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Abstract

Boron-doped diamond (BDD) is an electrode material applied in high end advanced oxidation processes and
electrochemical sensing. BDD has a low background current, is robust and has a high affinity for the produc-
tion of oxidizing radicals. BDD shows better degradation rates compared to competing electrode materials,
and can also be used to detect trace amounts of compounds. The surface properties of BDD electrodes, such
as the crystal sizes present on the electrode surface and the presence of non diamond content, influence their
degradation and sensing performance. Electrochemical advanced oxidation processes using BDD electrodes
are one of the methods investigated in literature to remove recalcitrant micro-pollutants from wastewater.
Wastewater treatment at present faces a challenge to eliminate micro-pollutants of increasing complexity
and toxicity. One of the compounds that could potentially benefit from the application of BDD electrodes in
its removal from wastewater and detection in human blood and analogues is nevirapine. Nevirapine (NVP)
is an antiretroviral on the World Health Organization’s list of essential medicines, used extensively in HIV
treatment. NVP has been detected in wastewater in the continents where it is deployed as treatment, and
has shown resistance to ordinary wastewater treatment. The removal of NVP from wastewater and the
detection of NVP in human blood are current challenges considered in academic research. NVP has not
been used in detection or degradation studies using BDD electrodes before.

In this study, two types of electrodes, a micro-crystalline and a nano-crystalline BDD electrodes, were used
to attempt to electrochemically degrade and detect NVP. Degradation attempts in 0.39 M NaCl revealed
a bathochromic shift in the characteristic UV-Vis spectrum of NVP, which was more pronounced for the
micro-crystalline electrode. Detection experimentation in phosphate buffered saline (1X) revealed inhibiting
behaviour of NVP on BDD electrodes, which limits the degradation and sensing processes.

Using a detection procedure involving cathodic activation at -2V for 10 s, the inhibition induced by NVP
was partially reversed, recovering characteristic peak formation around 2 to 10 uM NVP for the micro- and
nano-crystalline electrode respectively, in PBS (1X). The micro-crystalline BDD electrode provided better
results in both the attempted degradation of NVP and the sensing of NVP, which is attributable to its
high ratio of diamond content compared to non-diamond impurities. The application of electrochemical
activation in combination with micro-crystalline BDD electrodes for NVP sensing is a promising lead into
new research to detect low concentrations of NVP using in-situ electrode cleaning. The results obtained
indicate further research into the interaction between NVP and the surface of BDD electrodes as well as
electrochemical activation could provide a stable detection method to asses NVP at levels competitive to
those reported in literature. The research into degradation of NVP using BDD electrodes indicates the
practical challenges the interaction between NVP and BDD surfaces poses, for the removal of NVP from
wastewater using electrochemical advanced oxidation processes.
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CONTENTS

Abbreviations

e AFM: Atomic force microscopy

e AOP: Advanced oxidation process(es)

e BDD: Boron doped diamond

e CE: Counter electrode

e CPE: Carbon paste electrode or constant phase element.
e CV: Cyclic voltammetry

e CVD: Chemical vapour deposition

e DPV: Differential pulse voltammetry

e EAOP: Electrochemical advanced oxidation process(es)
e EIS: Electrochemical impedance spectroscopy

o GCE: Glassy carbon electrode

e H.I.V.: Human immunodeficiency virus

e HFCVD: Hot filament chemical vapour deposition
e LOD: Limit of detection

e LSV: Linear sweep voltammetry

e MC: Micro-crystalline

e MCD: Micro-crystalline diamond

e NC: Nano-crystalline

e NCD: Nano-crystalline diamond

e NVP: Nevirapine

e PBS: Phosphate buffered saline

e RE: Reference electrode

e SEM: scanning electron microscopy

e UNC: Ultra-nano-crystalline

e UNCD: Ultra-nano-crystalline diamond

e UV-Vis: Ultraviolet-visible

e WE: Working electrode

o WWTP: Wastewater treatment plant



Chapter 1

Introduction

Wastewater pollution is a recurring and increasing problem in modern society. As packaging, pharmaceu-
tical and personal care products advance, more complex and resistant compounds are developed. Many of
these compounds end up in wastewater, also through human excretion. The presence of these compounds
in aquatic environments has damaging effects to natural flora and fauna. Some of these compounds also
present a direct danger towards humans when improperly removed from wastewater. Wastewater treatment
plants are increasingly incapable of eliminating compounds dissolved in wastewater. These compounds are
usually diluted to low concentrations and are difficult to remove using ordinary treatment procedures. Of-
ten, the compounds are toxic to the biological cultures used to treat wastewater. Additional procedures
are often considered as a means to eliminate the presence of these advanced compounds by supplementing
ordinary procedures. Electrochemical advanced oxidation is one of the procedures currently investigated.
In electrochemical advanced oxidation, electrodes are used to produce oxidizing radicals to mineralize pol-
lutants into compounds that can be removed. An interesting electrode material to use for this procedure is
boron-doped diamond (BDD). BDD electrodes have been used in electrochemical research to degrade and
detect a multitude of micropollutants. The unique surface properties of BDD demonstrate it as an ideal
electrode material for multiple applications. In electrochemical degradation applications, BDD has the po-
tential to outlast and outperform most other electrode materials. The robustness and high oxygen evolution
overpotential grant BDD a higher performance and potentially extended lifespan. In detection applications,
the low background current and wide potential window grant BDD a sensitivity that performs far better
compared to conventional electrode materials.

Nevirapine (NVP) is a micro-pollutant extensively used as a medicine in HIV treatment. NVP shows resis-
tance to regular wastewater treatment, and is a current topic in electrochemical detection research. Detec-
tion of NVP in human blood by electrochemical detection in a fast and sensitive manner shows considerable
promise for routine applications. Electrochemical degradation or sensing of NVP using BDD electrodes has
not been reported as of present.

The application of different types of BDD electrodes to the electrochemical degradation and sensing of NVP
present several advantages.

Electrochemical advanced oxidation using BDD electrodes could show a reliable and effective way to remove
NVP from wastewater, while detecting NVP electrochemically using BDD electrodes could potentially show
increased sensitivity compared to the electrodes currently used in research.

This thesis aims to characterize two types of as-grown BDD electrodes, and using them, attempts are made
to electrochemically degrade and sense NVP. The performance of the different types of boron-doped diamond
for both applications was compared.

The characterisation of the electrodes will be done by scanning electron microscopy, Raman spectroscopy,
atomic force microscopy, contact angle measurements, cyclic voltrammery and electrochemical impedance
spectroscopy. The performance of the electrodes in degradation and detection respectively was determined
using UV-Vis spectrophotometry and differential pulse voltrammetry.

The literature study describing the required background information for electrochemical advanced oxidation,
BDD electrodes, NVP and the characterisation methods is in Chapter 2. The research foci can be found in
Chapter 3. Chapter 4 details the experimental setup and procedures. Chapter 5 discusses the results and
discussion from these procedures.



Chapter 2

Literature review

Relevant literature and preporatory knowledge will be discussed in this chapter.

First, treatment of wastewater through advanced oxidation processes is introduced in Section 2.1.
Second, diamond’s unique properties and potential as a doped electrode will be discussed in Section 2.2.
Third, the micropollutant used in this thesis, nevirapine, is introduced in Section 2.3.

The methods to characterize diamond electrodes are discussed in Section 2.4, and the methods to detect
nevirapine and its degradation in Section 2.5.

2.1 Micropollutants and advanced oxidation processes

2.1.1 Wastewater pollution by pharmaceuticals

Wastewater from industrial and civilian applications contains many pollutants. From medicines excreted
by people to herbicides and plastics, waste water treatment plants (WWTP) have to cope with a variety of
substances. WWTPs commonly run a variety of treatments to remove pollutants from the water. Ordinary
wastewater treatment procedures include e.g. filtration and microbiology treatment. With the increasing
complexity and use of substances in modern life, a growing number of pollutants are not removed by ordinary
procedures. Of note are a class of pollutants called micropollutants. Micropollutants are commonly defined
as anthropogenic chemicals that appear at low but unnatural concentrations due to human activity [1].
A lot of micropollutants are resistant to regular treatment techniques. A growing body of research deals
with removing these micropollutants in a WW'TP. Pharmaceutical micropollutants have proven especially
hard to remove. Many pharmaceutical micropollutants dissolve in water and are resistant to microbiological
removal. Antibiotics, painkillers and antiviral compounds are commonly used compounds that appear in
the wastewater entering a WWTP (influent). A high percentage of these substances are also detected in the
treated water expelled by the WWTP (effluent).

Pharmaceutical micropollutants are a relevant problem for WWTPs due to the nature of their consump-
tion. Most compounds used in a medicinal setting will be processed and excreted by the human body in
multiple ways. This results in the original compound and its processed metabolites appearing at influent
in a WWTP. Most pharmaceutical micropollutants are detrimental when present in the natural water en-
vironment or processed water. Many pharmaceutical micropollutants are also toxic to microcultures and
small lifeforms, creating ecological damage. Specific pharmaceuticals also lead to other unwanted effects
when present in the ecosystem. For example, antibiotics leaking into the environment can lead to bacte-
rial cultures or humans developing resistance to the antibiotics. A large amount of these micropollutants
are also persistent in aquatic environment. They may also persist in the bodies of fauna, causing bioaccu-
mulation. Pharmaceutical micropollutants make up a significant majority of the micropollutants found in
wastewater near civilian populations [2]. For specific compounds this varies with geographical importance
or seasonal use. Pharmaceutical micropollutants include a wide variety of compounds exhibiting totally dif-
ferent characteristics. Solubility, toxicity and resistance to ordinary treatment processes vary widely. Due to
these complications, alternative water purification methods are often considered to remove pharmaceutical
micropollutants.
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Figure 2.1: A schematic example of a WWTP and the different ways in which it can attempt to remove a pharma-
ceutical micropollutant (diclofenac). Reproduced from Das et al. [2].

Ordinarily, water purification in a WWTP counts many steps, as illustrated in Figure 2.1. Initially, micropol-
lutants can end up being adsorbed and removed in the processes used to remove sedimentation and suspended
particles from the water. Many pharmaceutical micropollutants do not seem to be reliably removed by these
processes. After these initial procedures, the water undergoes up to three processes, primary, secondary
and tertiary treatment. In the primary treatment process, suspended and colloidal particulates are removed
using coagulants. Secondary treatment is the removal of dissolved organics using aerobic micro-organisms
in suspension. Tertiary treatment processes are additionally needed by WWTPs that deal with influents
that aren’t removed using the primary and secondary procedures. Today, tertiary treatment processes are
increasingly more relevant to deal with the complex array of modern micropollutants. Examples of tertiary
treatment process include ozonisation, advanced carbon adsorption or advanced oxidation.
Pharmaceuticals commonly evade primary and secondary treatment and show up in the effluent of WWTPs.
Due to this phenomenon, tertiary treatment is increasingly investigated to accommodate the expanding
scope of micro-pollutants WWTPs have to remove.

2.1.2 Electrochemical advanced oxidation processes

Advanced oxidation processes (AOPs) are procedures often considered as tertiary treatment for wastewater
laced with pharmaceutical micropollutants. AOPs are a class of oxidation techniques (an overview of the
different AOPs is illustrated in Figure 2.2). Oxidation techniques in general rely on the oxidation of the
micropollutant to break it down into smaller compounds. By continuously breaking down the micropollutant,
eventually more ”benign” or removable substances such as carbon dioxide or water and other inorganics can
be formed [4].

AOPs specifically are characterised by their production of hydroxyl radicals (OH?®) (or other radicals or
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Figure 2.2: An overview of different advanced oxidation processes used to remove pollutants from water. Reproduced
from Tijani et al. [3].

oxidizers such as sulfate radicals (SO3 ™) or ozone (O3)). Hydroxyl and sulfate radicals are highly reactive,
and attack organic molecules indiscriminately. The production of radicals such as (primarily) the hydroxyl
radical is an effective tool when dealing with compounds not removed through most primary or secondary
treatment procedures. Hydroxyl radicals and oxidizing species can be produced in many ways by AOPs,
using specific chemical reactions, light or electrical processes.

Of the different radicals and oxidants that can be produced during AOPs hydroxyl radicals are especially
non-selective, and react rapidly. Hydroxyl radicals can react chemically with compounds in multiple ways to
break down larger organic compounds into increasingly smaller varieties. Due to their reactivity, hydroxyl
radicals have a short lifespan, and need to be generated in-situ to be used effectively. One of the methods
is using an electrode. This variation of AOP (electrochemical advanced oxidation process (EAOP)) is a
variation of ordinary electrochemical mineralization using electrodes. Ordinary mineralization relies on
direct oxidation on the electrode surface, which requires the substance to make contact with the electrode,
making the process slower and the electrode susceptible to fouling [5]. The use of hydroxyl radicals allows
for indirect oxidation. In this process, the radical, either adsorbed on the electrode surface in one of several
manners or present in the solution very close to the electrode, initiates the oxidation instead of the electrode
itself. This lowers the chance of fouling the electrode, and allows the electrode surface to produce radicals
when not oxidizing pollutant.

