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Resumo

diamante dopado com boro, tratamento de agua, poluentes orgéanicos
persistentes, oxidagao eletroquimica, elétrodo funcional, deposi¢cdo quimica em
fase vapor, nitreto de silicio, compdsito ceramico

O tratamento eficiente da &agua contaminada por poluentes organicos
persistentes (POPs) é uma questao de grande relevancia ambiental e de saude
publica. Esses poluentes, conhecidos pela sua persisténcia e efeitos
prejudiciais, exigem solugdes inovadoras. Nesta tese, explorou-se a aplicagao
de elétrodos de diamante dopado com boro (BDD) em processos de oxidagéo
eletroquimica avangada (EAOPs) como uma abordagem promissora para a
remocdo de POPs da agua.

O trabalho teve inicio com uma revisao critica da literatura, foi sendo atualizada
ao longo do tempo, destacando os métodos EAOPs disponiveis e a sua
superioridade quando utilizados em conjunto com elétrodos BDD, bem como a
comparagdo com outros materiais de elétrodo. Também foi realizada uma
andlise comparativa entre elétrodos BDD de fabricagdo em laboratério e
comerciais, destacando as diferencas e vantagens de cada abordagem. Além
disso, conduziu-se uma avaliagdo abrangente de todos os pardmetros que
influenciam as propriedades finais e desempenho dos filmes BDD, bem como
métodos para avaliar o desempenho final dos elétrodos. Essa analise critica
estabeleceu a base para o desenvolvimento subsequente da tese.
Posteriormente, a pesquisa concentrou-se no desenvolvimento de um substrato
inovador, composto por ceramicos de SisN4-TiN, que proporcionam durabilidade
e robustez aos elétrodos BDD e sdo eletricamente condutores. Essa escolha de
substrato visou garantir alto desempenho na remocéo de poluentes e viabilidade
de aplicacdo em larga escala. Além disso, explorou-se a otimizacdo das
condicdes de deposi¢cao dos filmes BDD por meio da aplicagdo do método
Taguchi. Este estudo teve como objetivo aprimorar a qualidade dos filmes BDD
e compreender os efeitos dos diferentes pardmetros de deposi¢ao nas
propriedades finais dos filmes.

Apos a otimizagao dos filmes BDD, procedeu-se a demonstragao da eficacia dos
elétrodos BDD/Si3Ns-TiN na remogao de poluentes, tendo sido apresentada uma
prova de conceito, focada na degradagéo do fenol, um dos POPs mais comuns
na dgua. Essa fase experimental validou a abordagem inovadora.
Adicionalmente, investigou-se a modificagcdo quimica das superficies dos
elétrodos BDD/SisNs-TiN por meio de tratamentos de plasma, com o objetivo de
melhorar o desempenho eletroquimico no tratamento de agua contaminada.
Por fim, exploraram-se estratégias para melhorar a eficiéncia dos processos de
oxidacgao eletroquimica com elétrodos BDD, apresentando um método inovador
que consiste num processo ciclico de eletrooxidagao com obstrugao/reativagao
rapida, reduzindo significativamente o tempo e o consumo energético
associados a processos de oxidagdo eletroquimica, um dos aspetos mais
desafiantes na implementagéo destes métodos a escala industrial.

Em suma, este estudo destaca a importancia de abordar os POPs e sua
presenca generalizada na agua, sublinhando a necessidade de métodos de
tratamento eficazes que cumpram os requisitos ambientais cada vez mais
exigentes. Os EAOPs, particularmente em conjunto com os elétrodos BDD,
emergem como uma soluc¢ao promissora e eficiente para enfrentar esse desafio
ambiental crucial, oferecendo beneficios como a degradacdo completa de
poluentes sem a geracéo de produtos téxicos, economia de energia e viabilidade
de aplicacéo em larga escala.
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The efficient treatment of water contaminated with persistent organic pollutants
(POPs) is a matter of significant environmental and public health concern. These
pollutants, known for their persistence and harmful effects, demand innovative
solutions. In this thesis, the application of boron-doped diamond electrodes
(BDD) in advanced electrochemical oxidation processes (EAOPs) was explored
as a promising approach for removing POPs from water.

The research began with a critical literature review, highlighting the available
EAOPs methods and their superiority when used in conjunction with BDD
electrodes compared to other electrode materials. A comparative analysis
between laboratory made and commercial BDD electrodes was also conducted,
emphasizing the differences and advantages of each approach. Additionally, a
comprehensive evaluation of all parameters influencing the final properties and
performance of BDD films was carried out, along with methods to assess the
overall electrode performance. This critical analysis laid the foundation for the
subsequent development of the thesis.

Subsequently, the research focused on the development of an innovative
substrate composed of SisN4-TiN ceramics, providing durability and robustness
to BDD electrodes. This substrate choice aimed to ensure high-performance
pollutant removal and scalability.

Furthermore, the optimization of BDD film deposition conditions was explored
through the application of the Taguchi method. This study aimed to enhance the
quality of BDD films and understand the effects of deposition parameters on the
final film properties.

To demonstrate the effectiveness of BDD/SisNs-TiN electrodes in pollutant
removal, a proof of concept was presented, focusing on the degradation of
phenol, one of the most common POPs in water. This experimental phase
validated the innovative approach.

