, can be used to calculate the concentration of something that can be
dissolved in a medium. This 'carrying capacity' can also be thought of as a saturation
level. Water saturation levels were discussed in terms of water balance by Langelier.*®
He developed the Langelier Saturation Index, which measured this water balance. A
perfect score on 0.0 describes a system whereby the dissolved solids are saturated and
balanced. The negative part of the scale indicates that the water can be corrosive;
whereas, the positive scale indicates that the water will begin to form scale as it is

over-saturated.

The sulfates have a wide range of uses; from calcium sulfate dihydrate (CaSQO4.2H20,
gypsum) being used as plaster of Paris upon heating,?° to barium sulfate being used in
X-ray imaging as a 'barium meal' due to its chemical stability and X-ray absorbing
properties.?! In addition to this, as mentioned previously, barium sulfate is also one
from of scale that greatly hinders oilfield operations. Present methods of stopping this
include the use of chemical inhibitors to stop the formation of the sulfate. Knowing
exactly how much of this compound to add is a problem as it is very difficult to know
the exact concentrations of the alkaline-earth metal ions present due to the very stable

compounds that they form.

14



One common property of alkaline-earth metals that has been manipulated for sensing
purposes is their ability to form complexes.?>% Some of the most widely seen
complexes that the alkaline-earth metal cations form are with crown ethers and
cryptand ligands, figure 1.5.

0 T
S U

18-crown-6 2.2.2-Cryptand
Figure 1.5 - A structural example for a crown ether (left) and cryptand (right).

The ability to form these complexes has been manipulated to create sensors for the
alkaline - earth metal ions. A sensor is made out of two main components; the sensing

chemistry and a transducer to relay this signal.

The following sections will investigate the different areas of research into the sensing
chemistry for the detection of alkaline-earth metal ions. It will seek to explain the basic
concepts and chemistry that allow these techniques to work; as well as evaluating their
efficiency for the desired application of this thesis. In turn, this will help explain why

an electrochemical dipstick probe is a proficient method of sensing for this application.

15



1.4 Titrations

One of the longest standing methods of alkaline-earth metal determination is the use
of complexometric titrations. Typically, a standard solution is added, via a burette, to
a solution of interest as in figure 1.6. In this scenario a metal : ligand complex would

be formed in the conical flask and the end point found.

Figure 1.6 - A schematic diagram of a classic titration set up including a burette

containing the standard solution (titrant) and conical flask containing the analyte.
In the beaker, once the ligand has been added from the burette, a complex can form

between the metal ion and ligand. EDTA (ethylenediaminetetraacetic acid), figure 1.7,

given as HoX, is a classic example of this.
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Figure 1.7 — The skeletal structure of ethylenediaminetetraacetic acid (EDTA).

It can complex to metal ions with various charges.

2+ 2— 2— +

Mgy + HoX(aqy = MX(aqy + 2H g 110
3+ 2— - +

M{aqy + H2X(aqy = MX (aq) + 2Hqq) 111
4+ 2— +

Mgy + H2X(aq) = MX(aq) + 2Hqq) 112

The end point is typically identified by a physical change in the solution. This can be
detected through multiple avenues; a natural colour change, an indicator colour change

or precipitation.

The detection of calcium has been achieved through complexometric titration for
years. Ethylene glycol-bis-N,N,N’,N’-tetraacetic acid (EGTA), figure 1.8, developed
by Schwarzenbach et al., has been utilised in this vein for many years due to its high
stability constant for calcium; up to five orders of magnitude larger than for the

common interferent magnesium.2®
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Figure 1.8 — Skeletal structure of ethylene glycol-bis-N,N,N’,N’tetraacetic acid
(EGTA), originally reported by Schwarzenbach et al (1957) and utilised by Tsunogai
et al (1968).%"

This was turned into a simple and effective test for calcium by Tsunogai et al. in 1968
using the metal indicator glycoxal-bis(2-hydroxyanil) (GBHA).?” Whereby, the red
calcium chelate complex formed with GBHA at pH 11.7 is replaced by the colourless
free indicator after titration with EGTA. This test has been extensively studied and
common interferents, magnesium and strontium, are accounted for by correction

factors.

These titration methods are still used today due to their high precisions (~ 0.10 %),%’
however the sample volume required and detection time remained larger than ideal.
More recently, Xiaowan et al reported the use of an automatic potentiometric titrator
to increase the efficiency of the same process.?® This set-up reduced the required
sample size down from > 20 mL down to ~ 1 mL, alongside a determination time of 5
minutes; with this increase in efficiency being at the cost of a small amount of
precision (~ 0.25 %).
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Early methods, utilising the same procedures, for the detection of barium and
strontium were based around another common ligand, analogous to EGTA,

ethylenediaminetetraacetic acid (EDTA), figure 1.7.

Some of the first examples used back titrations; for example the determination of
barium sulfate, whereby it was dissolved in an excess of EDTA and titration against
an excess of magnesium ions.?® The problem with early methods was, unlike the
relationship between EGTA and Ca?* ions, the affinity of EDTA was not for a single
cation; hence the separation of individual elements was required. EDTA can be used
in analytical chemistry to measure a vast array of elements in the periodic table via
direct titration or indirect methods. Regarding the alkaline-earth metals, EDTA will
complex with all of them with very similar formation constants. Typically indirect
methods have been used for strontium and barium determination, especially utilising

their precipitation as sulphates.*

Simultaneous detections of species in mixtures is extremely important and the use of
ion-selective electrodes have aided in the determination of titration end points in this
regard. Recently, del Valle and Calvo proposed the use of electronic tongues (ETS),
arrays of non-specific sensors, for the simultaneous detection of Mg?*, Ca?* and Sr?*
in mixtures.! When applied to external samples acceptable correlation was observed
for calcium; however, magnesium had a very poor correlation with respect to the

reference method, atomic spectroscopy.

The inability to perform on-site measurements in the presence of multiple interferents
is a key factor in this methodology being unsuitable for the desired application. There
is no feasible way to miniaturise and control this method suitably for a down-hole
application. One method that is excellent at dealing with interferents is atomic

spectroscopy.
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1.5 Atomic spectroscopy

Atomic spectroscopy is a commonly used analytical technique that utilises the
energetic transitions experienced by atoms. These transitions are primarily the result

of either the absorption or emission of a photon.

Atomic emission spectroscopy (AES) utilises thermal or electrical energy to excite an
electron from its ground state atomic orbital to a higher energy one. The relaxation of
this electron back to its ground state is normally accompanied by the emission of a
photon. An instrument can measure the intensity of this emitted photon as a function
of the wavelength. The key to the use of this technique for identifying elemental
compositions is the discrete nature of atomic orbitals. These well-defined energies
allow for the concentration of elements elements in various sample compositions to

be determined.

A flame atomic spectrophotometer is the most commonly used piece of equipment for
AES. This typically consists of four main parts; a light source, a burner/flame, a
monochromator and a detector, figure 1.9.

D r
Flame etecto

Monochromator
Light
Source

« , - —
I

Sample
Injection

Figure 1.9 - A schematic showing the basic set up of a flame atomic

spectrophotometer.

Initially this methodology employed flames, DC and AC arc lamps as the atom cells;
however, modern instruments have transitioned to inductively coupled plasmas (ICP).
This produces extremely good detection limits due to the ultra high temperatures they
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function at; this reduces the chemical interferences. Samples ready to be tested are
introduced into a nebulizer; in this, they are mixed with a fuel and an oxidant, and then
passed into the burner in the form of an aerosol. This process produces a high
temperature flame that removes any excess solvent and breaks the sample down into

its constituent free atoms in addition to stimulating their atomic emission.3?

In atomic absorption spectroscopy an electron is excited, through the absorption of a
photon, from a lower energy state to a higher energy one. An instrument will then
measure the absorbance at a wavelength specific to the element of interest. A light
source is directed through the sample, utilising the fact that neutral gaseous species
will absorb some of the light, reducing its intensity. This reduction, or absorbance, is
proportional to the concentration of atoms in the cell in accordance with the
Beer-Lambert Law. Hollow cathode lamps (HCLSs) are typically used in this form of
spectroscopy due to the single emission of atomic lines. This method has excellent

selectivity but significantly reduces the abiity for multi-component analysis.32

The influence of physical properties of analytes has been problematic in the use of
flame atomic absorption spectroscopy (FAAS). The introduction of flow injection
allowed for more efficient performance and large scale analysis. It allowed for the
reduction in sample volume, reduced analysis time, improved precision and a higher

tolerance for dissolved solids; without any loss in sensitivity.3?

Calcium is one of the most frequently analysed elements using atomic absorption
spectroscopy. Initial work was focussed on the calcium present in urine, soil or serum
samples.®*3% Determination of calcium is fairly straight forward with minimal
interferences when using a nitrous oxide/ acetylene flame. However, using an
air/ acetylene flame produces lots of interferences from a variety of sources.® Due to
the common nature of calcium, the higher sensitivity gained from the use of a graphite
furnace is rarely required. Early examples of atomic absorption spectroscopy
compared favourably to other techniques, such as EDTA titration, used at the time.
The obvious advantages were the massive reduction in required sample size, removal
of interferents problems and no problematic end-point to find. The major problem with
the technique for the detection of calcium in water was the pH dependence of the

perceived calcium concentration. The concentration remained constant at between pH
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1.8 — 3, increased when moving from pH 7.0 towards pH 3.8 and decreased after pH
1.8.37 One such case where it is beneficial to use a graphite furnace is when the matrix
Is brine, due to the extremely high concentrations of NaCl present. This interferes both
chemically and physically with the analyte. To overcome this a graphite furnace
method alongside a L’vov platform, a small pyrolytic graphite plate, can be used to

minimize the interference.3®

Strontium can be detected using either the air/ acetylene or nitrous oxide/ acetylene
flames, with the cooler flame producing the larger number of interferences. Due to
this, much research has been done on the optimisation of detection by utilising
mixtures of the two flames.*® Atomic absorption spectroscopy has typically been used
regularly for the determination of strontium concentration in collected geological

water samples.*

Barium, like calcium, exhibits large amounts of interference when analysed in an
air/ acetylene flame. Again these are diminished or completely removed in the
presence of a nitrous oxide/ acetylene flame.*! Due to the high atomization
temperatures, alongside the typical low concentrations of barium present in samples,
graphite furnace methods and electrothermal atomic absorption methods have been
popular.*? Krug et al produced a detection limit of 10 - 20 pg using the electrothermal
method, however interference from large concentrations of calcium remained an

issue.*3

Although atomic spectroscopy can produce low limits of detection with precision and
is still regularly used in research for ion concentrations for environmental analysis; it
is not a suitable method for the applications focussed on in this work. The requirement
for sample collection, treatment and analysis away from the site makes the process
unnecessarily inconvenient. Miniaturisation of the technique is possible, but the
precise arrangement of the light source, injection and detector mean that it is very
difficult. This technique is also a destructive one; a non-destructive technique to

consider is nuclear magnetic resonance spectroscopy.
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1.6 Nuclear Magnetic Resonance spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most dominant
methods of analysis for the determination of chemical structures due to the large
amount of information gathered by a single set of analytical tests. It utilises the same
principles as Magnetic Resonance Imaging (MRI) which is an extremely common
method used in medical imaging. NMR is concerned with the atomic property of
nuclear spin and the most common methods of NMR, *H, *C, °F and %P, all have a
nuclear spin equal to ¥%2. When placed in a magnetic field, a nucleus with a spin of this
value will either align itself with the field or against the field. Nuclei aligning itself
with the field, in a lower energy state, can flip to the position of higher energy when
radio waves are applied to the system. Fourier transform (FT) is used to excite all the
nuclei in a system; following this, the absorption of energy or release of energy can be
analysed by a computer.

A key component of this method is that the effective magnetic field experienced by a
nucleus is a product of the nearby environment, including nuclei and electrons, as well
as the applied field. This variation in environment for the various nuclei is the reason
that different nuclei absorb at slightly different frequencies. These different ‘chemical
shifts’ in the obtained spectrum are produced relative to the standard zero point; this
is the standard reference resonant frequency, typically tetramethylsilane (TMS), figure
1.10.

tetramethylsilane

Figure 1.10 - The skeletal structure of tetramethylsilane (TMS).

Kula et al. first reported this method for the detection of alkaline-earth metal cations
by utilising their ability to complex with ethylenediamineetraacetic acid (EDTA).*

This was used mainly to detect the fact that complexation was occurring, not the
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detection of the metal ion specifically. Since then, work has been done to progress the
ability for the detection of specific ions. *H-NMR has been proposed as a simple
determination method for diamagnetic metal ions in aqueous environments.*® This
utilises the *H chemical shifts of the known chelator EDTA, figure 1.6, and how this
shift differs depending on the coordinating metal in question. This removes the use of

an indicator and subjectivity of a colour change.

Although NMR is a non-destructive and often rapid method of detection. The
requirement for laboratory based equipment, high cost and difficulty to process
complex mixtures of substances, often involving long pre-treatment steps are serious
problems. These alongside the difficulty in miniaturising such a set up makes this
technique highly unsuitable for down-hole applications. One technique that can be

miniaturised fairly easily is fluorescence spectroscopy.

1.7 Fluorescence

The use of fluorescence based systems for the detection of metal ions, including
alkaline-earth metal cations, has been researched extensively with many reviews
produced.*¢*® When the absorption of a photon promotes a molecule from its ground
electronic state to an excited electronic state, several events can occur. These are

commonly presented in the form of a Jablonski diagram, figure 1.11.

Excited Electronic yy ———— Intersystem
State I Crossing
: Fluorescence o
Excitation '
- Phosphorescence
Ground Electronic Y A

State

Figure 1.11 - A simplistic drawing of a Jablonski diagram showing the excitation
followed by either fluorescence or phosphorescence.
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Fluorescence, a radiational transition, is the process in which the molecule relaxes
from this excited state directly by re-emitting a photon. This transition produces a
higher energy than similar processes, such as phosphorescence, and hence occurs at a
shorter wavelength with a lifetime of approximately 10® — 10* s. Fluorescence
detection typically incorporates two moieties, a fluorophore and receptor, which can
be separated by a linker/spacer or incorporated into a single system. The receptor is
responsible for binding to the desired analyte. The binding of an analyte is transmitted
as either an enhancement or quenching of fluorescence. Typically, this approach has
high sensitivity and is used regularly in the detection of metal ions. The following
sections will focus on recent advancements made in the area of alkaline-earth metal

ions.

One of the most extensively researched receptors for Ca®* cations over the past three
decades is BAPTA, figure 1.12, (1,2 — bis(o-aminophenoxy)ethane-,N,N,N’ N’-

tetracetic acid).**°

HO (0]

(0] OH
BAPTA

Figure 1.12 - A skeletal structure of the BAPTA ligand. Initially reported by Tsien.%®

It was initially reported in the 1980’s by Tsien®® and was found to be particularly adept
for intracellular (~100 nM) calcium detection due to its extremely strong binding
properties.> > To produce a system suitable for extracellular levels of calcium (~1
mM) the BAPTA molecule needed to be modified to reduce its binding affinity.
Methods investigated included the addition of nitro groups or halogens to the ring
system; this successfully reduced the binding affinity, however, introduced alternate

problems in fluorescence quenching among others.®® Alongside this, problems with
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decomposition in aqueous environments was overcome with the immobilisation of the

fluorophores onto an amino functionalised cellulose polymer matrix.5!

Recently, Sui et al. have produced a highly water soluble sensor for the detection of
extracellular calcium.® This system uses the BODIPY fluorophore and a calcium ion
recognition group, based on bis(hydroxyethyl)aniline, figure 1.13, that forms a 1:1
metal: ligand complex and has a dissociation constant of 0.92 mM; which is within
the desired extracellular range.

o N NN,

bis(hydroxyethyl)aniline
Figure 1.13 — The skeletal structure of bis(hydroxyethyl)aniline. The common
backbone from which Sui et al. developed the derivative for their Ca®* sensor.5?

In the absence of the target analyte, the non-bonding electron pair on the nitrogen can
transfer a single electron to the fluorophore to quench the produced fluorescence via
PET (photo induced electron transfer). This is the most commonly investigated
fundamental process of fluorescence enhancement.®3-8 In the presence of Ca?* cations
there is a reduction in the PET process and therefore an inherent enhancement in the
observed fluorescence. This system experiences interference from Zn?*, which is
common among Ca?* sensors, but this can be overcome by the addition of TPEN. In
addition to this, the system will only function above pH 6.8. Although appropriate for

the detection of extracellular levels of calcium, it is not appropriate for water levels.