The electrochemical production of hydroxyl radicals involving the initial discharge of water at the electrode
surface can be done in two major ways depending on the interaction between the electrode material and
hydroxyl radical. These are the electrical activation of water by dissociative adsorption or electrolytic
discharge (this will be discussed in Section 2.2.2).

2.2 Boron-doped diamond as electrode material

2.2.1 Diamond

Diamond as a material posseses unique material properties which are highly coveted in multiple applications.
From simple jewellery to high performance cutting tools, the unique hardness of diamond allows it to be
used in applications where other materials would fail. Diamond derives its unique properties from its unique
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Figure 2.3: The crystal structures of diamond (A) and graphite (B). Adapted from More et al. [6].

crystal structure, illustrated in Figure 2.3. Diamond is composed of the element carbon, arranged in a
tetrahedral configuration where each carbon atom is connected to 4 other carbon atoms by covalent bonds.
This formation places the carbon atoms at equidistant lengths from each other and, once imposed, provides a
very stable and rigid configuration. The diamond unit cell contains 8 of these atoms in a cubic arrangement.
In electrochemical research a common allotrope of carbon, graphite, is also relevant. Graphite’s crystal
structure contains planes of carbon atoms (graphene layers as observed in Figure 2.3) with each atom
bound to three neighbours, each 120 degrees apart. The differences between these two configurations are
often referred to with their form of hybridization patterns being sp® vs. sp?. For diamond, a tetrahedral
configuration, this would be the sp® form, and for the trigonal planar geometry of graphite the sp? form. The
sp? diamond formation is more resistant to duress than the sp? graphite formation. The sp? crystal layers
are held together by weak stacking interactions. These layers are easier to shift and dislocate. Diamond
does not normally conduct electrons due to the lack of free spots for electrons in the crystal lattice, whereas
graphite has delocalised electrons that are free to move within the planes. Ordinarily, at room conditions,
graphite is the more stable form of carbon. However, the high energy demand needed to transform from
diamond to graphite keeps diamond from reverting to graphite. This results in diamond being metastable
at room conditions. To form diamond, high temperature and pressure conditions are required. In natural
diamond formation, these conditions are provided at specific locations deep in the earth’s crust, the resulting
diamond material being delivered to the upper surface periodically by magma. Synthetic diamond creation
therefore faces a challenge in reproducing these extreme conditions. To grow single-crystal gemstones, the
direct approach is often taken in a so called “high-pressure high-temperature” method. In this method,
graphite is heated and compressed to mimic the conditions used to grow natural diamond in a process
with considerable energy expenditure. However, if the application the diamond is intended for only needs
a film of diamond, chemical vapour deposition (CVD) methods can be employed. In CVD, heat is used
to grow diamond crystals using carbon containing gases. After growing through CVD, thin film diamond
can express a wide variety of surface characteristics. Different types of crystallinity can be formed this way
[7]. These range from micro-crystalline diamond (MCD), which commonly contains grain sizes larger then
1 pm, to ultra-nano-crystalline diamond (UNCD) which commonly exhibits grain sizes smaller then 10 nm.
In between, nano-crystalline diamond (NCD) is also commonly defined with grain sizes ranging between 1
pm and 10 nm. Example images of these surfaces can be found in Figure 2.8 in Section 2.4. The growth
process and crystallographic orientation also determine where the boron will end up concentrated. Poly-
crystalline surfaces will end up heterogenously doped. Non-diamond carbon (NDC), will also be formed
and incorporated into the film, and will end up predominantly along the grain boundaries of the diamond
content. As NDC and UNDC contain relatively more grain boundaries, NDC plays a larger role on those
surfaces in electrochemistery. NDC content usually contains sp? carbon. CVD techniques for MCD have at
present developed to an extent that NDC content formation can largely be avoided.

10
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Figure 2.4: Changes in total organic carbon (TOC in graph a) and chemical oxygen demand (COD in graph b)
reported by Dbira et al. [8] during an EAOP treating urine wastewater using different electrodes. The TOC signifies
the amount of pollutants mineralized, while the COD value tracks the amount of oxidation occuring.

2.2.2 Boron-doped diamond electrodes

Boron-doped diamond (BDD) is an electrode material with intriguing properties for electrochemical research.
BDD has attributes that make it interesting for use in electrochemical detection or AOP. Specifically, the
following properties are associated with BDD in comparison to other electrode materials:

1. The ability to endure extreme potentials, allowing the electrode to operate under high potentials
without breaking down.

2. A wide solvent window, allowing the electrode to operate under harsher conditions without oxidizing
or reducing.

3. A high resistance to corrosive, high pressure and high temperature environments.

4. A high affinity towards the production of OH radicals, characterised by a high over-potential for oxygen
evolution.

5. Reduced fouling properties compared to other electrodes.
6. Biocompatibility in sensing applications.
7. Conductivity on the metalic level depending on the doping conditions (e.g. Figure 2.5)

Each of these conditions is influenced by the composition and makeup of the BDD surface. Doping diamond
is most commonly done using phosphor or boron. The addition of these elements into the diamond lattice
will either create a free electron (N-type doping), or provide a hole for an electron (P type doping). N type
dopants (usually larger atoms) are harder to fit into the diamond lattice, whereas the smaller boron atom
has an easier fit. This results in CVD processes using a boron containing gas in order to grow BDD thin
film. Doping diamond allows the unique chemical properties of diamond to be exploited for the formation
of hydroxyl (OH*) radicals.

The formation of hydroxyl radicals is affected by the non-active electrode properties of the BDD material.
Active electrode materials have a strong interaction between the anode and the generated hydroxyl radi-
cals, which causes the formation of higher state oxides or superoxides [5, 10]. In this case , the radicals

11
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Figure 2.5: Resistivity changes observed by Lagrange et al. [9] in differently doped BDD samples at room temper-
ature. The study observed three types of conduction mechanisms depending on the doped boron concentration in
atoms per cubic centimeter.

are chemisorbed and limited to the electrode surface. Non-active electrodes do not show this interaction,
and limit their activity to the production of radicals through electrolytic discharge. This is illustrated in
Equation (2.1). Here, M is the electrode, and M(OH®) indicates hydroxyl radicals on the surface of the
electrode. These radicals are intermediates into oxygen evolution as seen in Equation (2.1). Electrogenerated
electrolytic hydroxyl radicals can either react with reagents present in water near the electrode as shown in
Equation (2.2) (here, R(4q) is the dissolved reactant), or as shown in Equation (2.3).

HyO+M — M(OH®) + H" + e~ (2.1)

2R(4q) + M(OH®),, — M + Oxidation products + nHT +ne” (2.2)
M(20H®) — M + Oy +2H" + 2¢~ (2.3)

20H® — H202 (24)

Equation (2.3) is also referred to as ”oxygen evolution”. If a non-active electrode has a large oxygen evo-
lution overpotential, the radicals are very weakly bonded (physisorbed). The weaker interaction between
the electrode surface and hydroxyl radicals, the slower Equation (2.3) is, and therefore, the more hydroxyl
radicals will be present near the electrode to initiate Equation (2.2) instead. Due to its high oxygen evolu-
tion overpotential, BDD can produce more hydroxyl radicals comparative to other electrodes. The radical
interaction with the BDD surface is remarkably low, comparative to other non-active electrodes, and allows
the radicals to be considered quasi-free [5, 11]. The high oxygen evolution overpotential of BDD can even
result in the formation of hydrogen peroxide at the electrode surface (illustrated in Equation (2.4)) which is
then either oxidized at the electrode or reacts with reagents in the water. Boron doped diamond therefore
"attacks” micropollutants in multiple ways compared to normal active electrodes (illustrated in Figure 2.6).
All of the aforementioned properties allow BDD to achieve remarkable degradation capacities as demon-
strated in Figure 2.4.

The fouling resistance of BDD electrodes is heavily dependant on the type of fouling, and the interaction
between the fouling agent and the BDD surface. BDD is heavily resistant against biofilm fouling, but one of
the more common fouling methods on electrodes is adsorption based fouling or alternatively, fouling based
on the polymerization of oxidized adsorbed pollutants. Although these kinds of fouling occur more often
at electrodes that rely on direct oxidation alone, BDD is not immune. The surface of the BDD electrode
therefore plays a role in fouling. Certain fouling agents adsorb at comparatively low adsorption rates on
sp® carbon as compared to other electrode materials [13]. High boron-doping and formation of defect

12
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sites have also been observed to diminish the anti-fouling properties of BDD electrodes for e.g. albumin
fouling [14]. Surface termination and roughness influence the fouling of BDD electrodes depending on the
potential fouling agent. An example of can be found in the study into the adsorption of methyl viologen and
anthraquinonedisulfonate at diamond electrodes by Shpilevaya and Foord [15]. Oxygen terminated BDD
was found to inhibit the adsorption of the compounds, while hydrogen terminated BDD did not inhibit
adsorption.

A minor note is that all of these processes rely on a closed electrochemical circuit, which means that there
should be an anode and a cathode. At the cathode, electrochemical reduction can take place. This process
offers significantly less benefits compared to electrochemical oxidation. Therefore the material properties
of the cathode are usually not of as much interest as the anode material properties. The exposed surface
and total conductivity of the cathode do however limit the transfer of electrons back into the solution (e.g.
Equation (2.5)), so the cathode should always be considered as a limiting factor to the anodic reactions.

Oz +4H" 4+ 4e~ — 2H,0 (2.5)

From research perspectives, the role of sp? and sp? carbon in the EAOP on BDD electrodes has significant
interest. The sp® diamond content is generally held to be preferable for degradation purposes [16]. The
sp3/sp? ratio affects the production of hydroxyl radicals [17]. NDC does not share the resistance of sp3
carbon against chemical reactions, and can be oxidized or affected by processes at the electrode surface.
The amount of boron doping also affects how the boron is incorporated in the sp® crystal, and can cause
sp? impurities [18]. These sp? impurities affect the background current, potential window and molecular
adsorption on the electrode [19]. It is therefore important to characterise this ratio when comparing different
BDD electrodes.

2.3 Nevirapine

2.3.1 Nevirapine as a pharmaceutical pollutant

Nevirapine (NVP), illustrated in Figure 2.7, is a non-nucleoside reverse transcriptase inhibitor (NNRTT).

Developed by Boehringer Ingelheim Pharmaceuticals and originally sold under the trade name Viramune®,
NVP is used in the treatment of HIV. As an NNRTI substance NVP inhibits the activity of the reverse
transcriptase enzyme used by retroviruses to transcribe the viral RNA into the DNA of infected cells. NVP
treatment effectively slows the spread and growth of HIV in HIV patients. In this capacity, NVP sees use in
HIV treatments over multiple continents and has been approved by the WHO as an essential medicine up
to as of date. It is recommended to use NVP as part of a drug package consisting of similar antivirals such
as stavudine and lumivadine in “highly active antiretroviral therapy” (HAART)[20]. HAART minimizes the
occurrence of adverse effects such as viral resistance when using NVP. NVP is usually provided in a drug
combination package in the form of an ingestible tablet or oral suspension. HIV treatment using NVP are
protracted and remnants of NVP can be found inside the body for prolonged times [21]. NVP is transformed
into a variety of metabolites in the body, and a small amount of the drug leaves the body unchanged [22],
partly through excretions. These facts and NVP’s resistance to biodegradation lead to NVP detection in
surface water in countries using it extensively [23-25].

NVP leaking in wastewater presents several undesirable effects [26]. NVP resists biodegradation and is
toxic, inhibiting and endangering the activated slug bacteria used in wastewater treatment plants (WWTPs).
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Concerns about the effects of antiviral compounds leaking into wastewater are an ongoing body of research
that require attention [27]. Bioaccumulation of NVP in selected species (e.g. rats or potentially fish [28])
can lead to toxicity due to the long half-life of NVP. As NVP can extensively persist in the environment,
this presents an immediate concern.

NVP has been detected in treated and untreated wastewater from WWTPs [24, 25, 29]. It seems to pass
through the processes unscathed due to the aforementioned toxicity and refractory problems thus inhibiting
biological treatment. Procedures such as chlorination or UV degradation appear ineffective [29]. Alternative
procedures such as AOP are therefore a worthwhile consideration to apply in WWTP as a tertiary treatment
to eliminate NVP metabolites and similar antiviral substances.

2.3.2 Electrochemical research on nevirapine

Studies on the degradation of NVP using AOP can not be found in the scientific literature, but electrochemical
oxidation procedures have been applied to detect NVP in human serum [20, 30|, urine [20] and various
electrolyte solutions (NaOH and phosphate or Britton-Robinson buffers as seen in Table 2.1).