Additionally, the modification of BDD/SisNs-TiN electrode surfaces through
plasma treatments was investigated to improve their electrochemical
performance in treating contaminated water.

Finally, strategies to improve the efficiency of electrochemical oxidation
processes with BDD electrodes were explored, presenting an innovative method
involving a cyclic fouling and rapid reactivation process, significantly reducing the
time and energy consumption associated with electrochemical oxidation
processes.

This study underscores the importance of addressing POPs and their
widespread presence in water, emphasizing the need for effective treatment
methods that meet increasingly stringent environmental requirements. EAOPs,
particularly in conjunction with BDD electrodes, emerge as a promising and
efficient solution to tackle this crucial environmental challenge, offering benefits
such as complete pollutant degradation without the generation of toxic
byproducts, energy savings, and scalability.
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Preface

Thesis Motivation and Structure

The aim of this introduction is to provide the reader with a clear understanding of the
motivation behind this thesis, its main objectives, and a brief overview of its structure.
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Introduction

Persistent organic pollutants (POPs) are a group of harmful chemicals that pose significant
risks to both human health and the environment on a global scale (1). These substances
are characterized by their remarkable ability to persist in the environment for extended
periods, often accumulating and spreading through the food chain, affecting various species
along the way (2). The sources of these POPs are diverse and encompass various
industries and practices (3).

One of the primary sources of POPs is petroleum refinery wastewaters, known for their high
chemical oxygen demand (COD) and a complex mixture of hazardous compounds,
including aromatic organic compounds such as polyaromatic hydrocarbons and phenols, as
well as various inorganic substances like magnesium, calcium, sulfur, chlorine, and sulfate
ions (4-6). Additionally, wastewaters from medical and hazardous waste incineration, as
regulated by the Stockholm Convention on Persistent Organic Pollutants, contribute to the
presence of POPs in our environment (1, 7). Pulp and paper manufacturing, pesticide use
(such as DDT, chlordane, aldrin, dieldrin, heptachlor, endrin, mirex, and toxaphene),
industrial chemicals like polychlorinated biphenyls (PCBs) and hexachlorobenzene, and
unintentional byproducts of industrial processes, notably dioxins, polycyclic aromatic
hydrocarbons (PAHS), and furans, are all significant sources of these pollutants (8, 9).
POPs are widespread, existing in our food, soil, air, and water, with both wildlife and humans
carrying levels of POPs in their bodies that often approach or exceed harmful thresholds (2,
3). These compounds pose severe threats to the environment and the health of animals
and humans (2). In humans, exposure to POPs has been associated with a range of health
issues, including reproductive and developmental problems, behavioral and neurological
disorders, endocrine disruption, cardiovascular diseases, various types of cancer, diabetes,
birth defects, as well as compromised immune and reproductive systems, leading to
adverse health effects (2). For instance, phenols, which are highly soluble in water, can
undergo chlorination or methylation, forming even more harmful chlorophenols and cresols,
which may exhibit carcinogenic, teratogenic, or mutagenic properties (5, 10).

Removing contaminants from wastewater poses both economic and environmental
challenges crucial for achieving sustainable development. Wastewaters exhibit complex
compositions, demanding proper treatment to meet the standard limits set by environmental
agencies before their discharge into aquatic ecosystems (11). With growing societal and
political concerns about the environment, environmental regulations are becoming
increasingly stringent. There is a concerted effort to reduce the impact of water pollution

and ensure safe wastewater disposal.
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Traditional treatment methods for industrial wastewater involve two stages. The first stage
employs physicochemical and mechanical processes responsible for oil-water separation
and coagulation, reducing suspended matter like oil and grease (12). The second stage
focuses on advanced treatment, aiming to lower contaminant levels to specific acceptable
discharge limits (5). Among the various advanced treatment techniques, biological
treatment and bioremediation are the most commonly applied methods at an industrial scale
(13).

However, biological systems face limitations due to the variability of wastewater
compositions, which can include non-biodegradable components (14). These techniques
also present issues such as residual sludge production, pollutant phase transfer, toxic gas
generation, large land requirements, and the inability to destroy refractory compounds (15).
Hence, there is an urgent need to develop an economical and efficient method that can
remove pollutants from wastewaters, especially persistent organic pollutants (POPs),
without the drawbacks associated with biological treatment systems.

Numerous techniques have been proposed as potential solutions, including enhanced
photo-degradation (16), chemical coagulation (17, 18), membrane bioreactors (19), ceramic
membrane filtration (20), electron-beam (21), ozonation (22), and electrochemical
advanced oxidation processes (EAOPs), such as anodic oxidation, electro-Fenton,
photoelectro-Fenton, solar photoelectro-Fenton, and sonoelectrochemistry (23, 24). Among
these, EAOPs stand out as the most promising and innovative alternative technologies (15,
25, 26). These electrochemical methods gained significant attention due to their ability to
chemically oxidize a wide range of organic substances, resulting in complete mineralization
to CO2 and H2O (5, 27). Moreover, electrochemical treatments are cost-effective, facilitate
rapid degradation of organic pollutants without generating new toxic species, require
minimal or no chemical reagents, and offer several advantages, including environmental
compatibility, selectivity, versatility, energy efficiency, safety, and suitability for automation
(27, 28).