Typically, sea water levels of calcium are an order of magnitude higher than the
standard extracellular levels (~10 mM). Liu et al.%® followed on work by He et al.5?,
using a 4-amino-1,8-naphthalimide based fluorophore with phenylimino-
diethoxyacetic acid as a calcium receptor, figure 1.14, to produce a suitable system for

a fresh and sea water environment.
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phenyliminodiethoxyacetic acid
Figure 1.14 — The skeletal structure of phenyliminodiethoxyacetic acid. Used as the

Ca2* receptor for Liu et al..®

The original work used a calcium receptor that was appropriate for extracellular levels
of calcium; for the application to water samples, the binding affinity needed to be
reduced. This was achieved by the removal of ethoxy groups from the receptor, in turn
reducing the amount of binding sites available for the calcium. The system worked in
a similar way to that above; in which, there is a nitrogen free to act and an electron
donor to the fluorophore through a PET process. This produced a method suitable for
long term analysis in freshwater and saltwater with no interferences from strontium
and only a small, correctable, interference from magnesium. The main source of
interference was found to be alterations in pH; hence, the incorporation of a pH sensor

into the overall system would be required for the corrections necessary.

Research into fluorescence sensing systems for the detection of Sr>* has lagged behind
that of Ca?*; somewhat due to the reduction in biological importance. Kaur et al. have
recently produced a polyamine based fluorescence sensor for the detection of Sr?* in
aqueous media.”® Inorganic nanoparticles have been available for a while; however,
they are non-degradable and toxic, making them unsuitable for use in biological
systems.”"* Their organic counterparts have been developed and used due to their
superior water solubility, optical properties, low toxicity and biodegradability.”
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Figure 1.15 — A skeletal diagram of the molecules synthesised by Kaur et al. for their

Sr?* fluorescence based sensor.”

The work by Kaur, figure 1.15, utilises the long singlet lifetime of the pyrene moiety
and is produced by a one-step condensation reaction between pyrene-1-
carboxaldehyde and polyamine. This organic nanoparticle system utilises excimer
excitation of the « - & stacking between pyrene moieties. Upon strontium binding, a
conformational change is observed resulting in an extension of the pyrene-pyrene
spacing; which, in turn quenches the fluorescence. This system can detect strontium

up to 9 nM, is invariable to changes in pH or other metal ions and has been successfully
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deployed in tap and river water with the lowest detection limit found in literature for

the detection of strontium.

As with strontium, there has been considerably less development of sensing methods
for barium in comparison to the more biologically relevant calcium ions. One of the
most challenging aspects to tackle in barium detection through fluorescence is the
common interference of Pb?*. One method, reported by Wang et al., is the use of imine
based compounds. These are attractive due to their ease of preparation, high
selectivities and the attractive electronic and photo-physical properties they possess.
Compounds, such as imines, that include a C=N are dominated by fluorescence
quenching and PET processes. The work by Wang et al. reports N-salicylidene-3-
aminopyridine, figure 1.16, which demonstrates good selectivity for Ba?* and, in turn,

exhibits fluorescence enhancement upon coordination.””

X
Ny v

OH
N-salicylidene-3-aminopyridine

Figure 1.16 — The skeletal structure of N-salicylidene-3-aminopyridine. Utilised by

Wang et al. due to its selectivity for Ba?*.

The compound itself is not soluble in 100% aqueous media, so is dissolved in
acetonitrile first to create a 1: 9 MeCN: H.O mixture. The coordination and selectivity
for barium, in a 1. 2 ligand to metal ratio, is promising over other commonly
competing cations, however strontium is not tested in this study. It is proposed that
the selectivity for barium is due to the size of the coordination platform provided by
the imine group and pyridine nitrogen being in the meta position; this conformation is
not optimal for small sized cation encapsulation. Upon coordination with barium, the
fluorescence emission is saturated at 10 uM; with a detection limit of 0.7 puM. This

platform was tested in pH adjusted drinking, tap and river water with promising
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results. However, it is not in the desirable concentration range for use in formation

water, which lies up to an order of magnitude higher.

Selectivity between Ba?* and Pb?* is a common problem in this area of research. Xu
et al. reported a G-quadraplex fluorescence detection system for Ba?*.’
G-quadraplexes are a four-stranded structure that is generated from four guanine bases
in a planar arrangement through hydrogen bonds.” Previously, the formation of these
structures has been shown to be promoted by monovalent cations, K* and Na*;%
however the divalent cations Pb?* and Ba?* show stronger stabilisation effects due to
their ionic radius and larger charge density.81:82 This strong stabilisation provided an
effective assay method for the detection of Ba®* although interference from other metal
ions, K* and Pb?" has provided issues.88°

The work by Xu et al. used G-quadraplex AGRO100 alongside fluorescence
component N-methyl mesoporphyrin IX (NMM), figure 1.17, to produce a
Ba?*-induced “turn-on” fluorescence sensor. NMM exhibits weak fluorescence in the
presence of AGRO100 in its standard ‘random coil’ structure. The addition of Ba?*
produces a conformation change in the AGRO100 from the random coil to
G-quadraplex structures. This folding into a G-quadraplex is reflected in a significant
increase in fluorescence from NMM, which occurs up to 1 uM concentrations of Ba2*.
It was reported that when altered to pH 8.5 the common interference experienced from
Pb?* was greatly suppressed, which is suggested to be from the low solubility product
of Pb(OH)> at this pH range. This system had a limit of detection 4 nM and gave a
linear response between 0 — 600 nM. The ability for the AGRO100-NMM probe to
detect Ba** was tested in artificially contaminated water samples. It achieved a
recovery value of between 105 - 110 %, indicative of a system with promise but in

need of further optimisation and testing.
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Figure 1.17 — The structure of N- methyl mesoporphyrin IX. Used alongside a

G-quadraplex by Xu et al. for a Ba?* fluorescence sensor.”

The detection of ions using fluorescence can produce very accurate results; however,
the need for sample collection, treatment and analysis in hand or lab is again
problematic. Some systems have been developed with the naked-eye detection as an
option that do not require these pre-treatment steps. Typically these involve the use of
functionalised nanoparticles (NPs). The most commonly used variants of these are
gold (AuNPs) and silver (AgNPs).

1.8 Colorimetric

Gold or silver nanoparticle (AuNPs and AgNPs) based colorimetric sensors have
received more attention recently due to the naked-eye detection possibilities that they

present. This method of sensing utilises the specific optical and electronic properties
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possessed by these metal nanoparticles. They have produced comparable sensitivity
to conventional fluorescence probes due to the high extinction coefficients that these
AuUNPs and AgNPs possess. The addition of target analytes to solutions containing
these NPs will produce a characteristic colour change; yellow to red for AgNPs and
pink to blue for AuNPs. This occurs due to aggregation of the NPs. This aggregation
forces the overlap of the plasmon fields that cause a red shift in their LSPR (localised
surface plasmon resonance). In turn, this increases the intensity of the LSPR and
produces the easily observable colour shift. Research into AuNPs was pioneered by
the work of Mirkin et al., who utilised them to detect target DNA molecules.® Since
this, many gold and silver nanoparticles have been produced for the detection of metal

ions 8788

Relatively few attempts have been made at utilising these functionalised nanoparticles
for the detection of alkaline-earth metal cations. One of the first Ca?* sensing platforms
in this field utilised lactose-functionalised AuNPs that underwent Ca®* mediated
self-aggregation.®® Following this, Yang et al. produced AuNPs that show excellent
selectivity for Ca?*, Sr?* and Ba’*.*® The AuNPs are functionalised with

2-mercaptosuccinic acid, figure 1.18, to produce MSA-AuUNPs.
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2-mercaptosuccinic acid
Figure 1.18 — The skeletal structure of 2-mercaptosuccinic acid. Utilised by Yang et

al. to functionalise AuNPs for the detection of alkaline — earth metal ions.®

Upon the addition of the three alkaline-earth metal ions, a red to blue colour change
was observed. This colour change was attributed to the cation mediated particle
aggregation, confirmed by the fact bridging interactions are removed by the addition
of EDTA to solutions. The limits of detection and dynamic ranges of the system
indicate an enhanced selectivity for the larger Ba?* ion. Even so, the platform was used

for the detection of calcium in water samples from various sources, exhibiting a
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dynamic range between 10 - 80 uM. This method shows obvious interference from
Sr?* and Ba?* however, due to the minute concentrations of these ions in surface waters
they are ignored for the study. This is obviously impossible for the application in

formation water.

Strontium has proved to be very difficult to produce a selective sensor in this field.
The majority of platforms exhibit detection for all of the alkaline-earth metal ions. For
example the work by Wu et al., who have developed TGA (thioglycolic acid), figure
1.19, functionalised AgNPs, that undergo a colour change from yellow to orange/red

when exposed to all of the alkaline-earth metal cations.®

HS
OH
thioglycolic acid
Figure 1.19 — The skeletal structure of thioglycolic acid (TGA). Utilised by Wu et al.

to functionalise AgNPs for the detection of alkaline — earth metal cations.®!

It is proposed that the alkaline-earth metal ions coordinate with the free carboxy group
on the TGA. This causes aggregation of the NPs and, in turn, the colour change. The
rate of colour change showed an enhanced effect from the larger coordinating ions.
This is reflected in the affinity for the larger ions and the LOD decreasing as you
descend the group; with a LOD of 1.25 uM for Sr** and 0.833 uM for Ba®*. This
platform was used for the quantification of hardness in water samples. The system
exhibited decent agreement with ICP methods; however, the lack of selectivity for a

particular ion is an issue.

Shrivas et al. have produced AuNPs for the detection of Ba®*, and Ni%*, in aqueous

environments by capping them with malonate groups, figure 1.20.%
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Figure 1.20 — The skeletal structure of malonate. Utilised by Shrivas et al. to
functionalise AuNPs for the detection of Ba?*.%

In the absence of barium or nickel the AuNPs are dispersed in the aqueous system.
Upon the addition of the metal ions, there is inherent coordination between the metal
and the carbonyl group of the malonate group causing aggregation of the NPs. This
reduction in inter-particle size causes a strong enhancement in the localized electric
field which, in turn, produces a distinctive red shift in the LSPR spectrum. This shift
is accompanied by a clear shift in colour from pink to blue that is visible via the
naked-eye. The AuNP system exhibited a linear detection range for the addition of
Ba?* from 15 - 500 ng mL™?, with a LOD of 5 ng mL* and no significant interference
from any ions other than Ni?*. The platform showed good results when tested in water
samples, however, the detection range is not suitable for use in a formation water

sample.

Although these systems present some encouraging signs for the detection of ions in
water samples, they appear to be more suitable for the application to surface waters;
mainly due to location and concentration ranges that are detectable via these systems.
The application of down-hole detection, especially of barium, requires lower detection

limits. lon selective electrodes have been known to produce very low detection limits.

34



1.9 lon Selective Electrodes

The main sensing component of an ion selective electrode (ISE) is the membrane that
separates the sample and the internal half-cell, figure 1.21, for example a reference

electrode or solid contact system.

1 4 [ Electrode ] [
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Figure 1.21 - A schematic of a typical ion-selective electrode set up.

The internal reference electrode, like a Ag/AgCl electrode, provides a stable potential
and is connected to the sample through a salt bridge. The electromotive force (EMF)
change in the ISE is then measured and, depending on the sample composition, will
vary while ideally obeying the Nernst equation. Much of the research over the decades

has been spent primarily on increasing the lifetime, selectivity and stability of the ISE.

An example of how an ISE works is a calcium ISE. The ISE will have a membrane
impregnated with a molecule that selectively allows the positive Ca?* ions to cross the
membrane. Upon the immersion of this electrode in a solution of Ca?* ions there is no
EMF across the membrane as on both sides of it the solutions are balanced based on
the electrical charges. Then, after initial immersion, the Ca* ions will begin to diffuse
across the membrane from the solution of high calcium concentration to low. This

influx of positive charge on the inside of the membrane and corresponding remaining
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negative charge outside the membrane is what causes the potential difference. Once
the system reaches equilibrium, the potential is measured and known as the membrane

potential.

A membrane does not exist that is purely selective for one single ion. There is always
some form of interference from a non — target ion. The interference produced by this
secondary ion is governed by the Nikolski-Eisenman equation, which utilises the
charges (z) and activities (a)) of the primary (x) and secondary ions (y), the selectivity

coefficient (kxy) and the standard electrode potential, E°.

Zx
RT Z
E =EO° +Zx_Fln a, +z <kxya;y>
y

Where E is the emf, R is the molar gas constant, T is the temperature and F is Faraday’s

1.13

constant.

An ISE membrane commonly contains an ionophore with good selectivity, a lipophilic
salt as an ion exchanger and a polymeric membrane as a matrix (commonly plasticized
PVC).%® Common issues that occur are that the mobile membrane components, in
particular the ionophore, would leach out of the membrane and in turn influence the
selectivity, sensitivity and lifetime of the electrode. In attempts to remedy these
problems, investigations into covalently immobilising the ionophore onto the polymer
backbones was completed.®% This in turn had issues with adjusting the ionophore
and polymer contents, with highly functional polymers dramatically affecting the
selectivity. Gyurcsanyi et al. attempted to overcome this by attaching the ionophores
onto gold nanoparticles (AuNPs).*® This method struggled with the attachment of a
necessary thiol group to the ionophore, which reduced the purity and in turn increased
the cost. Therefore, there is a need to develop a simple, efficient, low-cost method for

ionophore immobilisation to prevent leaching.

Recently, all-solid-state polymeric membranes have gained increasing interest over
the traditional liquid contact ISEs due to the ability to miniaturise them easily and
requiring low maintenance.'® However, there are problems with the long term
potential stability due to their poorly defined interface between the conductor and

membrane.1®*192 To improve this aspect, investigations have been completed into
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using conducting polymers,~ carbon-based nanomaterials, and noble metal

based nanomaterials.108109

lon selective electrodes for the purpose of sensing Ca?* cations were some of the first
commercially accessible in the world.*%'! Yin et al. recently reports an all-solid-state
Ca?" selective membrane based on graphene oxide functionalised with

octadecylamine, figure 1.22, to produce a GO-ODA system.12

H2N/\/\/\/\/\/\/\/\/\

octadecylamine
Figure 1.22 — The skeletal structure of octadecylamine. Utilised by Yin et al. as the

backbone for graphene oxide for an all-solid-state Ca®* selective membrane.!'?

The alkyl chains present help immobilise calcium ionophore 1V, as well as acting as a
transduction element to aid the potentials stability of the system. The electrodes, after
overnight conditioning, produced a linear 24.7 + 0.3 mV/decade Nernstian response
between 0.3 uM - 1 mM Ca?* concentrations with a detection limit of 0.16 + 0.2 uM.
The interference on the system increased proportionally with an increase in the amount
of GO-ODA composite present. This interference was proposed to be down to the
graphene oxide influencing the formation of complexes between the calcium
ionophore and the calcium in a 3:1 ratio. The response of the system was found to be
virtually constant over a pH range of 6 - 9, indicating suitability for application to
water samples. The produced GO-ODA electrodes showed an improved stability over
other ISEs for Ca?* sensing and exhibited no water layer between the membrane and
electrode surface. This platform was applied to the detection of Ca?* in artificial sea

water samples producing a recovery rate between 90 - 105 %.
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Typically, ISEs utilise potentiometric analysis; however, the incorporation of stripping
voltammetry alongside an ISE allows for an increase in sensitivity. This works through
the analyte ion being potentiostatically transferred from the aqueous solution phase
into the membrane of the ISE. The resulting confined ions are then stripped from the
surface resulting in an enhanced voltammetric current. The detection levels obtainable
are dependant largely on the size of the membrane used, with thinner membranes
producing detection limits 1 to 2 orders of magnitude better.!3114 Amemiya et al.
reported a system utilising this theory for the detection of sub-nano molar
concentrations of calcium in aqueous systems.*'® The Ca?* selective ETH129, figure

1.23, that forms a 1:3 metal:ligand complex, was utilised as the ionophore in a PVC

Y &
YT

ETH129
Figure 1.23 — The skeletal structure of ETH129 (calcium ionophore Il). Utilised as

membrane.

the Ca?* selective component by Amemiya et al. for their ISE.!'®

The stripping voltammetric responses were measurable after 30 mins of pre-treatment
producing a linear response in peak current from 0.1 - 1 nM. The system was applied
to the detection of Ca?* contamination in commercial ultrapure waters producing good
results that exhibited the calcium present in these samples were present and within

their stated limits.

As with other areas of detections, strontium ISEs (Sr-ISEs) have received less
attention than the more biologically relevant calcium ions; although some Sr-ISEs
have been reported.*6120 Al the mentioned systems produce an appropriate

potentiometric response to the presence of Sr?* cations, but suffer from a variety of
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limitations such as selectivity over competing ions to limited pH ranges and response
times. Due to the smaller breadth of ionophores specialised for strontium, Chandra et
al. have produced an ISE platform that utilised acetophenone semicarbazone as the
ionophore, figure 1.24.12' This sensing platform produced a linear 29.4 mV/decade
Nernstian response for Sr?* between 0.1 uM - 10 mM with a detection limit of 27 nM;
this is an ideal concentration range for typical formation water. One problem for the

system was that the more ionophore present, the worse the Nernstian response was.