Table 2.1: Prevalent studies on electrochemical detection of NVP (abbreviations in Appendix), reproduced from
Ahmadi et al. [32] and expanded.

Electrode Detection Electrolyte Linear LOD M pH Reference
Technique range (uM)

He-GCE ASV 0.01 M NaOH 0.04-0.5 0.003 113 31

MHHC- Amperometry 0.01 M NaOH 0.05-21 0.014 12 [32]

AgNPs

/MWC-

NTs/GCE

CP — Bi:O3 DPV 0.2 M phosphate 0.05-50 0.11 8 [20]
buffer

TiO, /GN- DPV 0.1 M phosphate 0.02-0.14 0.043 11 [33]

R/GCE buffered saline

Ura/CPE DPV 0.1M NaOH 0.1-70 0.05 13 [30]

AuNPs/p(MB) DPASV _ 0.1-50 0.056 11 [34]

/MWC-

NTs/GCE

CuO-CNPs- LSV phosphate solution ~ 0.1-100 0.066 7 [35]

GCE

GCE DPV phosphate buffer 5-350 1.026 10 [36]

AuE DPV Britton-Robinson 1.1-3.8 - 2 [37]
buffer

Probable reaction mechanisms for electro-oxidation of NVP during detection have been suggested before
by Teradal and Seetharamappa [20]. Research on NVP detection focuses primarily on Differential Pulse
Voltammetry (DPV) and is frequently performed in phosphate buffer solutions or NaOH solutions of different
pH values. NVP has been succesfully detected at different electrode materials, but as of current not on a BDD
electrode. Previous studies reveal linear detection ranges roughly between 0.1 to 100 - 400 M demonstrating
detection limits generally as low as 0.05 uM for different electrodes. The electrochemical behaviour exhibited
by NVP appears irreversible and pH-influenced, with detection behaviour frequently reported to increase
around base pH values (10 - 13). Detection around neutral pH (7-8) is also reported. Previous anodes used for
NVP detection include modified carbon paste electrodes and glassy carbon electrodes with different surface
modifications to increase detection capability. Use of BDD, resistant to fouling and demonstrating a low
background current, could offer a powerful, albeit unselective anode for electrochemical detection. Detection
around the levels of NVP wastewater pollution reported in Nairobi river basin [24] have only been reported
using a glassy carbon at pH 11.3 using a mercury anodic stripping differential pulse voltammetry. More
common detection limits for electrochemical detection are reported around 0.05 pM NVP. NVP detection
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Figure 2.8: (a): A schematic view of a SEM with multiple detection methods, reproduced from S. Ali [38].
(b) Different top (left) and side-plane (right) views of thin-film diamond crystal size variations in SEM images,
adapted from Montes-Gutiérrez et al. [39)].

directly in wastewater is currently still commonly done using methods with more sensitive detection limits
(e.g. mass spectroscopy) [36]. The application of electrochemical NVP detection could provide advantages
for the detection of NVP in biological samples from fauna or humans such as blood plasma or actual blood
samples. BDD with a low background current provides high sensitivity for biosensor application, and could,
potentially be applied to the sensitivity level required for wastewater detection if optimized.

2.4 Electrode characterisation methods

2.4.1 Surface topography characterisation methods

Scanning Electron Microscopy

Scanning electron microscopy (SEM) works by probing the surface of a sample with a focused beam of
electrons. When the electrons strike a sample they interact with the atoms in the sample due to their kinetic
energy. The energy dissipated in this way results in the production of various signals such as backscattered
electrons or secondary electrons. All of these signals can be measured to obtain information about the surface
topography and composition of the sample. Backscattered and secondary electron signals are commonly used
for sample imaging. A schematic image of a SEM setup can be seen in Figure 2.8a. MCD, NCD and UNCD
have different visible crystalline characteristics in SEM imaging, as shown in Figure 2.8b.

Atomic Force Microscopy

In atomic force microscopy (AFM), a microscopic cantilever with a sharp tip interacts with the surface of a
sample. A laser beam is reflected off the back of the cantilever to track the change in cantilever position (as
shown in Figure 2.9). Depending on the proximity of the cantilever to the sample surface, different forces
will act on the cantilever, causing a deflection. The three major AFM operating distinctions are contact
mode, intermittant contact mode and non-contact mode. Contact mode allows operations such as dragging
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the tip across the surface. In intermittent contact mode, a cantilever touches the sample at intervals in a
tapping behaviour. In non-contact mode the cantilever tip interacts with forces that are introduced due to
getting within close proximity of the sample such as the van der Waals forces.

/, Laser Source

Quadrant
Detector

Shaker Piezo

tip

Substrate

Figure 2.9: A schematic of the workings of an AFM using a red laser. Adjusted from Nanosurf AG [40].

Raman Spectroscopy

Raman spectroscopy is highly recommended as a method to classify the quality of a BDD electrode [7].
Raman spectroscopy operates by shining a laserlight on the sample surface and analyzing the laserlight
that is returned after interacting with the surface (as shown in Figure 2.10). When the laser light hits the
surface, some of the laser light photons will undergo inelastic scattering (Raman scattering). This results
in these photons interacting with the molecular vibrations in the surface layer and the photons show a shift
in energy levels. The photons are then absorbed, transmitted or backscattered by the sample. By filtering
the backscattered photons from the original wavelength of the laser, the photons that interacted with the
sample surface can be selectively detected. The resulting characteristic spectral profile can be used to classify
materials. Thin-film BDD has characteristic Raman behaviour that allows its carbon makeup and boron
concentration to be assessed. Three peaks, sometimes called bands, if not clearly discernible as peaks, in
particular are specific to BDD analysis: the B, G and D peaks. These are the boron related peak, the
graphite related peak and the disordered carbon related peak. The G and D peaks are influenced by NDC,
whereas the boron peak is influenced by the local boron content due to Raman scattering involving B-C
vibrational modes [41, 42]. "Pure” diamond with only sp® carbon shows as a single peak at a wavenumber of
1332 em™!. The relative shapes of these peaks are distinctively different between MCD, NCD and UNCD.

Contact angle measurement

Using a camera and a defined drop of water, it is possible to determine the contact angle of a water droplet on
the BDD surface. The contact angle on a BDD surface is related to its hydrophobic or hydrophilic behaviour.
This in turn is directly related to the surface termination of the BDD surface. Hydrogen terminated BDD
(BDD with hydrogen as the functional group exposed on the surface, which is the termination it has upon
leaving the growth chamber), is hydrophobic and has high contact angles (e.g. 90 degrees). Over prolonged
periods in time or in electrochemical experiments, the surface oxidizes and turns oxygen terminated (BDD
with oxygen as the functional group exposed on the surface). Oxygen terminated BDD is more hydrophilic
compared to hydrogen terminated BDD. Oxidized surfaces will have contact angle ranges from 0.6° to 65°
degrees depending on the method and roughness of the surface [7]. It is therefore possible to infer the
termination using the contact angle test for hydrophobic behaviour.

2.4.2 Electrochemical characterisation methods

CV Characterisation

Cyclic voltammetry (CV) is an experiment setup in which the current is measured while the applied potential
in an electrochemical cell is cycled in a set pattern. To properly perform this procedure an electrochemical
cell should at least contain a working electrode (WE), reference electrode (RE) and counter electrode (CE).
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Figure 2.10: Depiction of a micro-Raman spectroscopy setup. Adapted from Xanthopoulos et al. [43].
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Figure 2.12: An example of a ”"Duck-shaped ” cyclic voltammogram and the baselines extrapolated to record
different peak values. Reproduced from Ossila Ltd [44].

Using a potentiostat, a three-electrode setup can be formed (illustrated in fig. 2.11). In this common setup,
two modes are discerned, potentiostatic and galvanostatic mode.

In potentiostatic mode, the potential difference between the WE and CE is controlled so that the difference in
potential between the WE and RE, also called the “applied potential”, is defined. Meanwhile the current at
the CE is manipulated. The current flowing between the WE and CE is measured during this manipulation.
In galvanostatic mode the current between the WE and CE is controlled while both this current and the
applied potential are measured.

When a species in the electrochemical cell reacts due to the applied potential, it increases the current
demand which results in a peak in the measured current. A species that has a redox couple will result in
two observable peaks in the CV. These peaks are called the anodic and cathodic peak. The anodic peak is
associated with oxidation of the species, and appears while the potential is swept upwards. The cathodic
peak is associated with reduction and appears when the potential is swept downwards. By extrapolating
baselines from the background baselines the peak current can be measured, as illustrated in Figure 2.12.
The speed at which the potential changes, called the scan rate, can influence the peak height and position.
If a redox reaction is reversible on the WE surface, increasing the scan rate will increase the peak-to-peak
height at higher scan rates. If a redox reaction is quasi reversible or irreversible at the surface of the WE,
the peaks move apart as well.

One of the dominant reported values to quantify electrode material performance is the electron transfer rate
constant k. It provides an indication of the speed of electron transfer between an electroactive species and
an electrode surface [45]. It also indicates the overall electrochemical performance.

For BDD electrodes, the kg is directly or indirectly affected by all of the surface properties of the BDD,
e.g. boron doping level and distribution, NDC and sp?/sp? ratio. The electron transfer rate constant is
often determined using Nicholson’s method [46, 47]. In this method the transfer rate is calculated for a
quasi or irreversible process that ascribes to certain conditions. Nicholson’s method relies on the peak to
peak potential difference (AE,) as a function of the dimensionless kinetic parameter ¢. As long as the
transfer coefficient « is within a range of 0.3 to 0.7, which is common for simple electron transfer reactions,
AE, will act as if independent of o. « can be calculated as in eq. (2.6) using R as the gas constant (8.314
J/(molK)), T as the temperature in Kelvin, F as the Faraday constant (96485.33 C/mol) and E, /5 as the
half-peak potential in V. Moreover, if the diffusion coéfficients of oxidized and reduced species Do and Dpr
are similar, the ko value can be calculated from eq. (2.7). In this equation v is the scan rate in V/s. The
value of Nicholson’s kinetic parameter can be derived from the AE, using different methods. Most common
is a table of predetermined values.
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Figure 2.13: A schematic of the difference between inner and outer sphere electron transfers. Adapted from Seeber
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The electron transfer rate can also be estimated using electrochemical impedance spectroscopy.

Ferrocyanide and ruhex as redox couples

Ferrocyanide (Fe(CN)g") and ruhex (Ru(NHs)¢) are often used to characterize electrode behavior. These
species have specific redox reactions that are known and result in characteristic cathodic and anodic peaks
that indicate the oxidative or reductive reactions at the electrode surface. These reactions are Fe(CN)g™ ==

Fe(CN)¢ 4 e and Ru(NH;)¢ == Ru(NH;)¢ + e . Ferrocyanide and ruhex are respectively used as an
inner and outer sphere redox couple. When an electronic conductor (e.g. an electrode) is exposed to an ionic
conductor with a different phase (e.g. an electrolyte solution), an interface of ions forms on the electrode
surface. These ions are called "specifically adsorbed ions”. Inner and outer sphere redox couples interact
differently with this layer of specifically adsorbed ions as shown in Figure 2.13. This layer, combined with
the opposite polarity attracted ions in the solution, is also indicated as the electronic double layer (EDL).

Ferrocyanide undergoes inner-sphere electron transfer. In this process the electron transfer takes place at the
same layer as the specifically adsorbed ions, called the Inner Hemholtz plane. Here the reaction takes place
without the monolayer of ions, using a ligand adsorbed on the electrode surface. As a result, the electrode
transfer for a ferrocyanide redox reaction is highly sensitive to the electrochemical surface characteristics of
the electrode.

Ruhex undergoes outer-sphere electron transfer. The electron transfer for ruhex occurs fast and the electron
hops across at least one monolayer of solvent, allowing the species to undergo redox reactions without directly
interacting with the surface. The electrode transfer using a ruhex species is therefore highly insensitive to
the electrochemical surface characteristics of the electrode.

By comparing the results obtained from these two species, we infer the specific effect of the electrochemical
surface characteristics and kinetics of the electrode.
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Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) relies on the frequency behaviour of an electrochemical cell
by applying an AC signal at a fixed potential or current to the cell and measuring the resulting response.
Usually potentiostatic EIS is used at a constant potential. The electrochemical impedance characteristics
can then be inferred from this response. EIS results are often shown as a Bode or Nyquist plot. The Bode
plot is a combination of two plots which show the measured magnitude and phase at each frequency while
the Nyquist plot shows the complex plane. The experimental response inferred from EIS can be fitted with
an equivalent electrical circuit. The chosen circuit should be representative of the data obtained, but also
based on previous knowledge of the physical makeup of the electrode in the electrochemical cell.