Within the realm of EAOPs, the choice of electrode materials is critical for achieving efficient
wastewater treatment. Materials such as lead dioxide (PbO-), tin dioxide (SnO.), sub-
stoichiometric TiO2, and boron-doped diamond (BDD) have demonstrated high potential
(23). Notably, BDD stands out as the most promising material, boasting a high overpotential
for water decomposition, the broadest known electrochemical window, exceptional
efficiency in hydroxyl radical production (29, 30), and robust electrochemical stability and
corrosion resistance, even in harsh chemical environments with minimal adsorption (31).

Consequently, BDD electrodes have found applications in treating various substances,
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including organic pollutants (32), dyes (33), pharmaceuticals (34), synthetic wastewater
(35), industrial wastewater (36-38), swimming pool water (28), landfills leachates (39, 40),
among others.

While BDD films have been effectively deposited over extensive areas, including those as
large as 0.5 m? (41), and both laboratory and pilot tests on wastewater have shown
promising outcomes (38, 39, 42, 43), the considerable challenge for their large-scale use
still revolves around the absence of appropriate substrates. Though BDD electrodes have
been deposited on substrate materials such as Si, Ti, Nb, Ta, and W (44-46), these
substrates have limitations such as low conductivity, low mechanical strength, or high cost,
making them unsuitable for large-scale use. Ideally, the substrate material should exhibit
low resistivity, high mechanical strength, inert electrochemical activity, favorable
relationship between cost and durability, and compatibility with diamond growth (47, 48).
To address these challenges and develop BDD electrodes suitable for large-scale
wastewater treatment, this thesis proposes a novel substrate material: electroconductive
SisN4-TiN ceramics. SisN4 is a refractory ceramic material known for its compatibility with
CVD diamond growth, exceptional resistance to wear and corrosion, and resistance to
harsh chemicals (49, 50). It also exhibits crucial mechanical properties, including high
hardness, excellent fracture toughness, and a high elasticity modulus (50). When TiN
particles are incorporated into a SizsN4 matrix, the ceramic's electrical resistivity decreases,
rendering SisNs-TiN electroconductive (51). The degree of conductivity depends on the
quantity of TiN particles added. These attributes collectively position BDD/SisNs-TiN as a
promising electrode for large-scale wastewater treatment through EAOPs.

Addressing water contamination caused by persistent organic pollutants presents a
multifaceted challenge requiring innovative solutions. The development of efficient
treatment methods, such as EAOPs employing BDD/SisNs-TiN electrodes, holds significant

promise in addressing this widespread environmental issue.
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Objectives

The main goal of this thesis is to develop BDD surfaces with high electrochemical activity

that may be scaled for use as industrial-scale electrodes in treating persistent organic

pollutants found in wastewater, through electrochemical advanced oxidation processes.

Simultaneously, an innovative approach is proposed for producing these electrodes, by

depositing BDD films over electroconductive SisN4-TiN ceramic substrates. The specific

objectives associated are outlined as follows:

Investigate the impact of deposition parameters on the final properties of BDD
surfaces produced using the Hot Filament Chemical Vapor Deposition (HFCVD)
technique.

Develop electrically conductive SisNs-TiN ceramic substrates with excellent
electrical conductivity and robust mechanical properties.

Examine how SisN4-TiN substrates influence HFCVD BDD growth and resulting
properties.

Validate BDD coatings for the oxidation process of highly toxic pollutants present in
wastewater.

Establish a correlation between the electrochemical performance of a given
electrode and specific BDD film characteristics, such as the sp®/sp? ratio, crystallite
size, grain morphology, surface roughness, and surface chemistry.

Utilize the combined strengths of BDD and SisNs-TiN substrates to apply BDD/SizNs-
TiN electrodes in chemically aggressive environments.

Develop electrodes with longer lifespans compared to traditional ones, taking
advantage of the chemical inertness of diamond surfaces.

Develop strategies to minimize energy consumption and enhance the efficiency of
EAOPs with BDD electrodes.
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Thesis Structure

This thesis consists of five chapters, organized in a way to provide readers with a
comprehensive understanding of key concepts in the fields covered in this work.
The fundamentals and state of the art, as well as new experimental results are presented
in the form of four papers published in peer-reviewed journals, two papers currently in the
revisions stage for publication in peer-reviewed journals, and one manuscript ready for
submission at the time of writing.

Chapter | offers an extensive overview of EAOPs and BDD electrodes for water treatment
and is based entirely on two published papers. It reviews the literature on EAOPs employing
BDD electrodes. Additionally, it compares in-house-made and commercially available BDD
electrodes. In Section .1, published in the journal Environments (52), we delve into EAOPs
with BDD electrodes, emphasizing the superior performance of BDD electrodes compared
to alternative materials. We also discuss techniques for enhancing anodic oxidation using
BDD technology, including persulfate radicals, ozone, photoelectrocatalysis, and Fenton-
based reactions. Section 1.2, published in the journal Frontiers In Materials (53), presents a
systematic review of both in-house-made and commercially available BDD electrodes. It
analyzes the growth, trends, and factors influencing BDD electrode performance,
accompanied by case studies on phenol-containing solutions and landfill leachate
treatment.