= \H NH,

acetophenone semicarbazone

Figure 1.24 — The skeletal structure of acetophenone semicarbazone. Utilised as an

ionophore for Sr?* by Chandra et al.*?*

The electrode worked well over a large pH range of 2.5 - 10, suitable for all water
samples. Outside of this pH range, the hydronium ions affect the membrane and
hydrolysis of the Sr?* causes problems. The ionophore responds individually to many
metal ions, but shows good selectivity for strontium over any others, in addition to
production a reliable reading over eight months. The system was applied to the
detection of Sr?* ions in river water samples, giving results in good agreement with
AS methods. It was concluded this platform was adequate for the estimation of Sr2*

concentrations in natural water sources.

In a similar vein to strontium, barium has received far less attention than calcium in
the realms of ISEs. Some of the first reported Ba?*-1SEs were produced by Levins,*?
Thomas et al.,'?® and Simon et al..1?* These initial systems all suffered from similar
limitations of poor lifetime, predominantly due to the lipophilicity of the ionophore.

Improvements to the lipophilicity were made by Simon et al. when they introduced
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barium ionophore I, figure 1.25, (N,N,N’,N’-tetracyclohexy-oxybis(o-phenyleneoxy)-

diacetamide).?®

LA

barium ionophore I

Figure 1.25 - The skeletal structure of barium ionophore | (N,N,N’N’-
tetracyclohexy-oxybis(o-phenyleneoxy)-diacetamide). Produced by Simon et al. to

improve the lipophilicity of barium ionophores.*?*

This was a stalwart for many Ba?*-ISEs onwards, despite its high interference from

Ca?* cations and poor stability of a range of pH.

In aqueous media barium forms a coloured, insoluble, 1:1 complex ion associate when
mixed with rose bengal. EI-Shahawi et al. reported the incorporation of the well-
known barium - rose bengal complex, figure 1.26, into an ISE.*?® Rose bengal on its
own is not suitable as an ionophore in a PVC membrane; however, the complex ion
associate with barium is. It was found as the amount present in the membrane increases
the performance of the overall ISE increased up to a peak of 10 mg. The produced ISE
exhibited a linear, 28.5 + 0.5 mV/decade Nernstian response between 10 uM - 0.1 M
with a detection limit of 2.5 uM. The performance was good in the pH range of
4.5 - 10. Below this range, the complex ion pair was destabilised. Above this range
and the hydrolysis of Ba?" is problematic.
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Cl

Na* Na*
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| Cl

rose bengal
Figure 1.26 — The skeletal structure of Rose Bengal. Utilised by EI-Shahawi et al. for

a Ba?* selective ISE.1%6

Significant interference was observed from K* and Sr?* during interference studies.
Even so, the system was tested for its ability to detect Ba?* in wastewater samples.
The platform exhibited a high recovery rate and had excellent agreement with the AAS
results obtained. These results were promising; however, the only interferents in the
samples were Cu, Cr and Ni, not the known interferents. The large interference from
these two commonly found ions explains why this system is inappropriate for the

application of oilfield analysis.

There is a lack of appropriate ISE systems for the application proposed in this thesis;
through either the lack of desired concentration range or high amount of interferents.
This, coupled with the often tedious preparation of ISEs is off putting in regards to

using this method.
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1.10 Aims and objectives

This thesis seeks to develop a low-cost, downhole, electrochemical sensor, capable of
detection scaling ions present in formation water. A sensor will always consist of two
main parts; the sensing chemistry and the transducer. Potentiometric sensors for
scaling ions do exist; however, they are expensive to produce, have relatively poor
sensitivity and poor selectivity. Therefore, a new variant on the sensing chemistry is
required. Scaling ions themselves are electrochemically inactive, therefore the routes

we will explore in this thesis involve utilising their reactions with other molecules.

The first sensing route this thesis looks to investigate is in a non-aqueous environment.
Achieving this is dependent on accurate and reliable readings of potential in non-
aqueous environments. This is notoriously tricky as many commercial reference
electrodes are designed to perform in aqueous environments. In this scenario it is
common place to utilise a quasi-reference electrode; in this work a silver wire is used.
Alongside quasi-references IUPAC recommends the use of an internal standard, for
example the ferrocene | ferricinium redox couple.'?"128 Chapter 4 seeks to investigate
the reliability of this redox couple and assess its suitability to the desired application
of this work.

Chapter 5 then seeks to explore the detection of alkaline-earth metal cations through
a change in the voltammetric response of a one-electron electroactive ligand, L, upon
chelation to a metal ion, M.
M2t 4+ 2L = L,M?** 1.14
L—e =L% 1.15

The second chemical sensing route explored is the voltammetric detection of scaling
ions based on a reduction in the current. This seeks to use binding preference as a way
to reduce the current. If two molecules, coordinated together, produced a distinct peak
current. Then a molecule is introduced, a scaling ion, that one molecule will

preferentially bind to, this will reduce the current.
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M?*t +A=MA 1.16
A+P—Q+B 1.17
Qte =P 1.18

This route depends greatly on the reaction time between the metal ion and species A.
The time required for equation 1.16 to reach equilibrium is the minimum time that the

sensor could take for reliable detection. This method is explored in chapter 6.

The third method, investigated in chapter 7, is the voltammetric detection of scaling
ions based on a change in both the potential and current. The change in potential is
caused through the complexation of the metal ion and ligand in solution. Whereas, the
change in the peak current is due to the complex precipitating out of solution due to

the poor solubility of the formed complex.

2+ 2—
M2y + A%y = MA, 1.19
Afaqy £ € = Bag) = EY 1.20
MA(aq) i e = MB(aq) = EZO 1.21

The following chapter seeks to outline the experimental procedures used throughout
this thesis. It details the chemicals used alongside their supplier and purity; as well as
and purification or alteration to these chemicals before use in experiments. Alongside

this it details any instrumentation used and specific experimental set ups.
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2 Electrochemical Theory

This chapter seeks to outline the fundamental theory underpinning the electrochemical
systems examined in the subsequent chapters. It covers topics including electrode
potentials, electrode processes and a variety of dynamic electroanalytical techniques.

2.1 Equilibrium Electrochemistry

2.1.1 Equilibrium

Equilibrium predicts the direction of any spontaneous chemical change that may occur
within a chemical system; it can be understood through thermodynamics. Any
chemical reaction may be considered through the net heat change in the system that
may occur and the capacity of the system to do work. These two effects combine
through the Gibbs energy, which is system-centric. This is advantageous as only the
system needs to be considered; changes in the surroundings may be neglected in this
framework. In this way, equilibrium occurs when the Gibbs energy is minimised, i.e.
zero change in the Gibbs energy, AG.
AG =0 2.1

When considering a reaction such as

aA+ bB = xX +yY 2.2
the Gibbs energy change, AG, associated with the change in moles, An, of the reaction
from left to right, where v is the stoichiometric factor.

AG = Z viGi - Z U]G] 23

i=Products j=Reactants
AG = (xGy + yGy) — (aG4 + bGg) 2.4
The change in the Gibbs energy of a pure species, i, is related to its chemical potential,
ui, in equation 2.5. The chemical potential of a pure species, i, is defined as the Gibbs

energy per mole of i,

G 2.5
Ui = ( )

ani T, P,Tl]’ini
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where T is the absolute temperature and P is the pressure. Therefore, for the previously
stated equilibrium, it follows that,

apa + bup = xux + yuy 2.6
which shows that under constant conditions the sum of the chemical potentials of the
reactants and products in a system at equilibrium are equal.

In the case of a perfect gas,

P 2.7
Ux = Uy + RT In (E)

where ux° is the standard chemical potential of species X, R is the universal gas
constant (8.314 J K mol?), Px is the pressure of gas X and P is the standard pressure

(10°N m™). It follows that for the above equilibrium,

Xpy + yuy —apg — bug = 2.8
Py Py Py Pp
—xRT In (E) — YRT In (E) + aRT In (F) + bRT In (ﬁ)

so that the left hand side corresponds to the Gibbs energy change accompanying the
reaction
AG® = —RT In(K) 2.9

and the right hand side is constant at a given temperature,

(55) (%) P

(B)" (B)’

due to an ideal gas only being dependant on the standard chemical potential. When

Kp:

gases are not ideal, this parameter also becomes pressure dependant.

The chemical potential, y;, of a species, j, in solution when ideal is given,
/] 2.11

— ,,0
,Llj = ,Llj +RT1HE

in which C is the standard concentration and is by definition one molar. This gives a

general equilibrium constant.

(i) () -
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When species in a reaction are pure solids or pure liquids, their chemical potentials
approximate to their standard chemical potentials.

= H? 2.13
The standard chemical potential is independent of the amount of material present.
Consequently, terms for these do not appear in expressions for the equilibrium

constant.

2.1.2 The Nernst Equation

We have seen that chemical potentials control the position of chemical equilibria; in
electrochemistry, it is electrochemical equilibria that we are primarily concerned with.
The position of the equilibria in this framework is governed by a balance between the
chemical energies and electrical energies present. In order to represent both forms of
energy fully, we introduce the term of electrochemical potential of a species X.
fix = Uy + ZyF¢ 2.14

This sums the contribution from the chemical potential, ux, and the electrical energy;
with Zx being the formal charge on species X, F representing Faraday’s constant
(96486.4 C) and ¢ being the potential of the specific phase, be that electrode or
solution, where species X resides. The equation above allows for the analysis of
electrochemical equilibria, recognising that the electrochemical potentials of products
and reactants will balance, as shown before with chemical potentials. Returning to our
previous reaction,

Fe3t + e~ = Fe?t 2.15

would mean the conditions of the equation are

Upes+ + Ue— = Upe2+ 2.16
therefore, applying the definition of electrochemical potential described above,
(Upes+ + 3F ds) + (Ue- — FPy) = (Upez+ + 2F ) 2.17

where ¢s and ¢m refer to the potentials of the solution and metal electrode respectively.

This is rearranged.

F(¢M - ¢S) = Upe3+ + UHe— — Upe2+ 2.18
Knowing that,
0 [Fe*] 2.19
Hpe3+ = Upp3+ + RT In o ,and
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[Fe2+]> 2.20

Upe2+ = Mgez+ + RT ln( Co

we find the Nernst equation for a single electrode/solution interface,

_ A N RT  ([Fe3"] 2.21
Pu = ¢s = F ' F [Fe?+]
where,
Au® = ppgs+ + He- — Hpga+ 2.22

which remains constant at a stated pressure and temperature.®

2.1.3 Standard and Formal Potentials

For the Nernst equation at a single electrode/solution interface we used the relationship
between chemical potential and concentration.
uj = pu$ +RTIn <%) 2:23
This is true for an ideal system. In practice however, solutions of electrolytes do not
behave ideally. Consequently, it is appropriate to discuss the effective concentrations,
otherwise known as the activity.

a; = v;lJj] 2.24
Where g is the activity of species j and y; the activity coefficient for the species. When
this coefficient is below unity, the electrolyte solution is stabilized compared to a
scenario where the ions have no charge. Likewise, when the activity coefficient is
above unity the solution is destabilized compared to a scenario where the ions have no
charge. It is possible to calculate the activity coefficient in aqueous solutions at 298

K, devised by Debye and Hiickel in 1923.23
logsoy; = —0.509 Z*VI 2.25
logioyy = —0.509 |Z, Z_|VI 2.26
Where v; is the activity coefficient for an individual ion, j, y+ is the mean ionic activity

coefficient for an electrolyte solution, Z is the charge on the ion in question and 1 is

1 2.27
I = EZ C,Z}

the ionic strength.
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In which, C is the concentration of species i and Z is the charge on species i. The
Debye - Hiickel law predicts the activity coefficient accurately for I < 102 M; above
which it deviates dramatically due to solvation effects. This activity coefficient is
therefore incorporated into the first equation of this section.

vl 2.28
Uj = ,Ll;) + RT IH(JC—O)

When however, the chemical potentials of a redox couple are equal, the coefficient is
equal to unity and hence removed from the equation.

The effects of ion solvation in this context were explored by Bjerrum,* followed by
Stokes and Robinson;>® whereby, they utilised the Debye — Hiickel equation to
calculate the mean rational activity coefficient, f., in order to calculate the mean molal
activity coefficient, y,

h 2.2
logy+ = log fy — " log a,, —log [1 — 0.018(h — v)m] o

Where h is the hydration number, v is the stoichiometric ion number of the electrolyte,

aw IS the activity of water and m is the molality of the solution.

There are extensive tables’™ of standard electrode potentials in literature that are all

measured against the standard hydrogen electrode as mentioned previously.'® This

means for a measured electrode potential, EZ,;;, of a general formal cell reaction,

aA+ bB = xX +yY 2.30
RT (YavsIAI*[BY 231
o= 040 1+ S AL
F o \yiw XY )Y

where E°(A, B—X, Y) is the standard electrode potential of the A,B/X,Y couple. It is
extremely difficult to create the scenario where the activity coefficients are equal to
unity. Consequently, the term of formal potential, E{, is introduced which is a good
approximation of the standard potentials.

o RT  ([A]¢[B]? 2.32
E = Ef(A,B - X,Y) +?ln

[X]*[Y]”
The formal potential is a combination of the standard electrode potential and the

activity coefficient term in equation 2.31.

EJQ = E0 + Ell’l <nReactyi> 2.33

F l_[Prod)/j
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Formal potentials, as with standard potentials, are dependant of temperature and
pressure, due to the definition of ‘standard’ being at 10° N m pressure for the standard
hydrogen electrode. They also depend on the electrolyte concentration in the entire
solution. This variable loses the thermodynamic generality of the standard potential

but allows for experimental work to proceed.

2.1.4 Electrode Potentials

Electrochemistry is the study of interfacial charge transfer. Typically, this is across a
metal/liquid interface. Therefore, in the case where a redox reaction is studied, when
no current flows, for example
Fe3t + e = Fe?t 2.34

an electrochemical equilibrium is created in the presence of an electrode. This
equilibrium is established at the surface of the electrode and involves the compounds
in solution, along with the electrons present in the metal. The rates of heterogeneous
charge transfer in the forward and reverse direction are identical under equilibrium
conditions; with no significant changes in the concentration of the two charged species
occurring once an equilibrium is established. In this framework, ion Fe?* may be
oxidised at the surface of the electrode to yield Fe3* and electrons in the metallic
electrode, likewise, Fe®* may be reduced by taking an electron from the electrode to
form Fe?*. Since the reactions both occur at the same rate, there is no net build-up of
charge in the electrode.!

When an equilibrium has been established a charge separation will exist between the
electrode and solution. Consequently, a potential exists on the electrode relative to the
solution. At an electrode | solution interface the overall potential difference that exists
consists of two types of potential; the Volta (outer) potential and the Galvani (inner)
potential. The Volta potential, ¢, corresponds to across the metal | electrolyte interface
and is defined as the work required to move a point charge from infinite distance to
just outside (0.1 — 10 pum) the phase surface.!' The Galvani potential, ¢, is the
electrostatic potential experienced by a charged particle while it is inside a phase and
is defined as the work required to bring a point charge from infinite distance to inside
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the phase.*2 This means the drop in potential at the interface between the electrode and
solution, Adwmrs,

Ad)M/S = ¢y — bs 2.35
where ¢m and ¢s are defined as the potentials of the metal electrode and solution
respectively. The potential drop, E or ¢, — ¢, is not directly measurable at a single
electrode/solution interface as there would be two of these interfaces present;
therefore, a reference electrode is utilised. A reference electrode (R.E) maintains a
constant potential value against which the potential drop, E, at the working electrode
(W.E) can be measured.

E=(¢u = ds)we — (bu — ds)rE 2.36
The standard hydrogen electrode, E° = 0.00 V, is the reference that all electrochemical
datum are conveniently reported against. The electrode is only considered to be
standard when it is has a set value for the pressure at 10° N m™ and hydrogen ion
concentration of unity. In reality however, this is not fully realised as the solution itself
Is not ideal, therefore, the proton concentration must be slightly higher at 1.18 mol dm"
3. This reference is not always used experimentally however; other references, such as
a calomel electrode, are used as well. To continue to report data against the correct
reference is achieved by adding a correlating term to the measured potential. For
example, a calomel reference electrode gives a value of + 0.242 VV when measured
against a standard hydrogen electrode. Consequently, potentials measured with a
calomel reference should have this number added to correlate with the standard

hydrogen electrode data.

The concept of electrode potentials can be re-evaluated by looking at the energy levels
associated with the potential determining equilibrium, considering the same process
as before,

Fe3t + e~ = Fe?t 2.37
taking place at an interface between a metal electrode and solution. In metals, the
electronic structure consists of conduction bands and valence bands. In conductors the
valence band and conduction band overlap. This overlap allows for the free movement
of electrons through the structure of the solid. The energy levels in these bands fill up
to a maximum level, known as the Fermi level. In solution the energy levels differ;

they are discrete and relate to an unfilled conduction band in the Fe** ion which joins
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with an electron to form Fe?*. It is important to realise that the energy value of the
electron in the two different complexes will vary due to changes in the solvation
around the ion as it goes from Fe** to Fe?*.