The simplified Randles circuit is the simplest circuit model of an electrochemical interface with a double
layer as described in Section 2.4.2. The Randles circuit (illustrated in Figure 2.14) consists of an electrolyte
resistance (Rg), a capacitator to characterise the double layer (Cy), an active charge transfer resistance
(Rer) and a Warburg element (W). The Warburg element represents the diffusion of redox species towards
the electrode. The semi-circle visible in the Randles circuit’s Nyquist profile is indicative of the transfer
resistance values. Larger circles indicate a higher transfer resistance. Sample conductivity also influences
transfer resistance. A lower conductivity results in a larger transfer resistance. The semi-circle area is also
indicative of the kintetics-controlled portion of the Nyquist plot. The straight line that ends the half-circle
indicates the Warburg element (and thus diffusion) dominating the response instead of kinetics. For infinite
or semi-infinite Warburg diffusion, the element is visible in the Nyquist plot as a straight line at 45 © degrees
phase between the element and the semicircle (which is observed as a 45 © degree line from the real axis of
the plot in most common scenarios). This behaviour indicates diffusion bound by a large planar electrode on
one side. Mathematically, the Warburg element in these occasions is very close to a constant phase element
(CPE) with a fixed phase angle of 45° degrees. These are sometimes used to model the Warburg element.
The capacitor Cy; is often replaced by a constant phase element, which models the behavior of the double
layer as an imperfect capacitor.

From the Randles circuit, certain characteristic coéfficients such as the transfer rate kg and diffusion coeffi-
cient D can be determined using the values derived from the EIS analysis.
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Figure 2.14: The Nyquist plot (a) and schematic circuit (b) representing a Randles circuit. Reproduced from
Dornbusch et al. [49].

Another notable circuit (illustrated in Figure 2.15), applied to characterize certain BDD responses, is similar
to one used to describe a polymer-coated metal surface [50, 51]. This circuit is used to detect defects
and pores created by delamination of the thin film at the electrode surface. The elements in this circuit
supplement the different versions of the Randles circuit commonly used. This circuit contains an added
parallel circuit at the space normally occupied by the Warburg element in the Randles circuit. The parallel
circuit consists of a resistance (R,,), that is indicative of added solution resistance due to grain boundary
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defects, and a CPE. This model is illustrated in Figure 2.15, with C representing Cy;, and Q the CPE.
The capacitance, shown as a characteristic half-circle in the Nyquist plot, can typically be attributed to sp?
diamond, which has a chemically homogeneous surface and is associated with a single RC' time constant.
NDC impurities are highly disordered and contain sp? impurities, defects and high concentrations of boron
dopant. These areas are heterogenous in multiple ways and cause a dispersed RC time constant. This is
usually modeled using a CPE.

In this thesis, the Warburg element will be replaced with a CPE with an initial phase of 45 degrees for fitting
purposes, and the double layer capacitance Cy with a CPE to account for imperfection.
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Figure 2.15: The Nyquist plot and schematic circuit representing the circuit similar to polymer-coated metal surface
responses. Reproduced from Dutta et al. [50].

2.5 Nevirapine degradation and detection characterisation meth-
ods

2.5.1 UV-Vis Spectroscopy
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Figure 2.16: Schematical overview of the workings of a UV-Vis spectrophotometer from Shimadzu Scientific In-
struments (SSI) [52].

Ultraviolet-visible spectroscopy (UV-Vis Spectroscopy) is a fast non-destructive analysis technique for anal-
ysis of compounds with pronounced absorption characteristics. The simplified basis of standard UV-Vis
analysis relies on the interaction of electromagnetic radiation of specific wavelengths with molecules in a
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dilute solution. A container containing a diluted compound is exposed to light from a certain wavelength
filtered through a monochromator (as illustrated in Figure 2.16), which separates a single wavelength from
the combined wavelengths of the source. It then passes through the container and is measured by a detector.
When electromagnetic radiation hits a molecule in a solvent it can cause transitions to occur in the molecule.
Depending on the energies involved, different transitions can occur. Within the ultraviolet and visible spec-
trum of electromagnetic radiation, these transitions are mostly limited to electronic excitation of bonding
electrons. In this spectrum, the energy of the photon hitting the bonding electrons in a molecule can be
equal to the transition energy needed to excite such an electron from an unexcited ground state into a higher
energy orbital (excited state). If this occurs, the photon is absorbed to fuel this excitation. Transitioning
from a ground state into the first excited state requires less energy than transitions into higher excitation
states. Absorption at the transition from the ground state to the first excitation state is therefore stronger
compared to transitions to higher states. Different kinds of bonds require different excitation energies. The
structural features of a molecule that lead to absorption characteristics in the UV-wavelength of light are
called chromophores in spectroscopy [53].

Due to this excitation effect, exposing a container of diluted analyte to a source of light with adjustable
wavelength and measuring the light will result in a difference between emitted and detected light. The
radiation exiting the fluid container (transmitted radiation) will be less than the radiation going in (incident
radiation). This behaviour is influenced by the concentration of analyte molecules in the fluid and the
path length. With higher concentrations molecules can be present in the “shadow” of each other. In these
conditions, those molecules will not be hit by the radiation, which will make the measurement unreliable. In
the range of concentrations in which no molecule is in the shadow of another, one of the practical expressions
of the Beer-Lambert law applies (illustrated in Equation (2.8)). This expression relates measured absorbance
(A) with ¢ the molar concentration, ¢ the path length and e the absorptivity or molar attenuation coefficient
of the analyte.

A=¢elc (2.8)

This means that in concentrations with sufficiently low molarities, the measured absorbance will behave
linearly. Within the range of this linear behaviour, the concentration of the analyte can be determined
directly from the absorbance. To do this, selected characteristics of the UV response (such as preferably
peaks in the response) are chosen and measured at different concentrations. For NVP, some important
chromophores determining such responses are an « —  unsaturated ketone and a pyridine ring (observable
in Figure 2.7)[54]. A wavelength where reproducible measurement for NVP concentration evaluation have
been observed was 283 nm in acetonitrile:water (40:60 % v/v).

Standard UV-Vis spectroscopy is carried out by first creating a “blank”, a reference signal composed of only
the pure solvent (which together with the cuvette and air in the machine creates the ambient absorbance
the signal needs to be compared to), and comparing it with a dilute solution of the sample species. Due to
the interaction of the solvent with absorption, different solvents have different wavelength ranges in which
they can be used. Water e.g. can be used for wavelengths down to around 190 nm. Due to the possible
absorption of light by the container walls of the fluid container, the container materials also have a certain
wavelength range in which they work. For UV analysis, quartz glass containers are the most prevalent due
to their lower limit of around 170 nm for transparency purposes.

Hyperchromic

A Hypsochromic Bathochromic

Wavelength

Figure 2.17: The different kinds of movements a peak in a UV spectrum can undergo.

Shifts in UV response are characterized differently as illustrated in Figure 2.17. When a characteristic
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response shifts to a lower or higher wavelength (due to solvent differences or substitution), the shifts are
called hypsochromic or bathochromic respectively. When an absorption intensity increases, it is called a
hyperchromic effect, a decrease is called a hypochromic effect.

2.5.2 Differential Pulse Voltammetry
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Figure 2.18: A DPV pulse staircase showing the essential pulse behaviour and the minimization of the capacitive
current /.. Adapted from Scholz [55].

Differential Pulse Voltammetry (DPV) is often used in NVP detection. DPV consists of potential pulses
superimposed on a potential staircase ramp. During a DPV procedure, potential pulses are administered with
a set pulse potential, pulse width and time frequency. After a pulse, the potential is returned to a settling
potential that ramps up after each pulse with a set step size. This process is illustrated in Figure 2.18.
Through DPV the current before a step can be subtracted from the current after a step. Each measuring
point in a DPV graph will indicate the current difference between shortly before and at the end of a pulse.
DPV allows measurements of electroactive compounds at very low molarities down to 10~7 to 1078 M [55].
The resulting voltammogram takes a shape similar to a differential of the response that would be obtained
in a normal CV or linear sweep procedure. It is however not a mathematical derivative of these procedures,
but solely a graph of the differences between measured currents and applied potentials. The increased
sensitivity compared to a normal CV or linear sweep is due to the minimization of capacitive current. The
capacitive current is an interface effect of the electrode/electrolyte interface (the EDL from Section 2.4.2).
This interface has two sides that can be charged and discharged like a condenser. However, these currents
can interfere with the measuring of the currents used or generated when performing an oxidation or reduction
reaction at the electrode (faradaic currents) [55]. When the potential or surface area on a capacitor changes
a capacitive current will flow [56]. Since voltammetry relies on changing the potential, this effect is in
play during ordinary CV procedures. This causes the noise and general size of the capacitive current to
dominate the measured current behaviour when compared to the faradaic current, especially for solutions
with a low analyte concentration. Since the capacitive current is independent from the analyte concentration,
this decreases the sensitivity of the procedure, since lower analyte concentrations get drowned out by the
capacitive current noise. Properly applied DPV avoids these interferences.
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Figure 2.19: DPV’s for increasing molarities of NVP in phosphate buffer (pH 10) at a GCE from 5 (1) to 350 (9)
uM NVP reproduced from Teradal et al. [36].

With proper pulse width and pulse size, the effect of the capacitive current can be mitigated. DPV mea-
surements for NVP as reported in Section 2.3.2 report a single peak around applied potentials of 0.6 - 0.8
V (illustrated in Figure 2.19). The NVP peak can also be obtained using CV, but the obtained response is
lower and suffers from being harder to distinguish from the capacitive current.
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Chapter 3

Research focus

The potential advantages of using boron doped diamond electrodes in the removal of micropollutants from
wastewater are numerous. Pollutants require increasingly more attention as their scope and resistance to
ordinary treatment procedures increase. Micropollutants are a class of pollutants whose resistance require
processes such as electrochemical advanced oxidation to remove from the aquatic environment. Nevirapine
is one such pollutant. Nevirapine is found in influent in wastewater plants in Africa, it is extensively used
to treat HIV. The removal of nevirapine using BDD electrodes has not been attempted before, and could
potentially provide a way to remove the pollutant from the aquatic environment. Detecting nevirapine using
electrohcemical sensors is an established field with the aim to produce simple, cheap and sensitive sensors
for routine anlysis in biological samples. The detection of nevirapine using BDD is novel and advantageous
to consider due to BDD’s low background current, robustness and biocompatibility, which promise a higher
sensor lifespan and accuracy.

The different properties of the surface composition of BDD electrodes cause electrochemical differences
between NCD and MCD diamond.

The core goals of this thesis are fourfold:

1. Characterise the surface of the BDD electrodes electrochemically and topographically.
2. Investigate the electrochemical degradation NVP using the BDD electrodes.
3. Study the electrochemical detection of NVP using the BDD electrodes.

4. Evaluate the performance of the BDD electrodes in aforementioned applications.

This thesis also aims to evaluate the condition of the electrodes after their use in the electrochemical ex-
perimentation. Research in the field of electrochemical advanced oxidation processes with BDD electrodes
is relatively new for the diamond group of PME and research into nevirapine and nevirapine degradation
is completely new to the group. Previous methods used have to be adapted and new methods to degrade
substances have to be established.
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Chapter 4

Experimental work

4.1 Boron doped diamond electrodes

Figure 4.1: The Imec electrode sample (A) with silver paint applied to its corners for electrical connection, and the
DiaCCon electrode (B)

Two different BDD electrode types were used in the experiments:

A NCD sample was obtained from IMEC, where a 4 pm thick film of highly-doped BDD was grown on a
Si(100) wafer substrate using CVD. This electrode sample will be designated as the "Imec” electrode in this
study. The Imec electrode was connected to the electrochemical cell using conductive silver paint, since the
backside of this electrode was not conductive (see Figure 4.1).

The Imec sample was grown on a silicon (100) wafer substrate with a diameter of 200 mm, spin-seeded with
5 nm sized diamond nano-particles (NanoAmando aqueous colloid, NanoCarbon Research Institute) [41].
Seeding density was about 5x1010 cm?. The seeded wafer was exposed to a CVD process in a hot filament
chemical vapour deposition (HFCVD) reactor (sp® Diamond Technologies, model 655). Growth conditions
were a mixture of hydrogen, methane and trimethylborane with ratios of CHy/Hs at 2.4 %, (72 scem / 3000
scem) |, 40 ssem trimethylborane at 8 millibar pressure and around 850°C. Samples were produced from this
wafer by carefully breaking the wafer mechanically.

A MCD electrode sample was obtained from DiaCCon GmbH where a 12 pym thick film was grown using
HFCVD based on CH,/H, chemistery on both sides of a niobium base using a 2000 °C filament and 800
°C substrate. One side of this sample was designated as the application side for use in experiments. This
electrode sample will be designated as the "DiaCCon” electrode in this study.