The work in Chapter Il, based in two papers, introduces a novel substrate material for BDD
electrodes and optimizes BDD film deposition conditions. The goal is to ensure the durability
and robustness of the BDD/substrate assembly while maintaining efficient pollutant
removal. This chapter is divided into two sections. Section 1.1 contains the work discussed
in a paper published in Ceramics International (54), detailing the development of
electroconductive ceramic substrates based on SisN4-TiN powder composites. Section 1.2
is a paper published in Diamond and Related Materials (55), which optimizes the conditions
for BDD film deposition using the Taguchi method in an HFCVD reactor.

The discussion presented in Chapter Ill describes the performance of BDD electrodes
deposited on electroconductive SisN4-TiN substrates for the application targeted in this
thesis (proof of concept). In Section I11.1, a paper submitted to Next Sustainability discusses
the characterization and testing of BDD/SisN4-TiN electrodes for oxidizing phenol, a highly
prevalent persistent organic pollutant in contaminated water. Additionally, Section III.2
provides a manuscript, pending publication, exploring the use of radiofrequency plasma
treatments to functionalize BDD/SizNs-TiN surfaces and enhance their electrochemical

performance.
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In Chapter IV we describe a strategy to improve the efficiency of electrochemical oxidation
processes with BDD electrodes, focusing on reducing time and energy consumption. This
approach is presented in a paper submitted to Separation and Purification Technology,
involving a cyclic fouling and rapid reactivation process applied to a BDD/SisN4-TiN
electrode using a square wave pattern. The aim is to accelerate the conversion of phenol
into more readily biodegradable compounds, addressing the pressing need for effective and
eco-friendly water treatment methods, especially for water contaminated by persistent
organic pollutants.

Chapter V summarizes the key findings of the thesis, delving into their significance, impact,
and potential for future research. It also outlines how the thesis outcomes were shared with

the scientific community.
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Chapter |

Fundamentals and State of the
Art

This chapter offers an overview of the various subjects pertinent to this thesis. This

encompasses fundamental concepts, as well as a review of research directions explored
within the existing literature.

Section 1.1 presents a critical review article published in the journal Environments (1),
which delves into Electrochemical Advanced Oxidation Processes (EAOPs) utilizing BDD
electrodes. The study investigates how anodic oxidation with BDD technology can
synergize with other oxidation methods. Importantly, this work underscores the superior
performance of BDD electrodes in EAOPs compared to alternative electrode materials.
The discussion in this research covers diverse techniques aimed at enhancing the anodic
oxidation performance of BDD technology, such as persulfate radicals, ozone,

photoelectrocatalysis, and Fenton-based reactions.

Section 1.2 presents a critical review article published in the journal Frontiers In Materials
(2) that conducts a systematic literature review to compare in-house-made and
commercially available BDD electrodes. The review examines the dissemination, growth,
and trends in using BDD electrodes for degrading water pollutants. It also provides a
thorough analysis of factors influencing BDD electrode performance, including substrate
material selection and pre-treatment, chemical vapor deposition method, deposition
parameters, film properties, characterization methods, and operational conditions. This
work discusses various performance indicators from the literature and includes two case
studies: one on the degradation of phenol-containing solutions and another on landfill

leachate treatment, utilizing either commercial or in-house-made BDD electrodes.

1. Brosler P, Girdo AV, Silva RF, Tedim J, Oliveira FJ. Electrochemical Advanced Oxidation Processes Using
Diamond Technology: A Critical Review. Environments. 2023;10(2).
2. Brosler P, Girdo AV, Silva RF, Tedim J, Oliveira FJ. In-house vs. commercial boron-doped diamond

electrodes for electrochemical degradation of water pollutants: A critical review. Front Mater. 2023;10.
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Abstract

Re-evaluation of conventional wastewater treatment processes is of paramount importance
to improve the overall quality of our aquatic environment. Electrochemical Advanced
Oxidation Processes (EAOPs) are the most promising alternative methods with application
in wastewater treatment facilities since in situ electrogenerated oxidant agents degrade and
mineralize a wide range of water pollutants. Boron-doped diamond (BDD) technology has
proven its excellency in the anodic oxidation (AO) of different pollutants. In this work, we
describe the use of a systematic literature review (SLR) methodology and a bibliometric
analysis tool for the assessment of a representative sample of work (hundreds of
publications) concerning the synergism between AO using BDD technology and other
oxidation methods. One section of the discussion relates to different techniques used to
enhance the AO performance of BDD technology, namely persulfate radicals or ozone and
photoelectrocatalysis, whereas the second one considers Fenton-based reactions. A
standard synergism effect occurs between AO using BDD technology and the add-ons or
the Fenton-based methods, resulting in the enhancement of the degradation and
mineralization efficiencies. The future of EAOPs using BDD technology must include
renewable energy sources to self-sustain the overall process, and further research on the
subject is mandatory to enable the effective acceptance and application of such processes

in wastewater remediation facilities.
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1.1.1. Introduction

The water crisis has triggered the urgent need to develop economical and efficient methods
to remove contaminants without the common drawbacks associated with the widely applied
conventional bioremediation techniques (1), such as residual sludge production, phase
transfer of pollutants, generation of toxic gases, and demand for large territorial areas (2).
Although these methods remove many of the dissolved organic carbons, they are
insufficient due to the presence of persistent organic pollutants (POPs) in wastewaters,
threatening the environment and human health (3,4). Significant attempts are being
developed to reduce the impact caused by water pollution and to ensure safe wastewater
disposal onto the environment. Numerous alternative methods have been proposed as
more efficient and sustainable water treatment methods. They include enhanced
photocatalytic degradation (5), chemical coagulation (6), electrocoagulation (7), membrane
bioreactor (8), membrane filtration (9), electron beam (10), wet air oxidation (11),
electroreduction (12), adsorption (13), electroadsorption (14), electrochemical
hydrodechlorination (15), electrokinetic separation (16), ozonation (17), and the so-called

Electrochemical Advanced Oxidation Processes, EAOPs (Figure 1.1.1) (18).