Initial State Final State

1
1
:
A X
Fermi Level '
P + Fermi Level
| - ” []
chj S Fe ' S
c c
© ' ©
< m ' m
o 1
= c c
i} o ' o
2 B : 3
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° ' °
c . c
3 ' 3
1
Metal Solution Metal Solution

Figure 2.1 — A diagram indicating the relative levels of electron energy in the

electrochemical system, before and after electron transfer occurs.

Prior to electron transfer in this electrochemical reaction, the Fermi level of the metal
electrode in the system is of a higher energy than the vacant orbital in Fe**, shown in
the initial state in figure 2.1. This indicates that it is energetically favourable for the
electrons in the Fermi level to exit the metal and join the vacant orbital, in turn
converting Fe3* into Fe?*. Logically, the metal electrode will now have a net positive
charge after the departure of the negatively charged electron; whereas the solution will
have a net negative charge from the influx of these electrons. The implication of this
is a reduction in the Fermi level energy of the metal, as the energy refers directly to
electron energy, and an increase in the solution energy. This continues until an
equilibrium is reached, whereby the energy levels of the three species are equal, shown
in the final state of figure 1. Once this situation is attained, there is no further net
charge alteration, there is, however, the presence of a charge separation between the

electrode and solution.!
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2.1.5 The Electric Double Layer

When an electrode is under potentiostatic control, there will be an influence on the
species in solution from the charge held at the electrode. The resulting strong
interactions between an electrode and species in solution give rise to the electric
double layer, initially presented by Helmholtz in 1853.s* He suggested that there
would be a charge density on the electrode, either negative due to an excess of
electrons or positive due to a deficiency of electrons. This in turn would force the
rearrangement of ions in solution close to the electrode surface to neutralize the

interface.

The result is two layers of charge separated by a certain distance, as shown in figure

2.2, and hence known as the double layer which is analogous to an electrical capacitor.

OIOOI0I0O
0]0]0]0]JO00

Figure 2.2 — A graphical representation of the first double layer proposed by

Helmholtz.

The distance between the two sets of charges is limited by the radius of the ion and its
solvation sphere. Many alterations were made to the initial model, by Gouy** and
Chapman?'®, Stern'¢, Grahame!” and finally Bockris, Devanthan and Miiller.® The
model used presently, figure 2.3, shows the several layers that the interfacial regions

is separated into.
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Figure 2.3 — A graphical representation of the current model of the interfacial region.

The closest layer to the electrode surface, defined as the loci of the centres of the
specifically adsorbed ions, is known as the Inner Helmholtz Plane (IHP). It consists
of mainly solvent molecules as well as specifically adsorbed species on the electrode
surface. This layer is defined by the centre of the largest specifically adsorbed species.
The second layer, defined as the loci of the centres of the solvated ions of opposite
charge to the specifically adsorbed ions, is known as the Outer Helmholtz Plane
(OHP). The volume from the OHP to the bulk solution is known as the diffuse layer,
this consists of a three-dimensional arrangement of non-specifically adsorbed

molecules.
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2.1.6 Faradaic and Non-Faradaic Processes

At the electrode itself there are two types of current flow that can occur; these are
categorised as Faradaic and non-Faradaic processes. A Faradaic process refers to the
current passed when an electroactive species has a change in oxidation state, through
interfacial electron transfer, and can provide crucial information as to the rate of a
redox reaction. Due to the nature of these reactions, via the transfer of electrons, they

are ruled over by Faraday’s Laws of electrolysis, which are described below.

Faraday’s first law states that the amount of any substance that is altered at an
electrode, through the process of electrolysis, is directly proportional to the amount of
charge passed at the electrode. Whereas, his second law explains that for any given
amount of charge, the amount of each particular substance that is altered is governed
by the stoichiometry of the electrode reaction. The charge, Q, therefore can be
calculated,
Q = nNF 2.38

where N corresponds to the number of moles of reactant and F is Faraday’s constant

(96484.6 C mol™), this represents the charge on one mole of electrons.

Non-Faradaic processes refer to any charge within the system that arises from anything
except a chemical reaction or electron transfer. This can be attributed to various
sources at the electrode/electrolyte interface, such as the movement of electrolyte ions,
the reorientation of solvent molecules containing a dipole or adsorption and desorption
effects. These are basically the forms of background electrical current found during
voltammetric experiments; for example the charging of the electric double layer prior
to any electron transfer process. This charging process limits the electrochemical
systems as the application of a voltage, which is temporarily dependant, cannot be
faster than the time constant for this capacitor charging. In addition to this, the non-
Faradaic current in the system is inherently coupled to the Faradaic process via the
Ohmic loss. This is where the solution resistance is a major cause behind the voltage
drop that occurs. The solution resistance is related to the nature of the supporting
electrolyte in the system, as well as the cell geometry.*® This variance becomes a

problem when subtracting baseline currents from obtained voltammograms. In reality
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the total current, it, observed in an electrochemical system is governed by both the
Faradaic, i, and non-Faradic, inf, processes.

2.2 Electrode Kinetics

This section primarily aims to outline the fundamental process that occurs at an

electrode surface for reactions involving electron transfer.

2.2.1 Currents and Reaction Flux

In an electroreduction reaction such as,
Fe3t + e~ = Fe?t 2.40

the electrode transfer process between the electrode and the Fe®* ion occurs via a
process known as quantum mechanical tunnelling. This is a phenomenon where a
particle can overcome a barrier that it could not classically. The electric double layer
consists of many adsorbed species and solvent molecules that can hinder the
electroactive species obtaining direct contact with the electrode surface.
Consequently, the Fe3* ion must be within 1 — 2 nm of the electrode surface for the
required overlap of wavefunctions describing the electron locations in the donor
(electrode) and acceptor (Fe3* ion). The transfer of an electron results in the passage
of electrical current, | (A). This parameter can be related to the flux, j, of a species
when undergoing electrolysis involving one electron,

I = FAj 2.41
where A is the electrode area and F is Faraday’s constant. This flux is known as the
rate of heterogeneous electrochemical reaction taking place. It can therefore also be
described in terms of a rate law,

j=km)[Fe3*]} 2.42
with n being the order (usually n = 1), k(n) indicating the order of the rate constant
and the subscript 0 defining the concentration of Fe3* as that at the surface of the
electrode. Electrochemical rate constants are similar to heterogeneous and

homogenous ones in that they are temperature and pressure dependant; in addition to
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this though, they are highly dependent on the potential. An exponential increase is

seen; when altering (¢m - ¢s) by 1 V the value of k can change by a factor of 10°.

2.2.2 The Potentiostat

To study the electrode kinetics quantitatively a potentiostat, figure 2.4, in conjunction
with three electrodes is required; a working electrode (W.E), reference electrode (R.E)
and counter electrode (C.E). The aim of an electrochemical experiment is to observe

the current at the working electrode/solution interface as a function of an applied

potential.
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Figure 2.4 — A basic schematic of a potentiostat design.

The potentiostat imposes a fixed potential between the working and reference
electrode as no current will be drawn through the reference due to operational
amplifier A. This is because operational amplifiers, denoted by triangles A and B in

figure 2.4, do not allow current to travel across them.
E=(¢u—bs)we — (du — Ps)re 2.43
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The purpose of the reference electrode is to provide a stable potential; consequently,
any variance in the measured value of E will be directly as a result of changes at the
working electrode. The imposition of the potential drop on the working electrode
interfacial region will cause current to flow. In turn, this current is converted to voltage
by operational amplifier B. This is the role of the counter electrode; to pass this same
induced current that is present at the working electrode. Hence, the potentiostat drives
the counter electrode, through the feedback circuit Ry, to the required potential to pass
this current. Without the counter electrode in the system, the previous expression
would be useless as either current would pass through the reference electrode
consequently disturbing the system and inducing a chemical change which, in turn
alters the steady potential, or, there would be electrical resistance in the bulk solution
between the reference and working electrodes leading to a scenario where,

E = (¢pu = bs)we + IR — (du — Ps)rE 2.44
and changes in E would cause unknown changes in IR, leading to a system where (¢m
- ds)w.E cannot be controlled. One exception to this is when using a microelectrode at
steady state; when the system is not at steady state a microelectrode trends towards

the characteristics of a macro electrode.

For a macro electrode the Ohmic loss is directly proportional to the radius of the
electrode.
2.45

Tré. — & 1,
0 0
To

However, for a microelectrode at steady state the Ohmic loss is proportional to unity.
2.46
To.— X 1
To

2.2.3 Butler-Volmer Kinetics

This model underpins the most commonly used interpretations of electrode kinetics.
It revolves around looking at an electrochemical reaction in the form of,

Fe3t + e~ = Fe?* 2.47
where the forward rate constant is denoted by kc and the reverse rate constant by ka,
representing the cathodic and anodic processes respectively. These are both highly

potential dependant; whereby we expect cathodic reduction at a negative potential and
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anodic oxidation at a positive potential. From previously, we can write a rate law for
the entire process.
j=kc[Fe**)o — kq[Fe3t], 2.48

In the reaction considered, all of the species are charged. Consequently the reaction
profile is as a function of both ¢m and ¢s. This means by making ¢m more negative
and keeping ¢s constant we raise the energy of the reactants, as this contains the
electrons that are present in the metal phase. Counter to this, making ¢s more negative
and maintaining ¢m we raise the energy of both reactants and products, as both Fe3*
and Fe?* reside in the solution phase but the energy of Fe?* is raised by a larger amount

because of the differences in charge on the ions.

This means the reaction profiles, figure 2.5, can be altered by varying the potential of
the metal and solution phases to either favour the reduction or oxidation process. The
reduction is favoured for ¢m moving more negatively (or ¢s positively), whereas

oxidation is favoured for ¢m moving more positively (or ¢s more negatively).

This means for a reaction profile we can write,

—AGC(T) 2.49
k.= A;exp RT

—AG(ST) 2.50
k, = A, exp RT

where the Arrhenius equation relates the Gibbs energies of activation to the rate
constants, with Ac and Az being pre exponential factors,
AG(1) = G — G°(R) 2.51
AGI(1) = G — G°(P) 2.52

where T represents the transition state, R the reactants and P the products.
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Figure 2.5 — Reaction profiles of an electrochemical process for an electrode held at

differing potentials.

From section 2.1.2,
G°(R) = ¢ — 4F s — F(dpu — ¢s) 2.53
G°(P) = ¢’ — 4F ¢ 2.54
where ¢ and c' are constants. combining equations 2.53 and 2.54, along with the
assumption that the transition state will have a Gibbs energy between that of the
reactants and products,

AG°(1) = ¢" — 4F s — BF(py — ¢s) 2.55
where B represents the transfer coefficient (0 < B < 1) and c” is a further constant.
From the transfer coefficient we can see that the transition state is more ‘product like’
when it is close to zero and more ‘reactant like” when it is nearing unity. This can in

turn be used to evaluate the electrochemical rate constants,

—aF(E — EO) 2.56

g [ =)
F(E - E} 2.57

ka (o8 kg exp [%l

where (E — E«°) measures the potential applied to the working electrode relative to the
formal potential of the system. If we consider the reaction process to be in equilibrium,
whereby the reduction and oxidation currents are equal and hence the flux is zero.

Also knowing that the transfer coefficients a and 3 must equal unity,

g po o T (IFe™]\ RT (kg 2.58
5T M\[Fesr]) TF M KO

but in the scenario where no net current is flowing,

67



kQ =k =k° 2.59
where k° is the standard electrochemical rate constant, we produce the most
convenient form of the the Butler — VVolmer model:

—aF(E — E?) 2.60
k. = k%exp le

BF(E — E?) 2.61
ka =k° exp ITf

2.2.4 Supporting Electrolyte

We have observed how much alterations in (¢m - ¢s) can disturb the values of
electrochemical rate constants. We understand from section 2.2.1 that the potential
drop must be within 1 — 2 nm of the electrode surface, due to quantum mechanical
tunnelling, as this is where electron transfer occurs. Consequently, in experimental
voltammetry, excess electrolyte is added to a solution to compress the potential drop
distance, making sure it is in the required range. In turn, increasing the concentration
of electrolyte will lower the Debye length, which is a measure of its effect on the
surrounding solution. If this was not enforced, the described derived rate constants
would be inaccurate. Typically, large concentrations (~ 0.1 M) of electrolyte, which
is chemically inert at the potentials to be investigated, is used.

2.2.5 The Tafel Law

We have explored the relationship between the net flux in an electrochemical system
at equilibrium and the associated rate constants.

j=kc[Fe3*]o — kq[Fe?t], 2.62
—aF (E — Ep)

—E? 2.63
e e e [

- o]

It describes how when a potential, E, is imposed on an electrode, the resulting net flux
is a balance between the reduction currents and oxidation currents. When extreme
potentials are considered two scenarios arise; E >> E{ or E << E{, in either case one
term from the above equation can be neglected as the process occurring become

essentially irreversible. In terms of a reduction process,
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Fe3t + e~ - Fe?t 2.64

—aF(E — E© 2.65
= g [ =D
or an oxidation.
Fe?t —e™ - Fe3t 2.66
2.67

F(E — E?
j=k%exp IB—(RT 2

] [Fe**],
Consequently, this implies as long as the values for [Fe**]o and [Fe?*]o do not vary
greatly from their values in bulk solution,

—aFE N rant 2.68
TR constan

In|lgeql =

FE 2.69
In|ly,| = ﬁ;?_T + constant

where Ireq and lox refer to the measured currents for the reduction and oxidation
processes respectively. The magnitude of the transfer coefficients can be elucidated
by Tafel plots, figure 2.6, of In I versus E when the concentration of a species is

constant over the potential investigated.

A

Slope= BF/RT Slope = aF/RT

In(1)

F

Figure 2.6 — Tafel plot representations for a reduction and oxidation process

respectively.
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Hence for a reduction process,

—RT Aln|In.ql 2.70
=g
and an oxidation,
RT Aln|l,,| 2.71
~F AE

remembering that the sum of transfer coefficients is always equal to unity for a
single electron transfer process.
a+p=1 2.72

2.2.6 Multistep Electron Transfer

So far we have considered a single electron transfer process at an electrode surface. In
reality, there are many processes that involve two or more steps in the reaction. To put
this into context we will consider the evolution of hydrogen gas from an acidic
solution.

B 1 2.73
H(leq) te - EHZ(g)

This process occurs through the adsorption of hydrogen ions onto a metal surface, M.
H(th) +e + M(S) = HM(aq) 274
+ -
H(aq) + HM(aq) +e = Hz(g) + ZM(S) 275
If we assume the rate laws derived earlier hold true, we can determine the fluxes for

each step.

) 0 N 2.76
Ju+t = kH+ exp — V| E—-E [H™]o
fHM

+ k4 exp l'g F<E E°, )l [HM],
HM RT fHM
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0 N 2.77
_]HM —_ kH+ eXp I—— E E [H ]0
HM
— k% exp Aif <E E°, )l [HM],
HM RT fHM
(3, F
+ km exp ﬁL E—E%mum ||[Clo
H RT Hy
2 L 2
k8 exp |22 (£ — o [HM]
Hu S |7RT M 0
, 0 —a,F 0 2.78
Jn, = k,;_M exp RT E — Ef'I;I-I_M [HM],
2 2
- kHM exp B (E EOHM)] [H2]o
o R f
Noting that,
Jut +Jjum +Jju, =0 2.79

as matter must be conserved.

We know that in the multistep reaction above, one of the steps must be the rate
determining or the ‘slow’ step. There are two primary possibilities for this example;
step 1 or step 2. First, let’s consider the scenario where step 1 is rate determining.

Slow 2.80
Hiaqy + € + M5y — HM(qq)

N _Fa 281
Higgy + HMgq) t e “ Ha(gy + 2Ms)

In this framework, the concentration of HM present in the system will be negligible

and subsequently removed from the rate law.

0 2.82
jy+ = kH+ exp ——|E—-E [H*]o
fHM
Therefore, Tafel analysis can be completed.
In|lgeq| = LIFE + constant 283
Redl| — RT

If Tafel analysis produces a slope of ~ 0.5 then it is highly likely for the first step to
be the rate determining one. This scenario is typical for metals that possess lower
enthalpies of adsorption for hydrogen, such as gold, silver, nickel, copper, iron and

zinc.
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Considering the alternative scenario, where the second step is rate determining.

Fast 2.84
Hiaqy + €™ + M) — HMqq

_ Stow 2.85
Hlaqy + HM(aq) + €™ — Hy(gy + 2My

In this framework, the first step can be observed as a ‘pre-equilibrium’. Therefore, in

this scenario, where the electrode area is represented by A and Faraday’s constant by
F.

Ipea = FA(y+ + jum) = —FAjy, 2.86
Consequently, with Tafel analysis, where the oxidation of H, can be ignored.
Ju, = —kin exp lF(E EOHM>I [HM], 281
H, RT f,
However, because of the previously stated pre-equilibrium,
[HM], —F 0 2.88
m = exp RT <E Ef HM)]

which therefore means that j,, will actually be,

) —a,F —F 0 N 2.89
sz = _kHM exp W E — E HM exp ﬁ E—FE [H ]0
Hy Iy H; fHM
therefore, as long as [H*]o remains similar to its value in bulk solution.