4.2 Electrochemical cells

Two teflon cells were used in this thesis. These cells will henceforth be designated the ”degradation cell”
and the ”detection cell”

The degradation cell was constructed according to the schematics seen in Figure 4.2. The electrode area
exposed to the fluid is 22 mm? in diameter, and is protected from leaks using a Kalrez Compound 6375
O-ring. The electrode is clamped between this O-ring and a copper plate. Electrical connection between the
copper plate and the electrode is either established through a normal contact interface with a BDD layer on
the backside of the DiaCCon electrode, or on the Imec electrode through a cross-pattern of conductive silver
paint. The open lid, sample holder and bulk material of the cell are teflon. The beaker was produced from
a cylindrical piece of teflon.
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Figure 4.2: Assembly technical drawings of the electrochemical cell used to perform the degradation experiments.

The detection cell differs in having an inner angle towards the electrode of 150 degrees, and an exposed
electrode surface area of 42 mm?. The lid of the detection cell is flat, and does not have a hole to extract
samples through. The counter electrodes in both cells are platinum wires of a length of 5.7 cm from BAS
Inc., cat.no. 002222. The reference electrode used in both cells was an Ag/AgCl RE-1B Reference electrode
from ALS Co., Ltd.

In between experimental procedures the cells were cleaned in a solution of KMnO,4 1 g/l and H3SO,4 0.1 M
to remove potential leftovers from experiments.

4.3 Compounds

The water used in all of the electrochemical experiments and cleaning was ~ 18 M  cm purified water from
an ELGA PURELAB flex 4 water purification system *.

NVP was acquired from Sigma-Aldrich in powder form, pharmaceutical secondary standard. An NVP stock
of 190 1 M was made for the experiments. The solubility limit of NVP in water is 100 mg/1.

Supporting electrolytes used in the experiments were also obtained from Sigma-Aldrich in powder form,
electrolytes were: phosphate buffered saline (1X) (PBS (1X)) 2 tablets, potassium nitrate (KNOs3) > 99%,
sodium sulfate (

The redox couples used were similarly obtained from Sigma-Aldrich in powder form. Ferrocyanide was
obtained in the form of potassium hexacyanoferrate(II) trihydrate (CgFeK Ng - sHy0) > 99%. Ruhex in the
form of hexaammineruthenium(III) chloride (Ru(NH3)Cl3) 98%.

Flasks used to prepare chemicals were specifically designated to be used for one solution type to prevent
cross-contamination.

4.4 Electrode cleaning

Acid cleaning is highly recommended for diamond anodes [7]. Cleaning in boiling, concentrated sulfuric acid
supersaturated with K NOj3 is recommended to clean the anode properly.

Acid cleaning was originally performed using sulfuric acid, nitric acid and K NOs. The Imec anodes degraded
very quickly in the acid cleaning procedure (illustrated in Figure 4.3), rendering it questionable to use them
after three cleaning cycles. The heavy degradation visible in the SEM images would invalidate a comparison
in electrode damage due to degradation or detection procedures. Ultrasonic cleaning at low intensity also

1When ”water” is mentioned in the rest of this text, unless otherwise specified, assume it is purified water from this source.
2PBS (1X) consists out of 0.01 M phosphate buffer, 0.0027 M KCI and 0.137 M NaCl.
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4.5. ELECTROCHEMICAL CHARACTERIZATION

Figure 4.3: Representative SEM images of pristine (A) and three times acid-cleaned (B) Imec electrode sample
surfaces

resulted in delamination of the film. Due to this drastic frailty, it was decided to clean the electrodes using
a rinsing procedure of acetone and ethanol, with a distilled water rinse before and after every solvent rinse.
To ensure comparative procedures among the electrode samples, this procedure was applied to both anodes.

4.5 Electrochemical characterization

Elctrochemical experiments were performed on a Metrohm Autolab Potentiostat ( u-AUTOLAB III) with
eight M101 channels and a FRA2M impedance analysis module. Electrode characteristics analysis was done
using the detection cell inside a Faraday cage (practical setup illustrated in Figure 7.9 in Chapter 7), using the
working electrode area A = 0.416 cm?. Ferrocyanide (1 mM) or ruhex (1 mM) with supporting electrolyte 0.1
M potassium nitrate (K NOj3). Prior to analysis, a reference experiment using only the supporting electrolyte
was used. All solutions were bubbled with argon before measurement for at least half an hour to remove
dissolved oxygen. For the redox behaviour, scan rates ranging from 0.025 to 0.8 Volt/second with doubling
steps were chosen (0.025, 0.05, 0.1, 0.2, 0.4, 0.8). The step size used for these measurements was 0.01 V and
the stop potential was 0 V. The range for the experiments was from -1 to 1 V for ferrocyanide experiments,
and -0.4 to 0.1 V for the ruhex experiments. EIS was performed with 10 points per frequency decade, with
a frequency range from to 10° to 0.1H z. The amplitude was 0.01 V and the maximum integration time was
0.125 seconds. The voltage setpoint for each of the experiments was chosen per experiment using the mean
of all peak potentials to determine the formal potential 3. Experiments were performed at room conditions
(20°C, 293.15 K, standard pressure).

To analyse the results, an inhouse matlab script developed for previous work, kindly shared by Sartori et al.
[41], Nova 2.1.3 and the open source matlab software ZfitGUI created by Jean-Luc Dellis were used. Nova
was used to obtain an initial guess for the fitting process, which was manually improved upon using ZfitGUI’s
fitting system.

4.6 Degradation

Degradation experiments were performed in the degradation cell (practical setup illustrated in Figure 7.10
in Chapter 7). Each degradation attempt consists out of 1 hour of total degradation time divided in steps
of 6 minutes. An 1 ml fluid sample was taken from the 80 ml total volume in the reactor at each interval,
and at the end of the degradation. Each of these samples was diluted in a 1:10 dilution using water. During
each 6 minute degradation step, the applied current and resulting potential difference were measured to
track bubbling and potential problems. The current was selected at 0.0011 A (5mA/cm?), a value that

3This was not done in the case of the ruhex measurement on the Imec electrode, which was kindly shared by Zhichao Liu
and performed at a formal potential of 0 V.
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4.7. SURFACE TOPOGRAPHY ANALYSIS

was experimentally derived from preliminary degradation attempts in PBS (1X) as a rough current limit to
prevent the excessive production of bubbles at the electrode surface. During degradation, overhead stirring
was applied with a glass stirrer on 100 rpm.

Degradation was performed in different molarities of sodium sulfate (Na250,) and sodium chloride (NaC1).
The molarity range investigated was 0.0039 M, 0.039 M and 0.39 M for both electrodes in both electrolytes.
The NVP concentration of the degradation experiments was 95 pM.

Degradation attempts with the same electrolyte and BDD sample were generally performed on the same
day. The attempts were arranged from low electrolyte concentration to high concentration, rinsing the cell
three times with water between attempts.

4.6.1 UV-Vis analysis

Preliminary UV-Vis analysis on NVP concentration behaviour were performed on a Genesys 10S UV-Vis
v4.004 using a 0.5 nm slit with a 0.1 nm interval on medium scan speed. Degradation analysis was done on
a SHIMADZU UV-2600 UV-Vis Spectrophotometer using a 0.2 nm slit and a 1 nm interval. Quartzglass
cuvettes were used with a path length of 10 mm. UV analysis was regularly done in the wavelength range
from 185 nm to 400 nm, with some exceptions during the preliminary stages to check for eccentric behaviour
outside of this range. The blank solutions used water in all cases.

4.6.2 Detection

DPV’s were performed with the detection cell inside a Faraday cage using the Metrohm Autolab Potentiostat
(practical setup also illustrated in Figure 7.9 in Chapter 7). The DPV procedures all included a range from
0 to 1 V with a 0.005 V step size, 0.05 V modulation amplitude, 0.05 seconds modulation time and a 0.5
second interval time. The final procedure settled upon was performed using 6 (4 in case of 50 uM NVP)
regular DPV procedures as detailed followed by 4 DPV procedures preceded by an electrochemical activation
step of -2V for 10 seconds.

4.7 Surface topography analysis

Scanning electron microscopy

SEM analysis before and after electrochemical experimentation of the two anode samples was done using
a JSM-6010LA scanning electron microscope, at 15 keV. Observation was done on multiple spaces on the
electrode before and after experimentation. Electrical connection was achieved using conductive adhesive
carbon-tape. For the Imec sample the carbon tape was applied on the sides of the electrode so potential
delamination would not destroy the electrode. For the DiaCCon sample the carbon tape was used on the
non-application side of the electrode. Samples were cleaned before use using the same cleaning process as
used in between electrochemical measurements.

Raman spectroscopy

Raman analysis before and after electrochemical experimentation was done using a Horiba Scientific Raman
Spectroscope LabRAM S3000 running on Labspec using a 514.51 nm green Ar ion laser with a spectral
resolution of ~ 0.3 cm™'. Regular settings are: an acquisition time of 1 sec, accumulation of 1, either 50x or
x100 objective, standard denoiser, 100 % ND Filter, 1800 grating, 1000 slit and 1000 hole. The temperature
of the detector was reported at -132.91 © C by the device during all measurements. Raman measurements
on representative clean electrodes were made on multiple locations based on observed characteristic grain
differences using the optical view of the spectroscope. Raman measurements on the electrodes after electro-
chemical experiments were made on representative areas previously exposed to fluid and areas outside of the
area covered by the O-ring in the electrochemical cell. If presented as ”noise-scaled”, the Raman spectra
obtained were scaled with their representative signal to noise ratio for illustration purposes, the background
noise between 2000 and 3000 c¢m~! was taken and compared to either the signal band of 1200 - 1300 c¢m !
or the entire base of the characteristic peak around 1332 ¢m™ if present.
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4.7. SURFACE TOPOGRAPHY ANALYSIS

Atomic force microscopy

AFM analysis of the electrodes was done using a nanosurf AFM in air in room conditions.

A representative Imec sample electrode was analysed using a NCLR cantilever with an excitation amplitude
of 1.9 V and no D gain, an I gain of 999 and a P gain of 10000 on dynamic force mode. Vibration amplitude
was 200 mV with a setpoint of 55% and a vibration frequency of 166.446 kHz. The image size was 15um x
15um with a time per line of 998 miliseconds.

The DiaCCon sample was imaged using a CONTR tapping cantilever cantilever with a setpoint of 14.5 nN,
no D gain, an I gain of 1500 and a P gain of 1000 on static force mode. The image dimension was 75.3um
x 75.3um with a time per line of 998 miliseconds.

Post-processing and analysis was done in Gwyddion. Post-processing for both samples involved a level data
by mean plane subtraction step to correct for slant.

Contact angle measurement

Contact angle measurement data was kindly shared by Diwakar Suresh Babu. These measurements were
made using a Theta Lite Optical tensiometer with a droplet size of 3 microlitre. Measurements were done on
both representative new electrode samples and the electrode samples used in the degradation and detection
experiments of this thesis. Contact angles were fitted using a Young Laplace fit.
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Chapter 5

Results and discussion

5.1 Surface characterisation results

5.1.1 Scanning electron microscopy

SEM imaging of DiaCCon BDD reveals primarily MC features of around 3 to 4 um with irregular cubic
facets and NC features near the grain boundaries. Clear crystalline features can be observed, which contrast
to the much smaller grains in the Imec sample (with average sizes around 1 pm). The number of crystals
seen is also lower, with less exposed grain boundaries. The Imec sample surface is primarily composed
of NC features, with the larger exposed crystals jutting into the MC range. Both surfaces are as-grown,
with crystalline facets increasing with growth time and consequentially film thickness. Representative SEM
images of the two electrode surfaces can be seen in Figure 5.1.

Figure 5.1: Representative SEM images of DiaCCon (A) and Imec (B) sample surfaces

5.1.2 Atomic force microscopy

After postprocessing the AFM images to correct for slanted surfaces, surface topographic data were derived
(see Table 5.1). AFM reveals the topological structures identified in the SEM analysis (illustrated in Fig-
ure 5.2). Using the AFM derived root mean square roughness (DiaCCon 552 nm, Imec 263 nm), the observed
effective surface area increase as opposed to a flat surface is derived for both electrodes. The effective increase
between the two electrodes is extremely minor (i.e., about 18 % and 9 %, respectively) compared to the dif-
ferences in composition. This suggests that observable differences in performance between the electrode are
to be attributed to chemical composition of the electrode surface in contrast to a minor surface area increase
due to MC/NC differences.
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Figure 5.2: AFM topographic images of DiaCCon (a) and Imec (b) electrodes.

Table 5.1: Surface topographic data derived from AFM analysis

Sample: DiaCCon Imec
RMS roughness (Sq) [nm]: 552 263

Maximum height (Sz) [pm]: 4.00 1.36
Surface area/projected area [%]: 1.18 1.09

5.1.3 Raman spectroscopy
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Figure 5.3: Noise-scaled representative Raman results obtained from the DiaCCon and Imec electrode samples.