Figure 1.1.1. Diagram illustrating the main chemical reactions in EAOPs.
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The advances in electrochemical technology led to the development of EAOPs (19,20) and
are considered the most promising and innovative alternative water treatment technologies
(2,21,22). The basis of EAOPs is the electrochemical generation of highly reactive oxidizing
species, such as hydroxyl radicals, capable of mineralizing the target pollutants (23,24).
These techniques aim to mineralize contaminants to CO; and water, or, at least, convert
them into harmless, easily degradable products whilst avoiding the formation of new toxic
species (20). Since electrochemical methods are based on the transfer of electrons, EAOPs
require no or low amounts of additional chemical reagents or catalysts during the process
(19). Thus, EAOPs are particularly interesting because they are environmentally
compatible, versatile, and a highly effective means to eliminate a large variety of pollutants
from wastewater (19,25).

The materials used as anodes in EAOPs are crucial for achieving efficient water treatment,
since they are responsible for the generation of the oxidant species (26). These electrodes
must have a high oxygen evolution overpotential (OEP), such as lead dioxide (PbO,), tin
dioxide (SnO2), sub-stoichiometric TiO., boron-doped diamond (BDD), and some
composites such as Sb-SnO;, Co-PbO,, TiOz-nanotubes with PbO,, Ti/Sb-SnO-, and La-Y-
PbO; (24,27). It has also been established that the higher the OEP, the higher the oxidation
output of the anode (28). PbO2, SnO-, and sub-stoichiometric TiO, present high OEP and
are generally cheap and simple to manufacture, though with poor electrochemical stability
(29). Graphite and glassy carbon electrodes also have relatively high OEPs but are highly
vulnerable to surface oxidation and fouling (30). Among the many materials tested as
potential anodes, BDD has proven its excellent ability in the electrochemical oxidation of
pollutants showing the highest overpotential for water decomposition, the widest known
electrochemical potential window, and excellent efficiency in producing hydroxyl radicals
(31,32). Furthermore, BDD has a high electrochemical stability and resistance to corrosion,
even in chemically aggressive media, presenting inert surfaces with very low adsorption,
and works under the whole pH range (33-35).

Diamond’s natural low conductivity and large bandgap have limited its use in
electrochemical applications (36). However, with the development of Chemical Vapor
Deposition (CVD) methods, the use of diamond in such applications became possible. CVD
growth of diamond requires the generation of carbon radicals and a high concentration of
dissociated hydrogen (37). This is achieved by activating a gas mixture of a carbon-
containing source gas, such as methane, mixed with molecular hydrogen. The dissociation

of molecular hydrogen to react with the carbon-containing gas source and produce reactive
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carbon-containing radicals, the growth precursors, is typically done using various methods
such as hot-filament CVD, RF-plasma CVD, microwave plasma CVD, DC plasma, DC arc-
jet, or even by using an oxy-acetylene flame (38). The CVD growth parameters such as
deposition time, substrate temperature, pressure, bias voltage, substrate nature, and gas
composition control the final properties of the diamond film (39). Introducing boron atoms
into the CVD reactor’s environment has unlocked the possibility of combining high electrical
conductivity with the unique diamond properties (40). Due to its relatively small charge
carrier activation energy (0.37 €V) and small atomic radius, boron can effectively occupy
the same position as displaced carbon atoms (41). Thus, a high enough boron
concentration can be incorporated in the diamond lattice to achieve metal-like conductivity
(37). For this reason, although other impurity atoms have been applied in diamond doping,
such as nitrogen (42) and phosphorus (43), BDD will be the focus of this critical review since
it is more well-suited for electrochemical studies such as electrochemical oxidation,
electroanalysis, electrosynthesis, and energy conversion (41,44).

The individual application of BDD technology as an EAOP for wastewater treatment is
widely published, proving to be one with the highest degradation efficiency, including the
elimination of several sources of water contamination, such as refractory organics (45),
dyes (46), pharmaceuticals (47), pesticides (48), byproducts of industrial processes (49),
domestic sewage (50), and landfill leachate (51), amongst many others. Consequently, the
reported literature concerning BDD technology is quite extensive, but, to the best of our
knowledge, a critical review gathering information on overcoming the few drawbacks of BDD
technology by combining it with other EAOPs would be very useful. Conventional
wastewater facilities employ a combination of different treatment techniques and perhaps
the “apparent” high cost of BDD technology is the main reason why it has not seriously been
considered or adopted. It is also intended, with this review, to clearly demonstrate to the
industrial business that the effective and sustainable application of BDD technology will
shortly add up value to all of its benefits.