—(1+ ay,)FE 2.90
In|lp,| = (R#Z) + constant

In this scenario Tafel analysis will give a slope value of ~1.5, indicating that the second
step is rate determining. As the removal of hydrogen from the metal surface is rate
determining, it follows that this scenario is typical of metals that possess a larger
enthalpy of adsorption for hydrogen; such as platinum, tungsten and molybdenum.
Which scenario a metal falls into is governed by the strength of the M-H bond it forms
versus the standard electrochemical rate constant, k°. This was first proposed by

Parsons?® and can be presented in the form of a 'volcano plot', figure 2.7.
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Figure 2.7 - A volcano plot of current density versus the energy of hydride formation,

adapted from Quaino et al.?* using data from Trasatti.??

The two discussed scenarios can also be represented in the form of reaction profiles,

figure 2.8.
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Figure 2.8 — Reaction profiles for case 1 where the first step is the rate determining

step and case 2 where the second step is rate determining for the evolution of hydrogen

gas.
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There is a third scenario that occurs in this situation from the use of a palladium
electrode. Tafel analysis of this scenario produces a slope of ~ 2. It arises from a
second order electrochemical process in which the second step is the rate determining

reaction as follows.

Higy + €™ + Mes) — HM 2.91
20 5 o, + 2M 2.92

In which, HM- is the surface coverage of hydrogen on the electrode surface.
rate « [HM']? 2.93

The pre-equilibrium step in this scenario means that the electrode potential, E, is in

control of the coverage; this is seen using the Nernst equation.

RT [ [H'] 2.94
E=E;<H+)+T n( )

[HM']

HM-

This allows for the concentration of adsorbed species to be found.

o)
oF 2.96
ﬁ(<—>)l

This results in a transfer coefficient equal to 2.

[HM] = [H*] exp

rate < [HM']? o« [H*]? exp

2.2.7 Marcus Theory

Marcus theory was developed by Marcus?®?* and Hush?® following work by Franck
and Libby?® and concerns itself with the underlying principles in the process of
electron transfer. If we consider the potential energy against reaction coordinate
profiles, figure 2.9, for the reactants and products in the following reaction.
Fe?t — Fe3t + e~ 2.97

The Frank-Condon principle tells us that the transfer of an electron occurs over a much
shorter timescale than that of a molecular vibration. This means in the profile, an
electron ‘jump’ would occur as a vertical transition in regards to reaction coordinate.
All of this says that the reaction itself must proceed via thermal activation of the
reactant so that it may reach the minimum energy requirement of the crossing point in

74



the profile. This thermal activation occurs via bond lengths and angles in the molecule
undergoing stretching, compression and distortion. Once the reactant has obtained the
required energy, during vibrations of the excited ion the electron tunnelling process
may take place to form a vibration induced excited product ion with an identical
energy. Following this, rapid thermal deactivation of the molecule takes place via

collisions with solvent molecules until a ground state is reached.

As a general rule, if the oxidised and reduced species are similar in molecular
geometries then the value of k° will be large as a small activation barrier will be
present. Conversely, if the oxidised and reduced species are significantly structurally

different then k° will be small as the activation barrier is large.

A

Potential Energy
—f

Fe*

(@9

3+ -
Fe'wtem

Reaction Coordinate

Figure 2.9 — Plot of potential energy versus reaction coordinate for the oxidation of

Fe?* to Fed*.

Electron transfer events can occur in two main ways, inner and outer sphere processes.
This concept is familiar for homogenous chemistry, where electron transfer occurs
either via weak interactions between reactive species or, via a common shared ligand,;
in regards to heterogeneous chemistry it refers to the interfacial region mentioned

previously.
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Outer sphere processes (A), figure 2.10, happen when the reactant centre is in the
Outer Helmholtz Plane. Inner sphere processes (B), figure 2.10, involve specifically

adsorbed species and hence depend greatly on the nature of the electrode surface.

Specifically Adsorbed

Electrode

Figure 2.10 — A diagram showing the interfacial region where outer (A) and inner

sphere processes (B) occur.
A

Potential Energy

Reaction Coordinate

Figure 2.11 — Plot showing an adiabatic process in Marcus theory.
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Exploring Marcus theory further produces two scenarios, adiabatic and non-adiabatic.
In the potential energy plot, figure 2.11, where the two curves would meet there is
instead potential mechanical splitting producing an energy gap known as resonance

energy.

If this splitting is significant, the reaction will proceed via the lower pathway, denoted
by the arrow, with the probability of occurring close to unity; this is known as the
adiabatic limit. Conversely, if the perturbation in potential energy is small, resulting
in a small gap, a non-adiabatic process takes place whereby the probability of electron
transfer greatly shifts away from unity trending towards zero. In most cases the energy
gap is a few kilojoules per mole meaning that most reactions are adiabatic. This means
that the electrochemical rate constant can be defined as,

—AG(t)
Kk = KZe—RT 2.98

where k is the transition probability (~ 1 for adiabatic processes) and Z is a pre-
exponential factor. Therefore, this means the Gibbs energy of activation can be
calculated from the potential energy curves and transition state location can be

approximated.

These plots can be treated as parabola, hence formulas for the Gibbs energy derived.

1 2.
Gr = Gr(X = Xg) +§k(X _XR)Z %

1 2.1
Gp = Gp(X = Xp) + Ek(X _XP)Z 0

This in turn, at the transition state, implies these equations are equal, hence solving in

terms of X+t gives,

o ) T T )
which can produce a simplified equation for the Gibbs energy of activation.
A+ AG)? 2.102
AG(T) = m

where,

1
Azzk(XR_XP)Z andAG:Gp(X:XP)_GR(X:XR) 2103
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This equation relates the size of k° to changes between the geometries of reactants and
products; whereby a larger A value gives a larger Gibbs energy of activation. The term
A has two contributing factors,

A=A+, 2.104

where ;i refers to bending and stretching in a molecule.

Z kR + kP (X] —Xp)?

In which kR and k;* are normal mode force constants in the reactants and products

2.105

respectively and (Xr' — Xp') represents changes in bond lengths and angles between

the reactants and products.

The variable Ao refers to solvent reorganisation, where these changes arise from
random fluctuations of solvent molecules around a species,
_e? (1 1)( 1 1) 2.106
8meg \r 2d/ \&,p &

where d is the distance from the reactant to the electrode surface, &qp is the optical

o

dielectric constant and ;s is the static dielectric constant.

2.3 Mass Transport

This section specifically deals with the processes that define the movement of species
in solution and how this affects the electrochemical process taking place. Mass
transport can be separated into three main forms; convection, migration and diffusion.
We will consider these cases and look at how they can be used to gain vital information

about the systems.

2.3.1 Convection

Convection is mechanical bulk fluid movement within a solution, outside of the
diffusion layer, around an electrode surface; this allows it to be utilised for
hydrodynamic electrodes. The phenomenon can be present in two separate forms,
natural and forced convection. Natural convection is present in all solutions and can

arise from three main sources. Thermal gradients can be created by electrode processes
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being exothermic or endothermic in nature, density gradients arise from bulk solution
reactant densities varying from that of the bulk solution and finally Marangoni effects,
or surface tension gradients, are produced by local perturbations that increase the area
of solution adjacent to the surface of the electrode. Natural convection effects are
undesirable as they are extremely difficult to predict or model; however, they can be
assumed irrelevant when measurements are short lived, under 10-20 seconds.
Secondly, forced convection is mechanical fluid movement given to the system
through agitation methods such as rotation (rotating disc voltammetry) and
hydrodynamic flow (channel flow voltammetry). This convection overwhelms the
natural form and can be controlled or altered; this changes the reaction timescale,

allowing for information about the kinetics or mechanisms to be obtained.

2.3.2 Migration

Generally, in electroanalytical experiments, migration of the electroactive species can
be neglected due to the high excess of inert electrolyte present in solution. Migration
itself refers to the transport of ions under an electrical potential. It is the electrolyte
that transports the majority of charge via ion transport between electrodes; this leaves
the electroactive species unaffected.

2.3.3 Diffusion

Diffusion is an entropically driven process; it occurs with solute species moving down
a concentration gradient where a species will move from an area of high concentration
to an area of low concentration. At any point, x, along this concentration gradient,
there will be a corresponding diffusive flux, j, which is quantified by Fick’s first law.

. dc 2.107
Jj=-Db=

Where D is the diffusion coefficient, c is the concentration and the negative sign
implies that the movement of species, due to diffusion, is down the concentration
gradient. The flux can be looked at as the number of moles of something passing
through a unit area in a unit of time. Logically, in general, this means that larger

molecules tend to have smaller diffusion coefficients; however, this is not always the
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case. Voltammetry should be thermostatically controlled due to the highly dependent
nature of the diffusion coefficient on temperature,

—E
D = D,, exp [ RTa 2.108

with Do representing the diffusion coefficient at an infinite temperature, Ea the
activation energy, R the molar gas constant and T the absolute temperature. In addition
to temperature control, excess supporting electrolyte should be added to solutions to
eliminate the impact of electric fields on the solution. If this was not the case and the
species present in solution were of a charged nature, an electric field would make a
significant difference in the diffusive properties.

Fick’s first law told us the flux of a species at a particular point; his second law
concerns itself with how the concentration, c, at a point, x, varies with time, t.
ac d%c 2.109

%= O0x?

This corresponds to a one dimensional scenario. In three dimensions, all axis must be

accounted for, x, y and z.

dc d%c N d%c N d%c 2.110
ot~ \ox2  0dy? 0z

2.3.4 The Cottrell Equation

In experiments, the current, 1, at an electrode is given as,
I = nFAj 2.111
where n is the number of electrons passed in the reaction, F is Faraday’s constant, A
Is the electrode area and j is the flux. This flux is given by Fick’s first law,
) dc D dc 2.112
/= P9 = 2ybear
where D is the diffusion coefficient, t is the time, I" is defined by,

F=—" 2.113
2+/Dt

and is utilised to solve Fick’s second law when considering the scenario of a potential

step. This is when at a time, t = 0, a potential is applied to an electrode so that the

system goes from a state of no reaction to one where all electroactive species at the
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electrode will react. It follows that the current resulting from when a potential step
decays to zero has an inversely proportional dependency on the square root of time.
This relationship is described in the Cottrell equation.?’
[ nFAVDC* 2.114
Vrt

In which C is the bulk concentration and n is the number of electrons transferred. We
are also able to calculate the charge, Q, passed as a function of time.

VDt 2.115
Q = 2nFA—C*
Vr
This is especially useful to quantify the extent of electrolysis in a system by giving the
number of moles of a reactant, N, that has been consumed.

0 2.116
N= nF

2.3.5 The Nernst Diffusion Layer
In reality, the current in an experiment will not drop to zero as predicted by the Cottrell

equation; but rather it will fall to a steady state value, which is in agreement with the
Nernst Diffusion Layer Model, figure 2.12.

C A
C* heessmusnnnnnnn
Mixed Bulk
Solution
S >
5 X
Stagnant
Diffusion
Layer

Figure 2.12 — A pictorial representation of the Nernst Diffusion Layer Model.
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This model describes the solution past a certain distance, 5, away from the electrode
surface as ‘well mixed’; therefore maintaining a constant concentration of
electroactive species. The mixing that occurs in solution can be through natural
convection, which in turn can be driven by poor thermostatic control. Close to the
electrode surface however, natural convection is no longer a factor for consideration
due to the frictional forces present in conjunction with the rigidity of the electrode
itself. This zone between the electrode surface and & is known as the diffusion layer.
The concentration of species only changes in this layer where diffusional transport is
operational; consequently, the steady state diffusional flux can be calculated by

utilising Fick’s first law,

: dc _DC” 2.117
U P
with the corresponding steady state current, lss, given by:
Iy = nFAm,C* 2.118
where mr is the mass transfer coefficient.
=2 2.119
)

Realistically, the stagnant diffusion zone and mixing zones presented in figure 2.12

merge into one another with a typical diffusion distance between 10 — 100 microns.

2.3.6  Mass Transfer Versus Electrode Kinetics

To observe the effect of both variables previously discussed, electrode kinetics and
mass transport, we will consider the following reaction.

A+e =B 2.120
To do this correctly, certain assumptions must be made; firstly, that the concentrations
in the bulk solution are [A]guik and [B]suk and the electrode will have a diffusion layer
with a mass transport coefficient.

D 2.121
mr = E

Whereby, the diffusion coefficient for both species A and B are equal. Secondly,
assuming that potentiostatic three electrode control is implemented the

electrochemical rate constants can be written as discussed previously.
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e = 0o |2 (5 o 2.122
T ()

BF 2.123
k, = k° —|(E-E°
a k eXp RT f,(%)

This scenario is one dimensional if the electrode surface is uniformly accessible,

therefore the corresponding fluxes are given.

ja = mrlAlo — [Alpuk = —Jjs 2.124
jg = mr[Blo — [Blpuik 2.125
—ja = kc[Alo — kqlBlo 2.126

These equations can be solved by introducing transport limited currents, in turn

eliminating the unknown variable of surface concentrations.

Jajpim = —mr[Alpui 2.127
Jeuim = —mr[Blpu 2.128
This results in the flux being represented by,
J=—Jja=]s 2.129
_ kejajim = kajuim 2.130
mr + k. + kg

which results in three possible scenarios.

1) k¢ >>Ka, m
In this framework, the flux will trend to ja, im.
J = Jatim 2.131
The flux is controlled by the maximum rate of diffusion as the current seen is
independent of the potential applied. This corresponds to a scenario where the
electrode surface concentration of A is reduced to zero.

. —D[A]puk 2.132
N

This can be achieved experimentally by applying a large negative potential to an
electrode. This encourages a rapid rate of forward reaction and negligible reverse
reaction.

A+e -8B 2.133

2) ka >> kc, mT

In this framework, the flux trends to —jg, iim.
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J = —JBim 2.134
This scenario also produces a transport controlled environment, hence, potential
independent flux is again observed.

. D[B]puik 2.135
JBlim = T

Experimentally this is achieved by applying very large positive potentials to an

electrode. This makes the reverse process extremely quick.
B—->A+e” 2.136

3) mt>> K, Ka.
In this framework, the system is under control of the electrode kinetics rather than the
mass transport. This means that the current flowing in the system is sensitive to the
electrode potential. The flux is therefore calculated as follows.

— kch,lim - kajB,lim 2.137
mr
Jj= _kc[A]Bulk + ka[B]Bulk 2.138

This framework produces three types of dependence on the potential, known

commonly as voltammograms, figure 2.13, where 8 = F[E-E{]/RT and j is the flux.

A. k%>>mr (A —full line)
A single voltammetric peak is observed that centres around the tabulated formal

potential for the given redox couple

B. k%~ mr (B — dashed line)
This is the intermediate case where the voltammogram is centred around the formal

potential but spread much wider than the case above.

C. k% << mr (C — dotted line)
Two distinct peaks are seen; these refer to the two individual sides of the redox couple.
There is negligible current flowing at the value of the formal potential and hence

overpotentials have to be utilized to drive the reactions.
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Figure 2.13 — Voltammograms showing the three scenarios arising when the
voltammetry is under the control of the electrode kinetics; (A) the rate constant is
much greater than the mass transport coefficient, (B) the rate constant and mass
transport coefficient are similar and (C) the rate constant is much smaller than the

mass transport coefficient. Where j is the flux and 6 = F[E-E’]/RT.

2.4 Electroanalytical Techniques

2.4.1 Cyclic Voltammetry

Cyclic voltammetry is a vital and extensively employed electroanalytical technique. It
revolves around the application of a potential, Einitiat, t0 the working electrode and
‘sweeping’ it linearly to another defined potential, Efinai; at this point the scan is
reversed, typically but not always, back to E1. The classical waveform that is applied

is shown in figure 2.14.

Experimentally the current flowing through the working electrode is recorded as a
function of the applied potential. This is represented in a plot of this current, I, versus

potential, E, more commonly referred to as a voltammogram.
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Figure 2.14 — A triangular waveform used for cyclic voltammetry.

2.4.2 Reversibility

Previously we have observed how larger or smaller electrochemical rate constants, k°,
can be produced by the presence of fast or slow electron transfer; the terms ‘large’ and
‘small” are relative to the rate of mass transport. This change in electrochemical rate

constant can provide very differing voltammograms.

Matsuda and Ayabe?® suggested that slow electrode kinetics are indicative of an
irreversible system (typically k° < 10®° cm s™); whereas, fast electrode kinetics
represent a reversible one (typically k® > 10t cm s2). In between these two limits is

known as a quasi-reversible system (typically 10 > k° > 10° cm s).

Noticeably, these voltammograms do not reach a steady state as seen in previous
sections. This is due to the diffusion layer; in steady state systems it has a fixed size,
whereas here it does not. The diffusion layer is constantly expanding as the scan
progresses, hence, once the concentration of electroactive species at the electrode
surface approaches zero, the current in turn will drop, creating a peak current

maximum, seen in figures 2.15, 2.16 and 2.17.
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Figure 2.15 — An example of a voltammogram collected for an electrochemically
reversible electrode process performed versus a standard calomel reference

electrode. Reproduced with permission from J D Wadhawan.