Representative Raman spectroscopy results are illustrated in Figure 5.3. The DiaCCon sample has a large
observable peak around 1332 em~!. This peak is attributable to the sp® carbon. The thin peak base (64
em™1) indicates a relatively high crystalline quality with few defects. This is likely due to the large MC
features of the DiaCCon electrode BDD putting less grain boundaries in the laser spot. In comparison the
Imec sample has two distorted branches around 1200-1300 em ! [41]. This is due to a Fano-type interference
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5.2. SURFACE CHARACTERISATION DISCUSSION

commonly observed in BDD with metallic conductivity [7] and a side effect of high doping. Taking the peak
intensity observed around 1270 em ™! as indicative of the interfered sp? peak and comparing it to the intensity

of the G- peak found at 1531 e¢m ™! and the background intensity at 2000 em ™! , we get an estimated %

ratio of around 2.42. The DiaCCon % ratio based on peak height is estimated to be around 22.8 using the

1332 em~! peak intensity, a similar background intensity at 2000 em ™! and the intensity at 1500 cm ™! of the
faintly observable G-band between 1400 and 1600 cm~'. These ratios are to be taken as rough estimations,
as the Imec sample has a sharp G-peak as opposed to the blunt and wide response in the DiaCCon sample,
and the nature of the Fano-type interference requires a proper fit to be accurately gauged [57]. Both samples
also have characteristic boron peak/band behaviour around 400 - 500 em ™.

5.1.4 Contact angle measurements

Contact angle measurement data shared as indicated in Section 4.7 reveals large angles on representative
as-grown DiaCCon and Imec electrode surfaces. Contact angles were observed of around 71 ° for the
DiaCCon electrode and around 82 © for the Imec electrode, indicating more hydrophobic hydrogen terminated
properties (as compared to a contact angle range of 0.6° to 65° degrees as indicated by Macpherson [7]).
The Imec electrode appears to have a slightly more hydrophobic response (as illustrated in Figure 5.4 and
Figure 5.5 in).

Figure 5.4: Contact angle measurement on a repre- Figure 5.5: Contact angle measurement on a repre-
sentative as-grown Diaccon electrode sample. sentative as-grown Imec electrode sample.

5.2 Surface characterisation discussion

The SEM and AFM analysis shows that the structure of the doped diamond anodes is markedly different, with
previous studies suggesting MC and NC diamond have very different carbon makeups and electrochemical
behaviour [7]. The obtained Raman spectra underscore the more disordered and amorphous nature of the
Imec electrode as opposed to the DiaCCon electrode . The Raman spectra suggest that the Imec electrode
is more heavily doped than the DiaCCon electrode. The comparatively larger boron related effects around
500 cm ™' and the distortion of the 1332 ¢m ™' peak into the behaviour seen around 1200 - 1300 cm ™!
on the Imec electrode suggest heavy Fano interference [42]. The DiaCCon electrode also has a spectrum
that can be compared to the onset of Fano type interference, demonstrated by a peak forming around 1230
em~!. This shows that both electrodes can be reliably interpreted as being heavily doped BDD electrodes.
Raman analysis of the Imec electrode showed hugely similar results under all conditions, partly due to the
surface topography being too small to focus on specific parts. Raman spectra of the DiaCCon sample do differ
depending on the probed surface location, but all show similar characteristics. The intensity of the 1332 em™!
peak fluctuates heavily here. The i%z ratio observed in Figure 5.3 is cautiously taken at the lower end of the
obtained results. The increased amount of grain boundaries observed on the Imec sample suggests more NDC
in the Imec electrode. This indicates a larger background current in the Imec electrode, which could make
it less sensitive in detection applications (assuming no electrochemical interaction occurs between NVP and
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5.3. ELECTROCHEMICAL CHARACTERISATION

sp® carbon) [7]. Overall, the DiaCCon electrode sample shows a more pronounced ‘;Lz ratio behaviour with
the grain size and observed spectra favoring the DiaCCon electrode sample over the Imec electrode sample.
This suggests that the DiaCCon electrode sample will perform favourably in degradation and detection
applications compared to the Imec electrode sample. Contact angle measurements on representative as-
grown samples show that the samples tend towards a hydrogen terminated surface, with a hydrophobic
tendency.

5.3 Electrochemical characterisation

5.3.1 Potential window and background current

The potential windows for both electrodes were determined in 0.1 M KNOj at a scan rate of 0.1 V/s at a
pH 7 after 20 minutes of argon bubbling. The range used was between -2 and 2.5 V. The tangent slopes of
the OER and ORR reactions were used to determine the potential window.

The background currents were also determined from these voltammograms. The background currents read
out after 10 scans for stabilization at 0.1 V during the forward scan were:

e DiaCCon electrode: potential window range of 2.66 V and background current of 6.3 pA/cm?
e Imec electrode: potential window range of 2.48 V and background current of 31.2 uA/cm?

The DiaCCon and Imec electrode share general behaviour and characteristics, both having wide potential
windows and relatively low background currents. The DiaCCon electrode has a smaller background current
in comparison to the Imec electrode, which conforms with previous assumptions derived from the z%z ratio
characteristics.

5.3.2 Ferrocyanide and ruhex

Measurements of the electrode kinetics in the presence of ferrocyanide and Ruhex redox couples are observable
in Figure 5.6. Stabilization of the CV measurements was observed to initiate after roughly 5 scans, with 10
scans having negligible differences ranging in pA. Consequently the 10th scan of each scan cycle was used
in determining electrode characteristics. The shape of the CV measurements conform to the known shapes
of other CV measurements of these redox species on BDD [58][59].

Table 5.2: Redoxcouple results for the samples at a scan rate of 0.1 V/s at the 10th cycle in 1 mM ruhex or
ferrocyanide.

Sample Analyte AE, (mV) Rect (Q) ko (# m/s) Nicholson k¢ (p m/s) EIS
. Fe(CN)¢~  27.09 83 7.822 75.73
D
aClon  p (NHy)@  7.42 84 17.3 74.83
Fe(CN)¢™  10.13 41.8 56.7 150.39
Imec 3-
Ru(NH,)¢~ 7.1 —a 13.9 N/A

%A correct value could not be obtained as a result of a bad fit and corresponding model in the EIS results summarized in
section 5.3.3

The ferrocyanide redox reaction appears to be more reversible on the Imec electrode with lower AE,, which
would indicate a higher ky. The ruhex redox reaction appears to only have a minor peak current difference
between the two electrodes. The ruhex measurements also show minor differences in AE, when the scan
rate changes, indicating quasi-reversible behaviour. The AE, and ko values obtained through Nicholson’s
method for a scan-rate of 0.1 V/s are listed in Table 5.2.

5.3.3 Electrochemical impedance spectroscopy

EIS on both DiaCCon and Imec electrode surface (illustrated in Figure 5.7) shows a semi-half circle of kinetic
behaviour in the ferrocyanide solution for both the DiaCCon and Imec electrodes. These regions appear
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Figure 5.6: CV scan patterns obtained from redoxcouple measurements with 1mM ferrocyanide or ruhex in 0.1 M
KNOg, iR drop corrected. With (a): DiaCCon ferrocyanide, (b):DiaCCon ruhex, (c): Imec ferrocyanide, (d): Imec
ruhex.

largely similar. For the kinetic behaviour in the ruhex, a section of the characteristic half-circle is observed at
high frequencies, which is followed by a large upwards line for both electrodes which dominates the response
and extends very far from the ferrocyanide regions (this can be observed by comparing Figure 5.7 to Fig-
ure 5.10 and Figure 5.11). In the ferrocyanide response, at lower frequencies, the response straightens into
a 45 ° angle for both samples, which is indicative of a diffusion dominated response which can be modelled
using a Warburg element or replacement CPE. The obtained responses show complex behaviour compared
to the original models discussed in Section 2.4.2. Primarily, the response of the DiaCCon circuit closely
resembles the alternative circuit investigated for MC BDD used in Section 2.4.2, but expanded beyond the
scope of the original circuit. The response obtained on the Imec sample in ferrocyanide also contains an ad-
ditive element between the characteristic semi circle and 45 © angle, which slightly extends kinetic behaviour.

As a fit is only as good as the model it uses can allow, it is important to discuss the model used before
continuing into results. The model used to fit the DiaCCon electrode sample was the extended model shown
in Figure 2.15 and described in Section 2.4.2. The Imec electrode sample was fitted using the Randles circuit
instead. Fits for both the ferrocyanide responses can be seen in Figure 5.8 and Figure 5.9. Both fits fail to
capture the diffusion dominated region, and the Warburg element is not captured in both circuits. In the
DiaCCon response, the Warburg element is not incorporated as part of the model, and the model would
require an addition to model it properly. In the Imec response, the fit and model cannot properly deal with
the added region of kinetics in-between the semicircle and diffusion dominated region.

Where the responses obtained in ferrocyanide are still representative of elements of the models applied,
the ruhex responses obtained were completely dissimilar. The Ruhex responses still share a part of the
semicircle the ferrocyanide responses both have, but these regions are distorted and feature loops (illustrated
in Figure 7.8 in Chapter 7). The circuit models applied do not properly model or reflect this behaviour,
and the EIS results from the ruhex experiments should therefore be distrusted accordingly. The ruhex
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Figure 5.7: EIS results of the DiaCCon and Imec electrodes using 1mM ferrocyanide (solid lines) or 1 mM ruhex
(dashed lines) in 0.1 M KNOj using a frequency range from to 10° to 0.1Hz and an amplitude of 0.01 V at the formal
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Figure 5.9: EIS fitting results obtained using the Imec

Figure 5.8: EIS fitting results obtained using the Di-
electrode sample in 1mM ferrocyanide

aCCon electrode sample in 1mM ferrocyanide
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Figure 5.10: EIS fitting results obtained using the Figure 5.11: EIS fitting results obtained using the
DiaCCon electrode sample in 1mM ruhex Imec electrode sample in 1mM ruhex

responses do share similarity on high frequency, indicating that the kinetics between the electrodes are not
that different with an outer-sphere transfer. The model parameters from the resulting fits show significant
deviation however, with the Rop being around 84 for the DiaCCon electrode sample in both the ferrocyanide
and ruhex while the Imec electrode sample has drastically differing values while still exhibiting the same
behaviour. This is partly due to the fitting problem with the chosen model and data.

The representative circuit data obtained is listed in Table 7.1 and Table 7.2 in Chapter 7. The resulting
Rer and kg are listed in Table 5.2.

5.4 NVP UV-Vis results

—188 1 M NVP
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Figure 5.12: UV spectrophotometry results of different NVP molarities in a range from 1.88 to 188 pM.

Nevirapine concentrations were investigated in water reflecting a log scale of 1.8, 18 and 188 puM NVP,
with the characteristic response being a pronounced peak at a wavelength of 282 nm. Using a least-squares
method fit, a linear regression was made of the absorbance measured at the observed 282 nm peak. The
regression formula, Equation (5.1) (with the concentraction (concyyp) and in pM) , was fitted with a root
mean squared error of 0.014, and standard errors of 6.73 % 10~2 for the intercept and 5.4 x 10~° for the slope.
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Figure 5.13: Linear regression of the peak response at 282 nm of dissolved NVP compared to water.

A =0.008 + 0.007 * concyy p (5.1)

A representation of the linear regression and peak data points can be seen in Figure 5.13. The range in
this study (from 1.8 to 188 M) is semi-quantitative, as it does not satisfy Beer-Lambert linearity, which
requires a higher degree of confidence. The linear range for NVP has in previous instances been found to be
aproximately 1-5 pg/ml (around 3.8 - 19 M) in mixtures of water and methanol [60].

5.5 Electrochemical degradation results

Degradation was attempted in different molarities of sodium chloride and sodium sulfate. Minor bubble
formation at the WE was observed in all cases. Potential resulting from the current difference varied with
increasing molarity and therefore increasing electrolyte conductivity. The UV-Vis response observed from
NVP after degradation using BDD and a current of 5 mA /em? turned out different between electrolytes and
electrodes. Degradation attempts in lower concentrations of electrolyte (0.0036 M NaCl or Na,SO,) show no
discernible changes in UV profile, while attempted degradation at higher concentrations do show differing
behaviour.

5.5.1 UV-Vis spectrophotometry results

Sodium Sulfate

A lowering of absorbance in the UV-Vis spectrum is observed using the DiaCCon electrode in 0.39M Na,SO4
at all wavelengths. The effect observed is illustrated in Figure 5.14. The spectrum retains the characteristic
profile of NVP, and peak height at a wavelength of 282 nm can be tracked as a quantative indication of NVP
concentration.

Tracking the lowering of the peak wavelength at 240 nm, the absorbance decreases at the sample taken at
6 minutes, but stabilizes afterwards, and stays stable for the subsequently measured samples. The total
absorbance lowering observed is 0.013 A, which using Equation (5.1) and the dilution factor of % would
roughly indicate a decrease of around 19 puM. This change seems inhibited after the first 12 minutes of
applied current.