Thus, a systematic literature review (SLR) and bibliometric analysis are conducted in this
critical review to select publications and extract information on the trends and future
directions of EAOPs using BDD electrodes for wastewater treatment. The anodic oxidation
(AO) EAORP, also referred to as electrochemical oxidation (EQO), is the most straightforward
and applied EAOP using BDD technology. This is basically carried out by applying an
electric current directly to a pair of electrodes (anode and cathode) immersed in the aqueous
solution to be treated, and then promoting the direct oxidation of pollutants through the

generation of reactive oxygen species (mainly hydroxyl radicals) generated during water

20



Chapter I: Fundamentals and State of the Art

splitting (22). The main drawback of this technology is the fact that these short-lifetime
oxidant species are limited to the surface reaction layer of the BDD anode (22). It is our
main goal to identify and discuss EAOPs that employ diamond technology but go beyond
the apparently simple AO process. We will discuss the advantages, disadvantages, and
limitations of the methods identified through the SLR, as well as the role and performance
of diamond electrodes. We will also identify the synergism between EAOPs and BDD
technology as a possible solution to the main disadvantage of AO based on BDD

electrodes.

1.1.2. Electrochemical Advanced Oxidation Processes Using

Diamond Technology: A Bibliometric Analysis

The number and diversity of scientific publications in the last few decades have
exponentially increased, which leads to the constant need for consistent and updated
review articles (52). Systematic Literature Review (SLR) is a method of scientific research
used when the objects of analysis are significant literature sources, enabling the authors to
identify, select, and critically evaluate the research results to answer a clearly formulated
question (53). SLR is a highly standardized and structured approach that follows a well-
defined protocol in which the criteria are clearly stated before the analysis is performed,
leading to a comprehensive, unbiased, transparent, and accountable study (54).

In this critical review, we applied the SLR method to identify what is known, what is
unknown, the limitations, the trends, and the future directions of existing research on
Electrochemical Advanced Oxidation Processes (EAOPs) using BDD technology. A
previous rough analysis to determine the most applied EAOP methods using diamond
electrodes was performed, followed by advanced Boolean search queries in the Scopus
database for each identified method (anodic oxidation- AO or EO, anodic oxidation with
electrogenerated H.0,, electro-Fenton- EF, photoelectro-Fenton- PEF, and solar
photoelectro-Fenton- SPEF), adopting the main keywords commonly used for each of the

processes. Table |.1.1 provides details on the advanced search queries by EAOP type.
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Table 1.1.1. Details of the advanced Boolean search queries performed in the Scopus
database regarding the most applied EAOP type using diamond technology.

EAOP Boolean Advanced Search Query Scopus
Results
(Sept/22)
Anodic (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE- 1410
oxidation/electrochemical ABS-KEY (“anodic oxidation” OR “electrochemical oxidation”))
oxidation (AO/EO) AND (LIMIT-TO (LANGUAGE, “English”))
Anodic oxidation with (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE- 67
electrogenerated H202 (AO-  ABS-KEY (“anodic oxidation” OR “electrochemical oxidation”)
H202) AND TITLE-ABS-KEY (“electrogeneration of H202” OR
“electrogenerated H202” OR “AO-H202” OR “EO-H202” OR
“AO/H202” OR “EO/H202”)) AND (LIMIT-TO (LANGUAGE,
“English”))
All Fenton-based processes (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE- 364
ABS-KEY (*fenton)) AND (LIMIT-TO (LANGUAGE, “English”))
Electro-Fenton (EF) (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE- 209
ABS-KEY (fenton) AND NOT TITLE-ABS-KEY (“photo-Fenton”
OR “photoelectro-Fenton” OR “PEF” OR “Solar photoelectro-
Fenton” OR “SPEF” OR “photoassisted” OR “photo-assisted”
OR “photo enhanced” OR “photo-enhanced” OR “sunlight” OR
“solar”)) AND (LIMIT-TO (LANGUAGE, “English”))
Photoelectro-Fenton (PEF) (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE- 153
ABS-KEY (fenton) AND TITLE-ABS-KEY (“photo-Fenton” OR
“photoelectro-Fenton” OR “PEF” OR “photoassisted” OR
“photo-assisted” OR “photo enhanced” OR “photo-enhanced”))
AND (LIMIT-TO (LANGUAGE, “English”))
Solar photoelectro-Fenton (TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE- 55

(SPEF)

ABS-KEY (fenton) AND TITLE-ABS-KEY (“Solar photoelectro-
Fenton” OR “SPEF” OR “sunlight” OR “solar”)) AND (LIMIT-TO
(LANGUAGE, “English™))

The bibliometric searches were carried out through search strings connecting the topics by

the title, abstract, and keyword fields of articles published until September 2022. The full

period of research results and all types of documents were considered, but searches were

limited to articles published in the English language. The combination of all search queries

performed in the first sampling results in a total of 1590 publications (Figure 1.1.2).
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EF-based
Total of 1590 publications

Figure 1.1.2. Venn diagram representing EAOP combinations from the first SLR test
sample.