In a reversible system, figure 2.15, the anodic peak, Ep, a, and cathodic peak, Ep, ¢, are
based around the formal potential, E«°, of the A/B redox couple.

50 — Fvat Epe 2.139
4 2
This peak separation, Eps, is independent of the scan rate and can be used to elucidate
the amount of electrons, n, transferred in a redox process.

0.059 2.140
=Eyq—Ep. =

Eps "
This tells us that a reversible one electron redox process should have a peak separation

equal to ~59 mV.

The rate at which you apply the potential sweep, or scan rate, v, will lead to changes
in the flux. Consequently, for a reversible system, a relationship between the peak
current, Ip, and the scan rate is seen, known as the Randle-Sevcik equation.

1
3 2.141

1
I, = 2.69x10° AD2CvZ (298 K)
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Where A is the electrode area, D is the diffusion coefficient, C is the bulk
concentration and v represents the scan rate. We can see that the peak current is

proportional to the concentration of species and the square root of the scan rate.
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Figure 2.16 — An example of a voltammogram collected for an electrochemically
irreversible electrode process performed versus a standard calomel reference

electrode. Reproduced with permission from J D Wadhawan.

In comparison to reversible systems, irreversible systems, shown in figure 2.16,
exhibit slow electron transfer. This produces characteristic peaks of reduced
magnitude and increased separation away from the formal potential of the redox
couple. An irreversible system will have no net flow of current at the accepted formal
potential, instead it will require a large overpotential in either direction to afford an
oxidation or reduction. The peak current, Ip, of an irreversible electrode process is
given by a modified Randles — Sevcik equation,

1 1 1
I, = 2.99x10°a2D2CAvz (298 K) 2.142

in which o represents the transfer coefficient. The peak current can still be observed
to be proportional to the square root of the scan rate as the process is still diffusion
controlled. In the case of irreversible electrode processes, the peak separation varies
with the change in scan rate, known to be approximately 30 mV per decade.
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59.4 2.143
Eys = o + constant

A quasi reversible system, figure 2.17, will lie in between the two discussed limits of
reversibility. The recorded current in the system is controlled by both charge transfer
and mass transport, allowing the waveshapes to be altered significantly by changes in
the scan rate. Quick scan rates will shift the waveshape to exhibit behaviour
characteristically in line with an irreversible system; whereas, slow scan rates make

the process appear much more reversible.
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Figure 2.17 — An example of a voltammogram collected for an electrochemically

quasi-reversible electrode process performed versus a standard calomel reference

electrode. Reproduced with permission from J D Wadhawan.

2.4.3 Electrode mechanisms

When a reaction occurs at an electrode surface, there are many different types of
reaction mechanisms that can occur. To describe these different processes,
traditionally the Test and Reinmuth? notation is used; in which, an ‘E’ represents a
heterogeneous electron transfer step and a ‘C’ represents a homogeneous (or chemical

reaction) step.
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2.4.3.1 The E electrode mechanism

The E electrode mechanism is the most simple and refers to a single heterogeneous

one-electron oxidation or reduction to form a stable radical cation or anion. A classic

example of this electrode reaction is for the ferrocene|ferricinium redox couple.
FeCp, —e™ = FeCp;* (E) 2.144

2.4.3.2 The EC electrode mechanism

In many cases an electron transfer will yield an unstable product, often a homogeneous
chemical reaction will follow. In an EC-type reaction mechanism, the homogeneous
chemical step will yield an electrochemically inactive product.
A—e =B (E) 2.145
B-C (0 2.146

2.4.3.3 The ECE electrode mechanism
The ECE type reaction follows a similar pattern to the EC reaction mechanism;

whereby, a chemical step follows the first electron transfer step. In this scenario the

product of the chemical transfer step is electrochemically active.

A—e 2B (E) 2.147
k

B3 ©) 2.148

C—e =72 (E) 2.149

This mechanism can produce very different voltammetric responses depending on the
rate constant, ki, the scan rate employed and the thermodynamics of the two redox

couples.

2.4.3.4 The DISP electrode mechanism

The DISP mechanism is extremely similar to the ECE reaction mechanism. In fact, it
is often extremely difficult to differentiate between the two experimentally. The key
difference between the DISP and ECE type reaction mechanisms are in the second

electron transfer step. In an ECE mechanism this occurs heterogeneously at the
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electrode surface; whereas, in a DISP process this occurs homogeneously in the bulk

solution through a disproportionation reaction.

A—e" =B 2.150
gk 2.151
B+C=A+Z 2.152

There are two types of DISP reaction mechanisms, DISP1 and DISP2. The DISP1
process has equation 2.151 as the rate determining step and DISP2 process has

equation 2.152 as the rate determining step.

2.4.3.5 The EC' electrode mechanism

The EC' mechanism is one of the most extensively studied electron transfer
pathways.3%-32 Chapter 6 will concentrate on this electrode mechanism and therefore
this section will go into much more detail than previously. It operates through and
electron transfer step, equation 2.153, followed by a chemical reaction, equation
2.154, where the chemical step is a catalytic process. It differentiates from an EC type
mechanism through the product of the electron transfer step, B, reacting with a species,
X, to regenerate the original species, A. In this way it acts as a feedback loop for the

initial electron transfer step.

A—e =B (E) 2.153

kecr
B+X=S4+Y (C) 2.154

In this scheme, the redox couple acts as the mediator and does not undergo any
reaction with the analyte; it is only oxidised and reduced by it. This is best represented
by comparing cyclic voltammograms obtained from an electrochemically reversible
electrochemical reaction that follows and E mechanism and an electrochemical

reaction coupled with a homogeneous chemical reaction, figure 2.18.
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Figure 2.18 - Theoretical cyclic voltammograms obtained for an E and EC' type
reaction. Reproduced from Ref. 30 with permission from The Royal Society of

Chemistry.®

The E type reaction (figure 2.18, black line), where there is no species X present,
exhibits a single, electrochemically reversible oxidative peak and the corresponding
reductive peak with no chemical reaction taking place. In the EC' type reaction (figure
2.18, red line), where species X is present, the electron transfer step occurs first, hence
the single oxidative peak corresponding to the conversion of A to B. Once B is formed
in this system the chemical reaction step begins, where X acts as a catalyst and B is
chemically converted back to A. This results in the reduced reductive current seen in
figure 2.18. In this way the catalytic current that is measured is dependent on the

concentration of species X in solution in addition to the rate constant, kec'.

The catalyst in this type of electron transfer mechanism can be looked at in terms of
its essential reactivity parameters; turnover number (TON) and turnover frequency
(TOF). The TON refers to the number of moles of substrate that a mole of catalyst can
convert; whereas, the TOF refers to the number of turnovers per unit of time. In a
system free from perturbation through side-phenomena the peak current, 1,0, of the
catalyst in the absence of substrate can be used to calibrate the catalytic response and

therefore, variations in the TON, Ip/1,°, can be observed.®
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The cyclic voltammetric response of an EC' type process is dependent on two

parameters; the kinetic parameter, A, and the excess factor, y.

1= (RT) keC)‘() 2.155
~\F v
Cj’ 2.156
Y C)?

In which, ke is the rate constant of outer sphere electron transfer, Cx° is the bulk
concentration of the catalyst, CaC is the concentration of the substrate, R is the molar

gas constant, T is the temperature, F is Faraday's constant and v is the scan rate.

The cyclic voltammograms produced by an electrochemically reversible process
where the electron transfer process at the electrode surface is fast and the diffusion
coefficient is constant can be identified through a kinetic zone diagram, figure
2.19_34,35
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Figure 2.19 - A kinetic zone diagram and simulated waveforms for the EC'
mechanism. The compass shows how catalysis moves between the different zones;
where Cp? is the initial concentration of the catalyst, Ca® is the initial concentration of
substrate, v is the scan rate and ke is the rate constant for the electron transfer between
the catalyst and substrate. Reprinted with permission from reference 34. Copyright

(2014) American Chemical Society.

In this scheme there are seven scenarios that can occur in an EC' mechanism. The most
simple is if the D zone where no catalysis occurs. In this region the cyclic voltammetry

of the electrochemically reversible redox couple is observed.

The KS zone is where there are pure kinetic conditions, no substrate is consumed and
the waveshape tends to sigmoidal behaviour. In this situation the substrate
concentration present at the electrode surface is equal to that of the bulk solution and

the forward and reverse scans trace each other.
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Zone K, is characterised by a peak shaped forward scan, the reverse scan not tracing
the forward and no reverse redox wave being observed. This is caused by competition
between the consumption of the substrate via the rate determining step and the
diffusion of the substrate to the electrode surface. There is no reverse redox process

observed due to the catalytic turnover despite substrate depletion.

The zone marked KT2 is characteristic of total catalysis. This is where the catalyst
immediately consumes all of the substrate accessible during the timescale imposed.
This happens so quickly that two peaks are observed; the first corresponding to the
substrate diffusion and the second corresponding to catalyst seen in zone D. The
system can move from KT2 to KT1 if there is an increase in the excess factor. This
will cause the electrochemically reversible redox wave to become buried beneath the

catalytic current wave.

Zone KD refers to the case where there is no substrate consumption. It is similar to
that of zone KS, but does not form the perfect sigmoidal shaped wave. This is due to
a reduction in the kinetic parameter, A. Catalysts will move to this zone from KS if the

catalytic rate constants are slower; or the scan rate is increased.

Finally, zone KG and KG* are similar to KT2, whereby, they are limited by the
diffusion of the catalyst to the electrode surface. Catalysts can move from KT2 to these

zones by increasing the scan rate or by having slower catalytic rate constants.

The first thing to do is to observe the ferrocenemethanol | ferriciniummethanol redox
couple, the D zone, in aqueous conditions using cyclic voltammetry. Following this
we will add tiopronin to the system to observe any changes in the cyclic voltammetric

response.

2.4.4 Microelectrodes
Microelectrodes, as the name suggests, have characteristic dimensions on the
micrometre scale (< 25 um). They vary greatly from macro electrodes, which favour

their use for the study of fast electrochemical processes. Due to these fast processes it
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is possible to undertake experimental work in highly resistive organic solvents such
as benzene and hexane.! In addition to this, they have a reduced capacitance, C, and
consequently a faster time constant than macro electrodes. This in turn, has an
influence on the scan rates,v, that are viable to use in experimental procedures as the

charging current, I, can obscure the faradaic process under investigation.

I =Cv 2.157
There is also a reduction in ohmic loss (iR) for microelectrodes at steady state,
o~ o 1 2.158
To

where ro is the electrode radius. This is advantageous as it allows for systems to only
use two electrodes instead of the three always required by a macro electrode set up as
the combined potential of the counter and reference electrodes is on the nanoampere
scale, making it highly unlikely to cause a significant difference. Microelectrodes also
possess a greater signal, ic, to noise, icp, ratio compared to macro electrodes.

ic 1 2.159

Therefore, a reduced electrode area results in a larger ratio. Microelectrodes facilitate
the investigation of fast electrode kinetics due to their non-planar diffusion. This can

be observed in terms of spherical/ hemispherical or microdisc frameworks.

At a microdisc electrode, the scenario is challenging as the electrode is not uniformly
accessible. We look at Fick’s second law with regards to a cylinder.

dc d%°c Doac d%c 2.160

ot "oz T Tor oz
In which, D is the diffusion coefficient, r is the radius from the centre of the disc
electrode and z is the perpendicular distance from the electrode surface. This was
solved, with approximations, by Shoup and Szabo for the following boundary
conditions.®®
t<0,allr,z,C=C* 2.161
t=>20,z=0r<r,C=0
t=>0,z—>o,allr,C =C"

t>0,r>o,allz C=C"*
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The diffusion layer thickness expands, increasing its surface area. This introduces
more electroactive species to maintain the concentration gradient and therefore feeds
the electrode with more reagent. This framework produces convergent diffusion which
IS approximate to a hemisphere, figure 2.20. A transient response is observed at long
time limits which produces a steady state current response, I,

[ = 4nFC*Dr, 2.162
where n is the number of electrons associated, F is Faraday’s constant and re is the
electrode radius. With a corresponding flux,

2 C'D 2.163

T

this implies an infinite flux at the disc edges, in reality this is limited by the Kinetics.

The steady state current however is dominated by that flowing at the edge of the disc.
At shorter timescales, the diffusion is not convergent but effectively planar with a thin
diffusion layer atop the electrode surface, figure 2.20. The timescale upon which case
happens is a balance between a Cotrellian term and a steady state term, resulting in a
scenario where there smaller the electrode area, the shorter the experimental times
required to reach a steady state. This steady state framework means that current does
not decay to zero as predicted by the Cottrell equation but rather reaches a maximum

and maintains it.

Planar Convergent

Mttty N

Figure 2.20 — Pictorial representation of the difference in diffusion to an electrode

depending on its size. Macro electrodes are dominated by planar diffusion whereas,

microelectrodes trend towards convergent diffusion.

If we consider cyclic voltammetry corresponding to a simple oxidation.
A—e =B 2.164
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Two diffusion equations must be solved,

alA] b 0%[A] 10[A] 02%[A] 2.165
ot A<6r2 +; or 6zz>
d[B] _p 0%[B] 10[B] 0?[B] 2.166
9t B<6r2 ;6r+622>

in alignment with the following boundary conditions,

0<t<tswitenE=E;+vt 2.167
tswiten < 6, E = E1 + Vlswitcn — V(t - tswitch)

tswiten < t,= E1 + 2Vtsyircn — VE

which describe the triangular potential sweep that is applied to the working electrode

in the system.

d[A] d[B] 2.168
allt,z=0,0 <7 <7, Dy—==—Ds—

= ka[Alo — kc[Bo

That describe the rate of interfacial reaction, governed by Butler-Volmer kinetics,

alongside the loss of A and generation of B at the electrode surface.

t < O, all T, all Z, [A] = [A]bullk' [B] =0 2.169
all t,r,z > 0, [A] = [A]puuk, [B] = 0

Which describe the initial concentrations of species.
It is observed in cyclic voltammetry that large microelectrodes can produce similar

wave shapes to planar macro electrodes. Smaller microelectrodes tend towards a

sigmoidal plot, figure 2.21.
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Figure 2.21 — An example of the sigmoidal shape expected in a voltammogram when

a smaller microelectrode is used for voltammetry.

If the time required to reach steady state is small in comparison to the time taken for
the acquisition of the voltammogram this steady state behaviour will be seen.

r?2 RT 2.170
D Fv

Hence, if we introduce a new parameter, P, we can predict the voltammogram

2171
Frzv
pP=
RTD

When this parameter is below unity, steady state behaviour is expected above unity is

behaviour.

referred to as the limit of cyclic voltammetry. In this framework the peak current is,

_0.66p _u 2.172
Ip = 4F7,[A]lpur |0.34€7065P 4+ 0.66 — 0.13¢ P + 0.351P

With limits for steady state and the cyclic voltammetry limit respectively.
P->0= Ip - 4Fre[A]bulk 2.173
P > o0 = Ip = 1.4-F7‘e[A]bulkP
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If we run an experiment at a sufficiently low scan rate, we can analyse steady state
behaviour. This can be used to elucidate information about the kinetics and requires
the mass transport coefficient to be large in comparison with the standard
electrochemical rate constant.

mT~g > KO 2.174
Oldham and Zoski®’ produced work, which was built on by Aoki*® to summarize the

shape of voltammograms when the species diffusion coefficients are of an equal value.

I A 2.175
— (1 +exp(%g) =
Liim 1+ (2,1 + 12)
A+ 3w
in which,
F 2.176
—_ _ 0
¢= RT (E Ef)
kOr, 2.177

1=

5 (e~ + eF%)

In addition to this, Mirkin and Bard®® produced a method of extracting kinetic data

from quasi-reversible voltammograms, such as k°, o and E}’from the easily accessible

experimental parameters of AEy4 and AE3a.

2.4.5 Square wave voltammetry

Square wave voltammetry initially originated from the Kalousek commutator and
Barker’s square wave polarography, followed by important innovations by Barker and
Jenkins in 1952.% The waveform is comprised of a square wave superimposed of time,
ts, on a staircase wave of the same time, ts, and height, AEs, figure 2.22. This produces
a combined staircase and square wave with amplitude, AEp. In this system the currents
present at the end (typically the last 280 us) of the forward, I, and reverse, Ig, waves
are measured. These two readings are compiled, Al, as a function of this staircase
potential to produce the overall square wave voltammograms as the primary result,
figure 2.23.

Al =1z — Iy 2.178
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This minimized the influence of capacitative currents to the system and allowed for

the discrimination between current and faradaic current.

AE,
A A R
2 0
3 — Rl >
% — ) ) — tp — g —ts AE
5 Bl 7 i
5 5
e —_—
§ g .....
Z c) —
< T |
< g [
2 g
ol — — — — o —
Time (dimensionless) Time (dimensionless)

Figure 2.22 — A pictorial representation of the square wave and staircase that

superimpose to make the waveform used in square wave voltammetry.