Degradation attempts in Nay,SO, on other electrodes and molarities did not result in a measurable UV-Vis
difference large enough to avoid being mere noise (e.g. differences of 0.001 A).
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Figure 5.17: Bathochromic movement of the char-
acteristic NVP peak on DiaCCon electrode during at-
tempted degradation in 0.39 M NaCl.

Figure 5.18: Bathochromic movement of the charac-
teristic NVP peak on Imec electrode during attempted
degradation in 0.39 M NaCl.

Sodium Chloride

Degradation attempts in NaCl reveal markedly different behaviour in comparison from NaySOy,, illustrated
in Figure 5.15 and Figure 5.16. At higher concentration levels, a peak shift occurs where the peak originally
at 282 nm shifts towards longer wavelengths, a bathochromic shift. At the regions of the UV-profile with a
wavelength lower than 250 nm, a generally hypochromic intensity lowering shift is revealed. This behaviour
was observed on both the DiaCCon and Imec sample at molarity levels of both 0.39 M, and signs of a trend
towards these changes were perceivable at 0.039 M for both electrodes, although not quantifiable to a high
enough degree to compare. The bathochromic shift after an hour with the DiaCCon electrode in 0.39 M
settles at around 54 minutes and the peak ends up on a wavelength of 307 nm. With the Imec electrode
sample, the bathochromic shift of the peak ends up on 307 nm as well, but less timely, only just arriving at
the end. The peak absorption intensity fluctuates slightly during this process, making a slight hypochromic
movement downwards before rising back up on the DiaCCon electrode while doing the reverse on the Imec
electrode, starting off with a hyperchromic trend. Both eventually trend back towards a value around the
original peak intensity. Graphical presentations of the bathochromic shifts in characteristic peak location
over time are illustrated in Figure 5.17 and Figure 5.18.

5.5.2 UV-Vis spectrophotometry results discussion

The quick lowering of the absorption profile at the DiaCCon electrode in 0.39 M Na,SO, but subsequent
non-activity suggests the observed activity is not the result of a classical degradation profile. Degradation
of micro-pollutants in literature shows that under normal conditions, degradation should be spread out over
time, with changes that gradually level off over time. Comparatively the changes seen in Na,SO, are not
reliable or indicative of degradation. Apart from a possible mismatch in the NVP level obtained from the
initial conditions measurement, the absorbance levelling off after 12 minutes at 5 mA/cm? indicates a fast
process that stops immediately. The breakdown of NVP would require intermediate products with different
UV-Vis behaviour due to the breakdown or conjugation of chromophores. This renders the results obtained
in Nay,SO, non-indicative of NVP degradation.

The degradation attempts in NaCl show different behaviour, with the characteristic peak at 282 nm shifting
to higher wavelengths and the absorption intensities between 200 and 250 nm lowering. These changes,
observed together as a shared process, suggest slight changes in the NVP molecule, such as the potential
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attachment or detachment of functional groups which result in a higher peak response. The attachment or
replacement of atoms in chromophores result in changes in absorption intensity and characteristic peak.
Overall, the behaviour observed in NaCl is indicative of minor changes in the NVP molecule, but it does
not provide indication for any full degradation or breakdown of the molecule. Mineralization of NVP into
simple inorganics (e.g. COy or HyO) would require UV spectra exhibiting major shifts. If the observed
behaviour would be indicative of degradation however, the responses obtained in NaCl would have to share
similarities to the responses obtained in Nay,SO,. The main difference between the electrolytes is the gener-
ation of sulfate radicals and persulfate or active chlorine and reactive chlorine species [61]. This suggests the
presence of chlorine in the solution allowed reactions which affected the NVP. Degradation of the substance
by these chlorine induced reactions cannot be confirmed from this response. Hydroxyl radicals should be
readily produced in both solutions as the measured applied potential difference during degradation exceeded
the required potential for the generation of hydroxyl radicals (1.23 V vs standard hydrogen electrode RE,
which is around 1.28 when using a Ag/AgCl RE) [62].

The degradation of NVP cannot be confirmed from these measurements alone, though the complete lack of
degradation cannot be confirmed either. The responses obtained in NaCl suggest a more specific reaction
related to chlorine such as chlorination of the NVP compound. NVP’s chlorination in high levels of chlorina-
tion inducing substances and nevirapine oxidation by NaOCI in different conditions was tested previously in
research by Wood et al. [29], and electrochemical formation of active chlorine and reactive chlorine species
in a high molarity NaCl solution represents similar levels of chlorinating power. While the chlorination of
NVP may eventually break down the product, it is ismpossible to quantify this change using UV-vis mea-
surements alone. Further investigation into the behaviour of NVP in EAOP involving chlorine will have to
be conducted using a method that can detect and classify chlorinated NVP compounds.

5.6 DPYV results

50 u M NVP
4“5 wMNVP
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Figure 5.19: NVP response for the first DPV per- Figure 5.20: NVP response behaviour on the Imec
formed in different NVP molarities on the DiaCCon electrode decreasing in response to repeated DPV mea-
electrode in PBS (1X) surements in 50 x4 Molar NVP in PBS (1X)

DPV measurements of NVP on DiaCCon and Imec electrodes in PBS (1X) at pH 7.4 using a range (0.5 to
50 M) shows several characteristic behaviours throughout preliminary testing and actual experimentation:

e DPV’s in NVP solutions at high molarity (50 & M in Figure 5.19 and Figure 5.20) show peaks around
the applied potentials 0.67 V. In PBS (1X) an additional peak is found near 0.1 V which does not
correlate with the molarity of NVP in the solution.

e Response behaviour requires a relatively high concentration of NVP (e.g. 50 pu M).

e DPV response at the applied potential around 0.67 V decreases with each recorded DPV (illustrated
in Figure 5.20)
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5.7. DISCUSSION OF DPV RESULTS: OBSERVED BEHAVIOUR AND DETECTION INHIBITION
BY NVP.

e Responses on the DiaCCon electrode sample occupy a lower current difference scale compared to the
responses on the Imec electrode sample. (e.g. current difference (6 A) at an applied potential of 0.2 in
reference solution are around 0.13 and 8.2 § pA for respectively DiaCCon and Imec responses.)

Observed peak values for NVP on DiaCCon and Imec electrode samples in 50 4 M are listed in Section 5.6.

Table 5.3: Current peaks associated with NVP response in 50 © M NVP.

Electrode sample DPV order NVP Peak current (6uA) Peak potential (mV vs Ag/AgCl)

1 4.1 675

. 2 2.1 685
DiaCCon 3 5 =00
4 1.1 710

1 23.2 680

Imec 2 17.1 685
3 15.5 700

4 14.4 705

5.7 Discussion of DPV results: observed behaviour and detection
inhibition by NVP.

The peak observed around 0.67 V in DPVs on a range from 0 to 1 V in (50 p M) is within a range (0.6 - 0.8 V
applied potential) observed within previous NVP detection studies as recorded in Table 2.1 in Section 2.3.2.
The oxidation process of NVP was also found to be irreversible in these studies. The peak found in 50 p M
NVP on the DiaCCon electrode (see Figure 5.19) appears more pronounced compared to the peak observed
on the Imec electrode. The higher range of the current difference is an effect of the capacitive behaviour
of the electrode surface. The capacitive current on the Imec electrode is observed to be larger than the
capacitive current on the DiaCCon electrode.

The decreasing response with each DPV applied (illustrated in the behaviour exhibited in 50 p M, see Fig-
ure 5.20) suggests that repeated NVP oxidation is inhibiting the electrode. This is supported by the change
in observable baseline and starting point between the reference DPV’s and NVP DPV’s. As DPV relies on
reducing the capacitive current, a change in capacitance due to e.g. fouling/inhibiting of the electrode will
change the DPV results. Smooth baselines with consistent noise behaviour but strange offsets suggest a
change in the surface of the WE in contrast to a fault in the RE. A change in the RE would result in a very
noisy signal with discontinuities due to the lack of proper potential difference measurement. This has not
been observed. Another potential inhibiting effect would be the interaction between NVP and different sur-
face terminations of BDD such as adsorption on the electrode or interactions dependent on the termination
of the electrode.

Adsorption of NVP or its oxidation products on electrode surfaces has been reported at GCE electrodes by
Teradal et al. [36], using multiple CV sweeps to show a significant decrease in peak current. High end NVP
sensing as listed in Table 2.1 in Section 2.3.2 use techniques that avoid adsorption directly on the electrode
surface such as absorptive stripping using mercury or the addition of functional groups on the electrode
surface. Examples include using uracil on a CPE [30] or Bi,O3 on a CPE [20] to enhance electrocatalytic
activity towards NVP oxidation. The observed behaviour in repeated DPV sweeps in the same solution
suggests that, despite BDD’s comparatively advantageous properties in fouling resistance, adsorption based
NVP fouling still occurs. The observed detection results are therefore suspect, as the state of fouling after
degradation experimentation but prior to detection experimentation cannot be accurately gauged. This
turns any attempt to tune the DPV parameters into a laborious and unreliable procedure. To avoid having
the observed behaviour and potential fouling remnants meddle with detection results on BDD electrodes,
two methods were discerned as potentially applicable.

1. Clean the electrodes before and after each individual DPV measurement, using acid treatment as
outlined in Section 4.4.
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5.8. DPV RESULTS USING IN-SITU ELECTROCHEMICAL ACTIVATION

2. Attempt to use in-situ electrochemical activation to recover NVP detection.

Both of these methods have advantages and disadvantages:

Cleaning the electrodes with acid before each measurement would provide accurate and consistent detection
results, but would require an unfeasible amount of time due to the tuning required to perform satisfactory
cleaning while not destroying the Imec electrode sample as observed in Section 4.4.

Electrochemical activation could in contrast be applied during the DPV measurements, but might not fully
recover peak response behaviour. This process requires optimization to adjust to the conditions on the
electrode surface, but can offer stability for repeated measurements. There is no previous literature on
in-situ electrochemical activation or electrochemical pretreatment for NVP detection on BDD electrodes.
Electrochemical activation (particularly in-situ) is easy to apply, requiring only a simple addition to the
program structure used for DPV experimentation. Electrochemical activation is therefore both quicker, and
potentially interesting to stabilize the responses in preparation for tuning. Electrochemical activation is not
without risks, as the process relies on an over-potential which could damage the electrode. However, BDD
has the ability to endure extreme potentials, making the procedure relatively safer on BDD compared to
other electrode materials.

It should be noted that both procedures also affect the termination of the BDD surface. Acid cleaning in
boiling acid in particular is often recommended to induce oxygen terminated surface [7]. While acid cleaning
would remove any potential leftover NVP adsorbed to the surface, it would also induce oxygen termination.
In-situ electrochemical activation has the potential to recover hydrogen termination on BDD electrodes
[63]. Representative as-grown DiaCCon and Imec electrode samples show significant hydrogen termination
tendency, which could potentially have been reduced during degradation procedures. The preference of NVP
detection procedures for hydrogen or oxygen terminated BDD was not recorded in literature.

With these considerations, electrochemical activation was implemented in this study to combat the inferred
electrode fouling by NVP.

5.8 DPYV results using in-situ electrochemical activation

Electrochemical activation in detection applications is a process intended to clean an electrode surface.
The base process involves the use of cathodic and/or anodic potentials or pulses. The process can remove
adsorbed material or even a thin surface layer of the electrode surface itself. Generally, this is done by
pulsing the electrode with a relatively high or reversed potential to drastically affect the surface chemistry.
Electrochemical activation can be employed to try and directly oxidize or reduce fouling agents, or dislodge
them using the products from either the anodic or cathodic reactions available. Furthermore, electrochemical
activation on BDD surfaces can yield changes in surface termination, or damage [64]. Cathodic activation in
H5S50, has been used to increase hydrogen termination on BDD electrodes [13, 65]. In-situ electrochemical
activation of BDD using a set pulse behaviour has been successfully applied to recover signal loss due to
fouling [63]. Anodic or cathodic pulses have been applied in different setups. Due to NVP’s observed
behaviour under oxidation and the observed lack of degradation, in-situ cathodic electrochemical activation
was selected as a recovery procedure.

In this study detection was performed using 6 (4 in case of 50 uM NVP) regular DPV procedures followed by
4 7 activated” DPV procedures. Each "activated” DPV procedure was preceded by an in-situ electrochemical
activation step, by applying a controlled -2 V potential for 10 seconds (cathodic activation).

Peak behaviour was recovered after applying electrochemical activation. Even in cases where the peak
response of NVP had decreased beyond discernible boundaries (e.g. Figure 5.21), peak behaviour was
recovered after cathodic activation (e.g. Figure 5.22).

The baseline currents observed after cathodic activation were higher compared to inactivated DPV responses.
This effect was also observable in a reference solution without NVP. This effect is most likely due to the
changes induced in the surface during the electrochemical activation process.