The focus of this work was restricted to articles that do not consider the anodic oxidation
(AO) process using BDD technology as the common keyword. Therefore, our study was
based on the number of publications excluded by the AO cluster (light-blue line in Figure
[.1.2), i.e., contemplating 181 out of the total 1590 found publications. Therefore, the
selection of articles for the SLR following a first line of thought would be based on these
181 publications. As one of the principles behind SLR methods is to make the selection of
documents easily reproducible by anyone, and the method used in this first search requires
running many search queries and combining them to arrive at the final selection, we decided
to test a second approach to simplify the selection method with only one advanced search

string, detailed in Table 1.1.2.
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Table 1.1.2. Details of the Boolean advanced search query: theme, strings, search query,
and results, based on the Scopus database.

Theme Boolean Advanced Search Scopus
Results
Electrochemical Advanced Oxidation (TITLE-ABS-KEY (diamond AND eaop*) OR TITLE- 164
Processes using diamond ABS-KEY (diamond AND aop*)) AND (LIMIT-TO (Sept/2022)
technology (LANGUAGE, “English”))

After performing a previous criteria sampling, the keywords “diamond”, “EAOP*”, and
“AOP*" (abbreviation for Advanced Oxidation Process) were selected for composing this
simpler search query. As previously, the search string also connected the topics by the title,
abstract, and keyword fields of articles published until September 2022, including the full
period of research and all types of documents published in the English language. A total of
164 publications met the set criteria.

By combining the two selection criteria (Table 1.1.3), we identified that 154 publications are

common to both selections, which represent 94% of the simpler search string results.

Table 1.1.3. Details of the Boolean advanced search query combining both tested sample
selection methods.

Boolean Advanced Search Scopus
Results
(((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (“anodic oxidation” OR 154

“electrochemical oxidation”))) AND NOT (((TITLE-ABS-KEY (bdd OR “doped diamond”) AND (Sept/22)
TITLE-ABS-KEY (“anodic oxidation” OR “electrochemical oxidation”) AND NOT TITLE-ABS-
KEY (“electrogeneration of H202” OR “electrogenerated H202” OR “AO-H202” OR “EO-H202”
OR “AO/H202” OR “EO/H202” OR “Fenton” OR “electro-Fenton” OR “Fered-Fenton” OR “EF”
OR “photoelectro-Fenton” OR “PEF” OR “Solar photoelectro-Fenton” OR “SPEF” OR
“photoassisted” OR “photo-assisted” OR “photo enhanced” OR “photo-enhanced”))) AND NOT
(((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (“anodic oxidation” OR
“electrochemical oxidation”) AND TITLE-ABS-KEY (“electrogeneration of H202” OR
“electrogenerated H202” OR “AO-H202” OR “EO-H202” OR “AO/H202” OR “EO/H202"))) OR
((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (fenton) AND NOT TITLE-
ABS-KEY (“photo-Fenton” OR “photoelectro-Fenton” OR “PEF” OR “Solar photoelectro-Fenton”
OR “SPEF” OR “photoassisted” OR “photo-assisted” OR “photo enhanced” OR “photo-
enhanced”))) OR ((TITLE-ABS-KEY (bdd OR “doped diamond”) AND TITLE-ABS-KEY (fenton)
AND TITLE-ABS-KEY (“photo-Fenton” OR “photoelectro-Fenton” OR “PEF” OR “photoassisted”
OR “photo-assisted” OR “photo enhanced” OR “photo-enhanced”))) OR ((TITLE-ABS-KEY (bdd
OR “doped diamond”) AND TITLE-ABS-KEY (fenton) AND TITLE-ABS-KEY (“Solar
photoelectro-Fenton” OR “SPEF” OR “sunlight” OR “solar”)))))) AND NOT ((TITLE-ABS-KEY
(diamond AND eaop*)) OR (TITLE-ABS-KEY (diamond AND aop*))) AND (LIMIT-TO
(LANGUAGE, “English”))

Therefore, the second approach was adopted to select the articles for this review since it is
unbiased and can be easily replicated, whilst the first method requires a combination of

several queries limited to the methods previously identified (biased). Furthermore, including
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EAOP and AOP in the search string makes the selection more representative, including
other EAOPs that are not so frequently applied with diamond technology and were not
evaluated in the first selection, such as ozonation, photocatalysis, and peroxone process,
among others. These alternative EAOPs explain the extra 10 results identified in the second
selection in relation to the total 154 documents common to both approaches. From this point
onwards, the entire discussion of the bibliometric analysis is based on the 164 articles
identified in the second sample (Table 1.1.2). These also form the basis of discussion for
the specific topics for each type of EAOP discussed in subsequent sections. When
necessary, publications relevant to each type of EAOP that have not been selected by the
SLR are added to deepen the discussion on each section.

Over the last twenty years, the topic of EAOPs using diamond technology has gained
increased interest, especially after the year 2009, reaching a peak in the number of
publications ten years later. Figure 1.1.3 presents the temporal analysis of the obtained SLR

results.
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Figure 1.1.3. Number of publications per year on EAOPs using diamond technology for
water treatment, based on the Scopus database.

Although the number of published articles has decreased over the last two years, it remains
scientifically relevant, with 10 publications in the year 2022. The subject areas of

Environmental Science, Chemistry, and Chemical Engineering appear as the areas of
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interest most related to the theme. It is also important to highlight the areas of Engineering
and Materials Engineering which are directly related to the manufacture and optimization of
diamond electrodes used in EAOPSs. Figure 1.1.4 shows the map distribution of the related

subject areas.