This technique is often chosen for analytical studies because of the high sensitivity of
the system.! The detection limit can be as low as 10® M, which is at least an order of
magnitude better than similar pulse techniques, with short pulses and high scan rates;
this gives a short experimental time. Additionally, only small amounts of electro-
active species are actually consumed in each scan, this leads to a much smaller

probability of electrode blocking compared to other similar techniques.
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E
Figure 2.23 — A representation of the three voltammograms obtained during a square

wave experiment. The forward scan, Ir, backward scan, Ig, and the overall primary

result, Al

2.4.6 Rotating disc voltammetry

A rotating disc electrode is a type of hydrodynamic electrode. These work by
increasing the transport of electroactive species to the electrode via forced convection;
this creates a thin layer of solution next to the electrode where all concentration
gradients occur and only diffusion occurs. Using hydrodynamic electrodes and forced
convection leads to higher currents, as well as greater sensitivity and reproducibility.
Typically, a rotating disc electrode is produced from an insulating sheath surrounding
typical working electrode materials; for example platinum, gold and glassy carbon.
When the electrode is rotated, typically with rotation speed 0 — 50 Hz, a regular
laminar flow pattern is established in the vicinity. The electrode pulls solution

vertically towards itself and then removes it, as shown in figure 2.24.
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Figure 2.24 - A schematic of the flow caused by the rotation of a disc working

electrode.

This laminar flow is maintained, for a rotating disc electrode, only if the Reynolds
number, Re, does not exceed its critical value, ~ 2 x 103,
wr? 2.179

€ v

where o is the rotation velocity (Hz), r is the rotating disc radius (m) and v is the
kinematic viscosity (m? s!). Exceeding this value of Reynolds number can lead to the

laminar flow changing to transitional or turbulent flow, as shown in figure 2.25.

V) =0 o)

Laminar Transitional Turbulent

Figure 2.25 - Schematics showing the variations between laminar, transitional and

turbulent flow in hydrodynamic systems.

The most integral parameter of the rotating disc electrode is the limiting current, I,
the equation for which differs between hydrodynamic electrodes, is given by the
equation,

I, = 1.554mr?*nFcy,D?/3v=1/6¢1/2 2.180
where o corresponds to the rotation velocity (Hz), v is the kinematic viscosity (m? §°
Y, ris the electrode radius (m), ¢ is the bulk concentration and D is the diffusion
coefficient. The current in the system is directly proportional to the electrode area

corresponding to a uniformly accessible area. In experimental practice the rotation
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velocity of the electrode is varied and the limiting current recorded for each speed
individually. From this data, the diffusion coefficient of the forced convection system
can be calculated by utilising a Levich plot. This is a plot of the limiting current (A)
versus the rotation speed (Hz).

Using the research and electrochemical theory covered in the first two chapters of this
work, we will aim to design and produce an online, low-cost, downhole
electrochemical sensor for the determination of alkaline-earth metals in formation

water.
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3 Experimental Procedures

This chapter outlines the key experimental methods utilised in this thesis; including
details of the equipment required to carry out the experiments. In addition to this it
notes all of the chemicals used throughout the work, detailing their purity and

company of production.

3.1 Electrochemical set up

3.1.1 Potentiostat

Electrochemical measurements throughout were performed on a Metrohm Autolab
B.V. u-Autolab type-Ill potentiostat, Netherlands. This was controlled by General
Purpose Electrochemical System (GPES, Metrohm) software installed on a Viglen
Genie desktop PC installed with Windows Vista™.

3.1.2 Electrodes

Electrochemical experiments were all performed using a standard three-electrode set
up, unless otherwise stated, consisting of a working electrode, reference electrode and
auxiliary (counter) electrode. These were connected to the potentiostat and placed in

the solution under investigation inside a custom glass cell, figure 3.1.
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Figure 3.1 - A pictorial representation of a typical three-electrode electrochemical

system in a three-necked glass cell. Reproduced with permission from J D Wadhawan.

3.1.2.1 Working Electrodes

Multiple working electrodes were used in this thesis composing of two materials;
glassy carbon and gold. Two glassy carbon working electrodes were used, a macro (3
mm, BAS) and a micro (11 um, BAS). Five gold working electrodes were used, one

macro (3 mm, BAS) and four micro (12.5 um, 25 pm, 33um and 50 pum).

Before electrochemical experiments, working electrodes were polished using various
grades of carburundum paper (P400, P1200, P2400, P4000, Presi, France) and then
finished with alumina slurry (0.3 um, Presi, France) on a wetted polishing cloth. The
microelectrode was dipped in 10 % nitric acid solution before being polished using

the alumina slurry and polishing cloth.
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Figure 3.2 — A schematic illustration of a glassy carbon or gold working electrode.!

3.1.2.2 Reference Electrodes
One standard silver | silver chloride (BAS) reference electrode was utilised for

electrochemical measurements in aqueous media. Where this reference was not

appropriate, a silver wire quasi reference was used.

3.1.2.3 Auxiliary (counter) Electrodes

A graphite auxiliary electrode was used throughout this work.

3.1.3 Solution preparation

Solutions were prepared at 298.15 + 1 K (unless otherwise stated) and purged of
oxygen prior to use with an inert gas; nitrogen or argon (BOC Gases, UK). Solutions
under electrochemical investigation were placed inside a Faraday cage to reduce

interference from the surroundings.
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3.2 Chemicals
3.2.1 Chemical Compounds

Table 3.1 — A table of the chemical compounds used in this thesis; alongside their

purities (if known) and the supplier from which they were obtained.

Name (Formula) Purity / % Supplier
Chlorquinaldol (C10H7CI2NO) 98 Sigma Aldrich
Broquinaldol (C10H7Br.NO) - Schlumberger
Tetrabutylammonium perchlorate >99.0 Sigma Aldrich
(C16H36CINOg4) >97.0 Sigma Aldrich
Tetrabutylammonium chloride (C1sH3sCIN) 98 Sigma Aldrich
Tetrabutylammonium nitrate (C16H3sN203) 97 Avocado Research
Ferrocene (CioH1oFe) > 05 TCI
Hydroxymethyl ferrocene (C11H12FeO) > 06.0 TCI
Tiopronin (CsH9NO3S) 100.04 Fisher Scientific
Boric acid (HsBOz3) 99.89 Fisher Scientific
Ammonium chloride (NH4ClI) 99.5 Fisher Scientific
Potassium chloride (KCI) 86.8 Fisher Scientific
Potassium hydroxide (KOH) >90.0 TCI
Disodium rhodizonate (CsNazOs) >095 Fisher Scientific
Sodium chloride (NaCl) 98.0 - Sigma Aldrich
Magnesium nitrate hexahydrate 102.0 Sigma Aldrich
(Mg(NO:s)2.6H.0)

Calcium nitrate tetrahydrate (Ca(NO3)2.4H20) 99 - 103 Sigma Aldrich
Strontium nitrate (Sr(NOs3),) >99.0 Sigma Aldrich
Barium nitrate (Ba(NO3)2) >990 Fluka
Lanthanum nitrate (La(NO3)3) > 99 Hopkin &
Silver nitrate (AgNO3) 99.9 Williams
Potassium nitrate (KNO3) 99 5 Fisher Scientific
Magnesium chloride hexahydrate 99 - 102 BDH - AnalaR
(MgCl2.6H20)

Calcium chloride (CaCly) ) Prime Chemicals
Strontium chloride (SrCly) 99 BDH - AnalaR
Barium chloride dihydrate (BaCl,.2H20) > 99 Fluka
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3.2.2 Solvents

Table 3.2 — A table containing the solvents used throughout this thesis; alongside

their purities (if known) and the supplier from which they were purchased.

Name (Formula) Purity / % Supplier
Acetonitrile (C2H3N) > 99 Fischer Scientific UK
Dimethyl sulfoxide (C2HsOS) 99 + Alfa Aesar
Water (H20) - ElgaStat
Nitric Acid (HNO3) 70 Fischer Scientific UK
Hydrochloric Acid (HCI) - Fischer Scientific UK

3.3 Ferrocene sublimation

Electrochemical investigation of ferrocene occasionally produced a split peak due to
impurities in the ferrocene used. To overcome this, the ferrocene was purified via
sublimation on a hotplate (Stuart heat-stir CB162) at 100 °C in a crystallising dish,
figure 3.2. The purified ferrocene crystals were collected from the lid of the dish and

used accordingly.

I I I P lce
-----i

e Ferrocene
Ferrocene ————e | Crystals
«— Hot

Plate

Figure 3.2 - Experimental set up for the purification of ferrocene via sublimation.

3.4 Solution pH alteration

The pH of solutions was determined using Hydrus 300 pH meter (Fisher, UK)
connected to a pH probe (Jenway). Solutions were placed in a beaker on a magnetic
stirrer plate (stuart heat-stir CB162). They were adjusted to the desired pH using either
hydrochloric acid (Fisher, UK) or potassium hydroxide (Fisher, UK).
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3.5 Rotating Disc Electrode

A glassy carbon electrode (3 mm, BAS) was utilised in conjunction with an external
motor (Metrohm). Linear sweep voltammetry (v =5 mV s) was then performed with
this working electrode rotating at various frequencies (500 — 3000 rpm). The obtained
limiting currents were used to produce a Levich plot to elucidate the diffusion

coefficient of the system under investigation.

3.6 Temperature Control

A water bath and circulator (Grant — Type RI) was connected to a custom four-necked,
two compartment, electrochemical cell. The water was heated to a specific
temperature (£ 0.1 K) and then circulated through the outer compartment to maintain

the solution under investigation at the desired temperature.

3.7 Interference Testing of Sodium Rhodizonate

Sodium rhodizonate (4 mM) solutions were prepared with boric acid (0.1 M) and a
specific concentration of either strontium nitrate (1 — 8 mM), calcium nitrate (20 — 200
mM) or magnesium nitrate (4 — 80 mM). The solutions were then adjusted to pH 7.
Sequential additions of barium nitrate stock solutions (10 mM and 100 mM) were then
added and square wave voltammetry performed using a gold working electrode (3 mm,
BAS), silver | silver chloride reference electrode (BAS) and graphite counter

electrode.

3.8 UV-Vis

UV-Vis spectra were obtained using a Perkin Elmer Lambda Bio-10 UV-Vis
spectrometer controlled by UV Winlab v.6.0.4 software. The solutions of known
concentration were prepared and analysed spectrophotometrically over the
wavelength range of 250 - 700 nm. This was performed using a quartz cuvette with a

1 cm path length and 1 cm?® volume.
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3.9 Ostwald Viscometer

An Ostwald viscometer or U — tube viscometer, figure 3.3, is used to measure the
viscosity of a liquid. It achieves this through measuring the time taken for a liquid to
flow between the upper mark and the lower mark. The viscosities can then be
calculated in regards to a reference liquid with a known viscosity at a specific

temperature i.e. water at 298 K.

0
0

Upper
Mark

Lower
Mark

Figure 3.3 - A pictorial representation of an Ostwald viscometer showing the two

marks in which the solution movement is timed.
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3.10 References
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(accessed 09/01/2018)
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4 The unsuitability of ferrocene as an internal standard

The desired application of this thesis is to produce a sensor capable of detecting
alkaline-earth metal ions in down-hole aqueous environments. To achieve this, the
primary focus will be on the sensing chemistry involved. Chapter 1 outlined some of
the methods used to achieve the detection of alkaline-earth metals in other conditions.
These processes primarily used the complexation of a ligand and the target ion as a
means of detection. This thesis will seek to measure the complexation that occurs in a
system through changes in the measured voltammetric peak potentials or currents.
Chlorquinaldol will be the first molecule focussed on for the application of sensing
chemistry. It is not soluble in aqueous conditions; consequently, either a non-aqueous
solvent or a mixture of solvents is required. It is paramount that a reliable way to
record redox potentials in non-aqueous environments is used. In solvents such as this
an internal reference is commonly applied, in line with IUPAC reccomendations.!+?
This chapter seeks to test the reliability of the recommended internal redox couple

ferrocene | ferricinium for the measurement of potential shifts.

4.1 Introduction

A variety of reference electrodes are commercially available for use in aqueous
solvents; such as the calomel, silver | silver chloride and standard hydrogen electrodes.
These systems are not suitable for use in a non-aqueous environment.® The search for
a reliable way to study the electrochemical response of compounds in non-aqueous
environments produced the internal standard, or reference redox system. The aim of
internal standards was to produce a reversible stable, chemically and
electrochemically, reliable and reproducible redox couple; against which to measure
the electroactive redox couple of interest. One of the first proposed redox couples was
based around rubidium; namely the Rb* | Rb and Rb* | Rb(Hg) couples.* This was
based on the assumption of the large ionic radius would negate any solvation effects,
which was not the case. Later, a comprehensive collection of requirements that

organometallic redox reference systems should adhere to was produced.®
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The ferrocene | ferricinium redox couple, figure 4.1, is the archetypal internal standard
for electrochemical systems and is IUPAC recommended alongside the

bis(biphenyl)chromium(0) | bis(biphenyl)chromium(l) couple.l2

Figure 4.1 - The ferrocene | ferricinium redox couple.

Ferrocene and its derivatives have been utilised in systems for the detection of anions
and cations.5® They have been shown to detect the presence of Cu?*, Zn?*, Ca?* and
Mg?* among others using a shift in the measured electrochemical peak potentials.®
Much of the work using ferrocene concentrates solely on the peak potentials, ignoring
variations in the measured peak current that occur; especially in the case of chloride
ions.’-22 In addition, inconsistencies in the recorded potentials have been reported for
the ferrocene redox couple when used to determine molecular orbital levels.?® This has
been reported as a common problem in general electrochemical practice, especially in
acetonitrile; whereby, the recorded potential values are subject to environmental

factors.?*

This chapter looks to characterise the use of the ferrocene | ferricinium redox couple
as an internal standard in an equimolar mixture of dimethyl sulfoxide and water. This
will be accomplished by mixing various amounts of alkali and alkaline-earth metal
chlorides to the solutions of ferrocene and observing any changes in the cyclic

voltammetric response at macro and microelectrodes.
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4.2 Results and discussion

The cyclic voltammetric response of ferrocene (1 mM) with tetrabutylammonium
perchlorate (TBAP, 0.1 M) in a dimethyl sulfoxide and water mix (80: 20) was probed
using cyclic voltammetry at a glassy carbon electrode (3 mm) with a graphite auxiliary
electrode and silver wire quasi-reference electrode. The ferrocene was sublimed prior
to any experiments to purify it. The solutions in these experiments were not degassed
prior to electrochemical measurements being taken. The cyclic voltammograms

obtained at various scan rates (v, 0.02 — 0.5 V s are presented in figure 4.2.
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Figure 4.2 - Cyclic voltammograms obtained for ferrocene (1 mM) with TBAP
(0.1 M) in DMSO/H0 (80:20) at various scan rates (0.02 — 0.5 V s1). Performed at a
glassy carbon working electrode (3 mm, BASi), with a graphite counter electrode and

silver wire quasi reference electrode at 293.15 + 1 K.

After the reduction peak in the voltammograms a small peak is observed. This is
proposed to be due to the solution not being degassed prior to the experiment. It is
expected to be the oxygen reacting with the formed ferricinium cation.?®?

Fc*+ 0, -» Fc+ 05 4.1
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A single oxidation and reduction peak were observed for the ferrocene | ferricinium
redox couple with an Emig¢ = 0.419 £ 0.004 V versus a Ag wire quasi reference
electrode. The plot of peak potential against the log of the scan rate, figure 4.3 (left),
shows stable oxidation and reduction peak potentials at low scan rates (< 100 mV/s).
This has a peak-to-peak separation of AE = 103 mV trending up to AE = 122 mV at
500 mV/s indicating the electron transfer process is quasi - reversible in nature. The
plot of peak current against the square of the scan rate, figure 4.3 (right), does not pass
through the origin and is slightly curved indicating it is not a solely E process.
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Figure 4.3 - Plot of peak potential, Ep, versus the log of the scan rate (left) and peak

current, lp, versus the square root of the scan rate (right) for ferrocene (1 mM) with
TBAP (0.1 M) in DMSO/H0 (80:20). Performed at a glassy carbon working electrode
(3 mm, BASI), with a graphite counter electrode and silver wire quasi reference
electrode at 293.15 + 1 K.

The Randles-Sev¢ik plot, figure 4.3 (right), allowed for the elucidation of the
experimental diffusion coefficient, Dexp, for ferrocene in this medium. Using the
generated gradient through the origin a calculated Dexp of 2.3 + 0.3 x 10729 m? s was

obtained: which is consistent with literature values.?’