Quantification of the detection of NVP is still obstructed by the changes in baseline between scans. The classic
signal to noise ratio (SNR) measurement in electrochemistery is based on the standard deviation of a reference
signal compared to the peak height of the characteristic response. Unfortunately, the electrochemical response
has to be properly tuned to result in a correct assessment, which requires further study.
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Figure 5.22: The NVP response obtained on the Di-
aCCon electrode directly after the measurements shown
in Figure 5.21 using DPVs preceded by in-situ cathodic
activation.

Figure 5.21: A cutout of the DPV responses measured
prior to cathodic activation on the DiaCCon electrode
in 5 ¢ Molar NVP in PBS (1X)

An estimated attempt was made to establish the limit of detection (LOD) and limit of quantification (LOQ)
using an adaptation of the method used in the study by Teradal and Seetharamappa [20].

For this method, using the peak heights observed at different molarities, assuming a linear response holds,
the different peak heights can be fitted by linear regression. The slope of this regression then relates to the
LOD and LOQ as seen in Equation (5.2) and Equation (5.3) where o is the standard deviation measured in
the blank and m is the slope of the linear regression.

LOD =3x0/m (5.2)

LOQ =10 %0 /m (5.3)

It should be noted that the ordinary minimum reference measurements recommended to get a proper standard
deviation are 10 instead of 4. There are not enough measurements present to guarantee a linear response
within the investigated NVP molarities *, with only a minor amount of detectable peaks at different molarities
in the response of the DiaCCon electrode after electrochemical activation. The sensitivity of the Imec
electrode was insufficient within the investigated molarities to even provide an estimation.

For the DiaCCon electrode, after electrochemical activation, enough NVP peak behaviour was scavenged to
make an estimation (as observed in Figure 5.24), using the reference signals obtained, standard deviations
were calculated for each electrode during the normal and electrochemically activated procedure. These are
listed in Table 5.4.

Table 5.4: Standard deviations obtained for the different DPV procedures.®

Electrode sample ¢ of the normal reference in A o of the activated reference in duA
DiaCCon 0.0038 0.2119
Imec 0.1822 15.1647

%he normal reference sample size is 6 DPV procedures while the activated reference only has 4. Under ordinary circumstances
10 reference measurements are suggested as minimum.

The identifiable peaks at the first scan on the DiaCCon electrode for different molarities (illustrated in
Figure 5.23) were used to fit a linear regression and estimate the LOD and LOQ, with the results listed in
Table 5.5.

1Linear ranges obtained on electrodes in literature are listed in Table 2.1, and the variety observed suggest that further
study and proper tuning of the electrochemical activation procedure and DPV procedure is necessary in order to establish a
linear regime for sensing NVP on BDD.
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Table 5.5: Estimates of the standard deviation and sensitivity limits obtained by comparing the reference standard
deviation and a linear regression (x1, y0) of the peaks observed in Figure 5.23, indicative of the first DPV scan after
electrochemical activation.

x1 Yo (M) 0s1 oy, (uM) T Oref (6pA)  LODgs (uM)  LOQpst (uM)
0.048 0.887 0.048 0.054 0.998  0.212 13.3 143

35 —50 M NVP
50 © M NVP =5 1 M NVP
3/—5 u M NVP 1,89 u M NVP
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Figure 5.24: Standard error from table 5.4 visualized
on the DiaCCon electrode in red over the black reference
signal with NVP responses of different molarities in the
first scan.

Figure 5.23: NVP peaks in different molarities on the
DiaCCon electrode for the first scan after the first ca-
thodic activation step

DPV detection in 0.1 M Na,SO, with 5 and 10 M NVP revealed peak recovery as in PBS (X1) (e.g. of
electrochemical activation recovering peak behaviour in Figure 7.11 in Chapter 7). This confirms the general
behaviour exhibited is not electrolyte dependent, and further suggests the inhibiting effect was not caused
by electrolyte interactions, but is caused by NVP inhibiting the electrode surface or the electrode surface
interaction with NVP. The quick lowering of the absorption profile at the DiaCCon electrode in 0.39 M
Na,SO4 but subsequent non-activity suggests the activity is not the result of a classical degradation profile.
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Chapter 6

Conclusions

After experimentation, several conclusions can be made in regard to the use of BDD electrodes for NVP sens-
ing and degradation as well as the desirability of different surface properties. Characterisation of the BDD
surfaces revealed a marked difference in % ratio, while the surface topography difference was negligible.
The electrochemical properties of the electrodes were investigated. The DiaCCon electrode (micro-crystalline

DiaCCon BDD) revealed superior performance in both the attempted detection and degradation. The lower
background current and higher 2%2 ratio seem to have benefited the electrode considerably compared to the
Imec electrode (nano-crystalline BDD) counterpart. The characterisation derived from the electrochemical
redox couples and EIS appeared inconclusive, partly due to problems finding a correct combination of model
and fit to properly describe the electrode surface.

The degradation of NVP was not achieved during this study. EAOP treatment of NVP proved to have
effects contrary to expectations. The NVP compound resisted attempts to degrade in sodium sulfate, and
showed minor changes in sodium chloride indicated by bathochromic shifts in the UV-Vis spectrum. The
behaviour of NVP under the EAOP conditions used in this work implies the non-viability of EAOP using
BDD to remove NVP from water. The responses induced by EAOP appear dependent on the electrolytes
used. In a solution containing chloride, a bathochromic shift to a wavelength of around 307 nm was observed
in the UV-Vis response of the characteristic peak originally at 282 nm. This change was more pronounced
during degradation attempts with the micro-crystalline BDD electrode, but was also visible using the nano-
crystalline BDD electrode.

The attempted degradation process was followed by a sensing study in PBS (X1). During experiments to
accurately sense NVP on BDD electrodes, an inhibiting effect of NVP on electrochemical responses was
observed. Repeated scans lowered the detected NVP peak, showing non-repeatable and non-reversible be-
haviour. Detection on the DiaCCon electrode and Imec electrode only proved possible at high molarities of
NVP (e.g 50 uM), with the DiaCCon electrode having a preferable response with more pronounced peak
behaviour. DPV optimization was attempted but rendered unfeasible due to the inhibiting effect of NVP on
the peak response behaviour.

An in-situ electrochemical activation procedure (-2 V for 10 s) was thus deployed to combat the observed
loss of sensitivity and electrode inhibition. Electrochemical activation proved capable of regenerating surface
functionality, indicating that the inhibiting behaviour was most likely related to either surface termination
or surface fouling. After applying electrochemical activation, the response behaviour of both electrodes was
recovered in varying molarities of NVP. The micro-crystalline BDD electrode proved more sensitive to NVP
than the nano-crystalline BDD electrode. After recovering peak response, the DiaCCon BDD exhibited
enough peak behaviour to allow an estimation of the LOD and LOQ. The estimated LOD was 13.3 uM. The
DiaCCon BDD also proved substantially more resistant to degradation by the electrochemical procedures.
After experimentation, the Imec electrode showed physical degradation, observable through SEM imaging.
This indicates a lower potential lifespan for the Imec nano-crystalline BDD during electrochemical processes.
Overall, although NVP degradation was not confirmed nor observed, detection of NVP using BDD was
achieved despite NVP’s inhibitive interaction with the electrodes. The DiaCCon microcrystaline BDD
showed remarkable improvements in sensitivity and performed better in the degradation attempts by demon-
strating electrochemical activity while presumably being limited by the same inhibiting effect of NVP as
observed in detection and degradation attempts on the Imec electrode.
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Chapter 7

Recommendations for future research

EAOP degradation using BDD electrodes in the diamond group of the PME department was investigated.
Experimentation into both degradation and sensing of a topical micropollutant was initiated, but further
research is needed to asses the effects of the chosen micropollutant.

e The inhibiting behaviour of NVP on a BDD electrode is potentially representative of either fouling
effects as reported in literature by Teradal et al. [36] on a GCE or a preferential surface termination
for the detection of NVP. This requires confirmation by studies focused on these respective effects.
To confirm fouling, measurement techniques which can quantify fouling such as X-ray photoelectron
spectroscopy (XPS) [66], silver deposition imaging [67] and potentially EIS [68, 69] could be deployed
on a BDD electrode used in NVP solutions. The effects of BDD surface termination on NVP detection
should be investigated by forcibly oxygen or hydrogen terminating clean BDD electrodes and using
them to detect NVP. If the inhibiting effect occurs at both hydrogen and oxygen terminated BDD,
specific anti-fouling terminations or functional groups could also be considered as a potential solution
to this inhibiting behaviour.

e By either applying proper yet time-consuming cleaning procedures or optimizing the use of in-situ
electrochemical activation, considerable gains could be made on the electrochemical detection of NVP
on BDD. Estimates in this study show the detection potential of microcrystalline BDD even under
suboptimal conditions. Electrochemical activation through pulse trains and other variations [13, 67]
should also be considered as potential techniques to regenerate NVP detection and to extend the effec-
tive use of the BDD electrode. Intra- and inter-day precision, linearity and repeatability measurements
are needed to be comparable to establish NVP detection literature.

e The potential degradation of NVP was not ruled out during this study, a more diverse array of elec-
trolytes or combinations of AOP techniques could potentially be used to properly asses the removal
of NVP from an aquatic environment. This would require further study into EAOP procedures that
inhibit fouling behaviour or alternatively combined AOP techniques (Electro-Fenton processes, etc).

e Development of a good electrochemical flow cell with in-situ measurement could allow accessible re-
peated degradation attempts while allowing continuous measurements of micropollutant levels present.

e The influence of crystallinity, porosity and surface termination effects as well as NDC on EIS responses
appear to be interesting for potential studies into the EIS response of different BDD surface composi-
tions. Comparative studies could be performed using home-grown BDD electrodes that can be grown
to specifications. The derivation and development of EIS fitting models that can accurately explain
observed EIS responses on BDD is as of yet an ongoing field in need of further research.

e As of writing (pandemic), there exists a huge public interest in antivirals. Eventually, this over-
representation will wane from the public eye, but antiviral compounds are perpetually necessary. An-
tiviral treatments are relevant for extended periods of time, and remain ubiquitous. Antivirals have
only recently been diagnosed as micro-pollutants that potentially evade wastewater treatment, and
NVP is but one of many antiviral substances. Research into the removal of antiviral substances from
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the aquatic environment therefore carries public relevancy and remains a viable micro-pollutant choice
for future studies despite the resistance exhibited by NVP in this work.
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Appendices

Figures and tables
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Figure 7.1: Raman spectrums obtained from representative Imec electrodes used in Section 4.4 to illustrate the
effects of acid cleaning. Acquisition time was 5 seconds instead of the settings reported in Section 4.7. Measurements
were made during the same run.

Table 7.1: EIS circuit fitting results for the DiaCCon electrode with 1mM ferrocyanide and 1mM ruhex in 0.1 M
KNOs

EIS circuit model results Redox species R, () Qo (s"/Qx10°) (CPEy) ng (CPEy Rer in (Q) Ry, (BQ)  Qos™/Qx10° from (CPEg) n, from (CPEg)  x?2107
DiaCCl ferrocyanide 20 461 0.95 83 0.975 3.7 0.99 4.7
raton ruhex 109 0337 1 81 16578 1434 0.99 200

Table 7.2: EIS circuit fitting results for the Imec electrode with 1mM ferrocyanide and 1mM ruhex in 0.1 M K NOs

EIS circuit model results Redox species R, (Q) Qo (s"/Q#10°%) (CPEy) ny (CPEy  Rer (Q) Qo in s"/Qx10° from (CPEw) n, from (CPEw  x%x10%
ferrocyanide 20.9 2.5 1.2 41.8 1230 0.33 9.06
ruhex 3570 75.3 0.2 -0.005 6.31 0.88 0.25
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Figure 7.2: Raman spectrums obtained from the DiaCCon electrode after use and representative as-grown samples.
Measurements were made during the same run.
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Figure 7.3: Raman spectrums obtained from the Imec electrode after use and representative as-grown samples.
Measurements were made during the same run.
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Figure 7.4: Contact angle measurement on the used Figure 7.5: Contact angle measurement on the used
DiaCCon electrode. Imec electrode.
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Figure 7.6: The effect of different electrolytes on a blank NVP response in UV-Vis spectroscopy.
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Figure 7.7: CV in PBS (X1) with a scan rate of 0.1 V/s for both the Imec and DiaCCon electrode. Scans taken at
the 5th cycle.
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Figure 7.8: Zoomed version of the EIS results of the DiaCCon electrode in 1mM ruhex and 0.1 M K NOs.
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Figure 7.10: A photo of the setup used for detection
with the Faraday cage open.

Figure 7.9: A photo of the setup used for degradation.
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Figure 7.11: DPV results in 0.1 M NaySO, using 10 uM NVP and a reference measurement, showing similar
recovery behaviour as in PBS (1X).
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