The overall aim of this research is to produce a novel sensing method for alkaline-
earth metal cations found in formation water. In light of this, alkaline-earth metal
chlorides were introduced into the system to observe the reliability of the reference
redox system in the presence of these compounds. As ferrocene should not interact
with these molecules, it was expected that no change in the voltammetric behaviour

would be observed.
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Sequential, exponential concentrations (1 uM — 10 mM) of alkaline-earth metal
chlorides (MgCl,, CaCl,, SrCl> and BaClz) were added to solutions of ferrocene
(1 mM) with TBAP (0.1 M) in DMSO/H20 (80:20). Cyclic voltammograms
(v=0.1V s) obtained for each of these additions are presented in figure 4.4. A peak
following the reduction peak on the reverse scan is still present due to the solutions

not being degassed prior to electrochemical measurements.
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Figure 4.4 - Cyclic voltammograms (v=0.1 V s) obtained for the sequential addition
of MgCl: (top left), CaCl: (top right), SrCl, (bottom left) and BaCl. (bottom right) to
ferrocene (1 mM) with TBAP (0.1 M) in DMSO/H20 (80:20). Performed at a glassy
carbon working electrode (3 mm, BASI), with a graphite counter electrode and silver

wire quasi reference electrode at 293.15 + 1 K.
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In all cases the most notable change in the cyclic voltammograms is the large oxidative
shift in both the oxidative and reductive peak potentials. Figure 4.5 exhibits that this
change occurs after the solubility product of AgCl has been exceeded.?® It is proposed
that this shift is a product of large potential drift and the formation of AgCl on the

reference electrode surface.
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Figure 4.5 - Plots of the cyclic voltammetric (v = 0.1 V s™) oxidative peak potentials,
Ep, against the log of the concentration of MgCl. (top left), CaCl. (top right), SrCl»
(bottom left) and BaCl, (bottom right) added to ferrocene (1 mM) with TBAP (0.1 M)
in DMSO/H20 (80:20). Performed at a glassy carbon working electrode (3 mm,
BASI), with a graphite counter electrode and silver wire quasi reference electrode at
293.15+ 1 K.

To assess whether the shifts observed were a function of an interaction of the ferrocene
or down to the quasi reference electrode, a similar experiment was run with a Ag |
AgCl reference electrode in place (BAS). The same solution of ferrocene (1 mM) was
prepared with TBAP (0.1 M) in equimolar DMSO / H2O with additions of BaCl»

(1 - 500 mM). The cyclic voltammograms for this are presented in figure 4.6.
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Figure 4.6 - Cyclic voltammograms (v= 0.1 V s) obtained for the sequential addition
BaClz (1 - 500 mM) to ferrocene (1 mM) with TBAP (0.1 M) in DMSO/H-0 (80:20).
Performed at a glassy carbon working electrode (3 mm, BASI), with a graphite counter
electrode and Ag | AgCl reference electrode at 293.15 + 1 K.

It can be seen in figure 4.6 that the peak oxidative and reductive potentials remain
constant at Emig = 0.410 £ 0.005 V versus an Ag | AgCI reference electrode. This is
evidence that the shift in peak potentials observed previously is due to the Ag wire
quasi-reference used. In figure 4.6, the peak oxidative current is of interest; as barium
is added to the blank solution it remains constant between 1 - 10 mM. Once 100 mM
is added to the solution there is a distinct increase in the peak oxidative current of
1 £ 0.05 pA. Following this a large decrease in the peak oxidative current is observed
at 500 mM BaCl. to 5.56 + 0.05 pA.

To determine whether these changes in peak oxidative current were caused by the

barium or the chloride interacting with the ferrocene, the same experiment was
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performed except replacing additions of BaCl> with Ba(NOz)2. The cyclic

voltammograms (v = 0.1 V s!) obtained in this scenario are presented in figure 4.7.
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Figure 4.7 - Cyclic voltammograms (v= 0.1 V s%) obtained for the sequential addition
Ba(NOz3)2 (1 - 500 mM) to ferrocene (1 mM) with TBAP (0.1 M) in DMSO/H;0
(80:20). Performed at a glassy carbon working electrode (3 mm, BASI), with a
graphite counter electrode and Ag | AgCl reference electrode at 293.15 + 1 K.

In figure 4.7, there is an oxidative shift in the peak potentials once barium is added to
the system. Following this the peak potentials begin to shift reductively as the
concentration of barium nitrate is increased. There is no increase in the measured peak
currents. Instead there is a decrease in this parameter for every addition of barium
nitrate, from 8.98 + 0.05 YA at 1 mM barium nitrate to 6.97 £ 0.04 pA at 500 mM

barium nitrate.

If the cations were interacting with the solvent molecules through complexation, the
consequential enhancement in solvent structure would be noticeable when observing
the calculated experimental diffusion coefficients for each concentration. That is to
say, if an enhanced solvent structure is being formed in the solution, diffusion of

electroactive species from this bulk solution to the electrode surface should be reduced
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as the pathway is increasingly hindered. The calculated diffusion coefficients for the
ferrocene with each ion present at concentrations of 0.1 and 1 mM, concentrations

directly in the linear portion of the oxidative shift, are presented in table 4.1.

Table 4.1 - A table showing the variation in calculated experimental diffusion
coefficient for ferrocene (1 mM) with TBAP (0.1 M) in DMSO/H.0 (80:20)

depending on which alkaline-earth metal cation is present and the concentration of it.

Metal lon Concentration / mM Dexp X 1020/ m? st
None 0 21+0.3
Mg 0.1 2.0+0.2
Mg 1 2.1+0.2
Ca 0.1 19x+0.2
Ca 1 19x+0.2
Sr 0.1 20x0.2
Sr 1 20x+0.3
Ba 0.1 20+0.2
Ba 1 20x0.2

The results of this clearly show no discernible alteration in the diffusion coefficient
occurs, which would indicate no change in the solvent structure is occurring. The same
experiments were repeated using a glassy carbon microelectrode (11 pm, BASI), as
microelectrodes produce enhanced electrode kinetics. The data previously has shown
that any shift in potential is due to the instability of the Ag pseudo reference electrode
rather than any interactions with the scaling ions. Hence, for experimental ease an Ag
wire was again used for the microelectrode studies. Cyclic voltammograms were
recorded for the sequential addition of each alkaline-earth metal cation at a scan rate
of 0.02 V s%, figure 4.8; which was found to be slow enough to allow for steady state
to be obtained.

Much of the same trends can be seen in the cyclic voltammograms obtained at a
microelectrode. There is a clear shift in E12 once concentrations in excess of 0.1 mM
are introduced into the system. In addition to this, a well-defined decrease in the
limiting current for 10 mM and 100 mM additions is present. This is important to note

when using microelectrodes as the steady state limiting current is directly proportional
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to the diffusion coefficient. Consequently, this reduction in experimental limiting
current is indicative of the diffusion coefficient decreasing. This supports the
hypothesis that the solvent system is becoming more structured, including the possible
complexation of cations with the dimethyl sulfoxide; consequently, slowing down the

rate at which electroactive species can diffuse from the bulk solution to the electrode

surface.
0.16 07
0.14 0.6
——0puMCa
0.121 05{ —1uMca
0.10 ——10puM Ca
0.44 ——100puM Ca
< 0.08 < 03 1mMcCa
9] ——10mMCa
£ 006 £ i
0.2
0.04
0.02- 0.17
0.00 0.0
0.02 T T T r r 0.1 r r r r r
0.2 0.0 0.2 04 06 038 1.0 0.2 0.0 0.2 04 06 08 10
E/V vs Ag Wire E/V vs Ag Wire
0.6 0.7
——0puMsr 064 ——0uMBa
051  —1umsr — 1uMBa
04 —opmsr [ | 0.5 ——10pMBa
’ ——100pMmsr fff | ——100 uM Ba
03] immse fff | 0.4+ 1mM Ba
< —10mMsr ff | < 53] ——10mM Ba
£ c 0
= g4 =
0.2
0.1 0.1
0.0 0.01
0.1 r r . . . 0.1 r T T T T
-0.2 0.0 02 04 06 0.8 1.0 -0.2 0.0 0.2 0.4 06 08 1.0
E/V vs Ag Wire E/V vs Ag Wire

Figure 4.8. Cyclic voltammograms (v = 0.02 V s™) obtained for the sequential
addition of MgCl; (top left), CaClz (top right), SrCl, (bottom left) and BaCl. (bottom
right) to ferrocene (1 mM) with TBAP (0.1 M) in DMSO/H-0 (80:20). Performed at
a glassy carbon working electrode (11 um, BASI), with a graphite counter electrode

and silver wire quasi reference electrode at 293.15 + 1 K.
There is clearly a decrease in the measured peak current at a glassy carbon

macroelectrode and decrease in the limiting current for a glassy carbon microelectrode
upon the addition of high concentrations of alkaline - earth metal chlorides.
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The effect of potassium chloride on the cyclic voltammetric response of ferrocene at
a macro and microelectrode was tested using the same sequential addition
experimental procedure as above. The cyclic voltammetric (v =0.1 V s*) response of
ferrocene with the additions of KCI at a glassy carbon macro electrode are presented
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in figure 4.9.

Figure 4.9 - Cyclic voltammograms (v = 0.1 V s*) obtained for the sequential addition
KCI (1 - 500 mM) to ferrocene (1 mM) with TBAP (0.1 M) in DMSO/H20 (80:20).
Performed at a glassy carbon working electrode (3 mm, BASI), with a graphite counter
electrode and Ag | AgCl reference electrode at 293.15 + 1 K.

The peak potentials in this system shift oxidatively upon the first addition of KCI, but
remains constant after that point at + 0.455 V. There is a small decrease (~ 0.75 pA)
in the measured peak current but not as large as the one observed for the barium

chloride additions.

Figure 4.10 shows the cyclic voltammograms obtained for the addition of KCI to

ferrocene at a glassy carbon microelectrode.
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Figure 4.10 - Cyclic voltammograms (v = 0.02 V s) obtained for the sequential
addition of KCI1 (I uM — 10 mM) to ferrocene (1 mM) with TBAP (0.1 M) in
DMSO/H20 (80:20). Performed at a glassy carbon working electrode (11 pum, BASi),
with a graphite counter electrode and silver wire quasi-reference electrode at
293.15+ 1 K.

In this system it is evident that the decrease in the limiting current is smaller than that

observed for the alkaline-earth metal chlorides.

When the chloride compounds are added to the above solutions, it is proposed that, at
high concentrations, the solution becomes more viscous, leading to a decrease in
diffusion to the electrode surface. This increase in viscosity could be explained by the
complexation of the cations to the solvent. The possible change in viscosity was
observed using an Ostwald viscometer; whereby, solution with different amounts of
cation added to them were tested and compared to a deionised water standard to
produce a corrected viscosity reading. The results of these calculated viscosities are
presented in figure 4.11.
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Figure 4.11 - Plot of the calculated viscosity versus 1/T for solutions of ferrocene
(1 mM) with TBAP (0.1 M) in DMSO/H20 (80:20) with additions of BaCl2.2H20
(I mMand 0.1 M).

The measured viscosities gave good agreement with literature values for similar mixed
DMSO / H,0 solvent systems.?®-3! It can be seen that the data for the blank solution
and the 1 mM solution are virtually identical, with the 0.1 M solution having a much
larger viscosity. This shows good agreement with the electrochemical data obtained,
whereby, the voltammograms for the concentrations below 0.1 M barium showed a
consistent limiting current; with a large decrease observed for the 0.1 M data. This is
strong evidence to suggest that the change in voltammograms limiting current was due
largely to the increase in viscosity of the solution. This increase in viscosity would
directly affect the diffusion coefficient of the solution making it more difficult for the

ferrocene to diffuse from the bulk solution to the electrode surface.

Evidence to this point suggests that the interaction between the ferricinium ion and
chloride ion could be causing a DISP1 mechanism. A disproportion mechanism is a

reversible or irreversible transition in which species with the same oxidation state
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combine to yield one of a higher state and one of a lower state.®?32 It follows that the
ferricinium cation will react with the chloride ions present approximately as in
equations 4.2-4.5, where ferrocene is represented by Fc, and Cp represent a
cyclopentadiene ring and the chloride ions are present in such excess that the reaction

is pseudo first order.

Fc— e =Fc* 4.2
!
FeCps + nCl™ = FeCI®™* 4 2¢p~ 4.3
Cp~ + FeCp* - Cp + FeCp, 4.4
4.5

fast
2Cp — Cp,

The observed decrease in limiting current is proposed to be an effect of the increased
viscosity of the solution. To adjust for this, a line of best fit was produced for the
viscosity results at 293.15 £+ 1 K. From this plot the estimated viscosities of all

solutions containing various amounts of BaCl, were calculated, presented in table 4.2.

Table 4.2 — A table with the viscosities of solutions of ferrocene (1 mM) with
tetrabutylammonium perchlorate (TBAP, 0.1 M) in equimolar DMSO: H.O with
various amounts of BaCl2.2H>0O (1 uM — 1 M). Solutions measured using an Ostwald

viscometer are presented in black, while estimated values are presented in red.

[BaCl2]/M Viscosity/cP
0 3.606
1x10° 3.606
1x10° 3.607
1x10% 3.608
1x103 3.621
1x 102 3.702
1x 107 4.516
5x10? 8.136
7.5x10% 10.40
1 12.66
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To correct the measured limiting currents for the viscosity of the solution we introduce
two terms, Napp and Nest. Napp is the measured limiting current of a solution normalised
by the limiting current of the blank solution.

Liim 4.6

Napp = 0
lim

Neff IS the viscosity of each solution normalised by the viscosity of the blank solution
multiplied by Napp.

n 4.7
Nefr = Napp X —5

r]O
If the effect of viscosity is the driving force for the decrease in limiting current, then
the calculated Ness value should be greater than unity. This is shown in figure 4.13,

where the Nesr value is plotted against the concentration of chloride ions present in the

solution.
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Figure 4.13 - A plot of Neff versus the concentration of chloride ions ion solution for
the addition of BaCl,, SrCl, and KCI to a solution of ferrocene (1 mM) with TBAP
(0.1 M) in DMSO/H.0 (80:20). Performed at a glassy carbon working electrode
(3 mm, BASI), with a graphite counter electrode and Ag | AgCI reference electrode at
293.15+ 1 K.
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It can be seen that the calculated Ness values remain at approximately 1 for low
concentrations of chloride ions (< 1 mM). At 10 and 100 mM KCI added there is a
sharp rise in the calculated Nefr. This is true for the addition of SrCl, for above
100 mM and BaCl, above 500 mM. It is proposed that the degree of dissociation
between the chloride ion and the counter positive ion has an effect on how early the
Nesr value rises. In the case of KCI the ions are completely dissociated; therefore, it is

expected that the Nesr value for this system rises earlier.

The calculated Nefr values in this plot allow for the elucidation of a dimensionless rate

constant from a simulated curve for a DISP1 mechanism, figure 4.14.
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Figure 4.14 - A plot of Nesr versus the log of the dimensionless rate constant for a

DISP1 mechanism. Produced by J Wadhawan.

By inputting the calculated Ness values from figure 4.13 into figure 4.14, the
dimensionless rate constants for each system was produced. This dimensionless rate
constant, K, can be used to calculate rate constants, k.

kg 4.8

K =—2
D
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Therefore, using the diffusion coefficient calculated earlier (2.3 x 10°2° m? s) the rate
constants for each system can be calculated. The expected ratio of chloride ions to
ferrocene molecules, n, can then be calculated from a gradient of the log of the rate
constant versus the log of the chloride ions, figure 4.15.
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Figure 4.15 - A plot of the log of the rate constant versus the log of the concentration

of chloride ions.

From the gradients of each system the number of chloride ions, n, that interact with
the ferrocene is 3 in the case of barium and 1 in the case of potassium and strontium.
This shows that the ferrocene | ferricinium redox couple cannot be treated as a redox
couple that is unaffected by its surroundings. When using ferrocene as an internal
standard, care must be taken to account for all changes in the system. This includes

the effect on the target redox couple and the reference redox couple.
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4.3 Conclusions

In this chapter we observed a large shift in the peak potential for the ferrocene |
ferricinium redox couple. This was attributed to the Ag wire quasi reference electrode
used in the experiment. It is proposed that this shift is down to either potential drift or
the formation of silver chloride on the reference electrode surface.

Additions of BaCl; to the system at a macro electrode showed a small increase in the
cyclic voltammetric peak current at 100 mM BaCl,. This was followed by a large
decrease in the peak current. The decrease in current was seen at lower concentrations
in the limiting currents measured at microelectrodes. This decrease was found to be a
product of the increase in viscosity of the solution. As increased concentrations of
alkaline-earth metal chlorides are added to the solutions the viscosity of the solution
increases. The limiting currents measured can be corrected for this change in viscosity
by calculating the Nes value. It was seen that for concentrations of KCI above 10 mM,
SrCl2 above 100 mM and BaCl, above 500 mM there was a large increase in Nefr away
from unity. These Nefs values were used to produce dimensionless rate constants from
a simulated fit of a DISP1 mechanism and then a rate constant for the process. Plotting
these rate constants against the concentration of chloride in the system gave an
indication of the amount of chloride ions interfering with the 