Biochemistry, Genetics and Molecular
Biology

2% Energy

Physics and Astronomy
3% \ \ / 2%

Medicine
3%
Materials Scence/\
3%

Figure 1.1.4. Distribution of the scientific publications according to subject area, based on
the SLR article selection performed in the Scopus database. Considered period: 2002—
2022.

In these 20 years of research on the subject, most communications were presented in the
form of original papers, representing 88% of the SLR results. Six reviews published on the
topic were identified, concentrated in the years 2014, 2019, and 2020. In addition, four book
chapters were published, and the subject was presented at, at least, nine conferences.
Figure 1.1.5 shows the distribution of the document type found in the SLR results.
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Figure 1.1.5. Distribution of publications according to document type, based on the SLR
article selection performed in the Scopus database. Considered period: 2002—-2022.

In terms of dissemination, articles can be found in more than 60 different journals.
Nevertheless, half of those publications are found in only nine of these journals, with more
than 30% of the articles published either in Chemosphere, Water Research, Journal Of
Electroanalytical Chemistry, or the Chemical Engineering Journal. Figure 1.1.6 shows all the
journals with at least three publications on the topic.
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Figure 1.1.6. Number of publications per journal with more than three publications on
EAOPs using diamond technology for water treatment, based on the SLR article selection
performed in the Scopus database. Considered period: 2002—-2022.
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These results point to widespread research on diamond technology applied in EAOPs for
water treatment across the world, with articles published by universities and research

centers from all continents. Figure 1.1.7.a shows the distribution of articles by country.
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Figure 1.1.7. (a) Number of publications per country on EAOPs using diamond technology
for water treatment; (b) countries’ co-authorship network (minimum of two occurrences)
representation on the application of EAOPs using diamond technology for water treatment,
based on the VOSviewer bibliometric mapping software (55). All results were based on the
SLR article selection performed in the Scopus database. Considered period: 2002—2022.

The country that stands out in the number of papers on the subject is Spain, having a large
share of 35% of publications, followed by Brazil (13%), France (12%), China (10%), and the

United States (10%). Together, these five countries account for 80% of the articles on the
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selected theme. Bibliometric mapping using the VOSviewer tool (55) enables the evaluation
of co-authorship of the documents in relation to the countries of publication, as shown in
Figure 1.1.7.b. The countries that collaborated the most were Spain and Brazil, and we can
also highlight France, the United States of America, and Italy for their high link strengths, in
other words, their elevated number of collaborations with other countries.

As expected, due to the high number of articles from Spain, when we evaluate publications
by universities and research centers, the Spanish institutions also stand out in number.
Notably, the Universitat de Barcelona (Spain) is accountable for 35% of all publications on
the topic, in addition to participating in 100% of Spanish publications. Figure 1.1.8 presents
the distribution of published articles according to universities and research centers that have

at least four publications on the subject.
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Figure 1.1.8. Number of publications per university and research center with more than four
publications on EAOPs using diamond technology for water treatment, based on the SLR
article selection performed in the Scopus database. Considered period: 2002—-2022.

Other outstanding institutions are also worth mentioning in the contribution to the theme,
such as Université Paris-Est (France), Universidad de Castilla-La Mancha (Spain),
Universidad de Guanajuato (Mexico), and Universidade de Sao Paulo (Brazil).

A keyword network graph (Figure 1.1.9) was built to identify the trends in the use of diamond
technology in water treatment through EAOPs, and to verify the relationship among the
major topics. In order to build this map, a dictionary of keywords was created, and a pre-
treatment of the data was carried out so that there were no repetitions of keywords with the
same meaning (e.g.: boron-doped diamond, boron doped diamond, doped diamond, and

BDD) but written in a slightly different manner.
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i)

Figure 1.1.9. Keywords co-occurrence network (minimum of five occurrences)
representation of the trends on the application of EAOPs using diamond technology for
water treatment, based on the Scopus database and VOSviewer as the bibliometric
mapping software (55,56).

There are three major clusters visible in the keywords network graph. As expected, the
largest one (red color) represents mostly the use of BDD electrodes in EAOPs for water
treatment. This cluster also shows add-ons (complementary techniques) used in different
EAOPs, such as UV light or the generation of hydrogen peroxide. Furthermore, the red
cluster also presents the most applied pollutants in degradation studies, such as organics,
dyes, and pharmaceuticals. The blue cluster mainly represents the most applied EAOP
methods: anodic oxidation (AO), electro-Fenton (EF), and photoelectron-Fenton (PEF), as
well as the hydroxyl radicals. Their electrogeneration at the diamond surface is the basic
requirement for effectively treating water through anodic oxidation since they are the main
actors in the mineralization of the pollutants. Finally, the green cluster shows other
wastewater treatment methods (photocatalysis, ozonation, Fenton process, and
electrocoagulation) that were compared to EAOPs using diamond technology or combined
with BDD electrodes to improve efficiency. The keywords: wastewater, real wastewater, and
azo dyes also appear, indicating that the group of articles represented by this cluster mostly
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applied the above-mentioned methods to treat real wastewater and water contaminated
with azo dyes.

After careful analysis of the methods applied in water treatment mentioned in each of the
SLR-selected articles, we built a network map (Figure 1.1.10.a), along with a chart

containing data on the distribution and frequency of the methods (Figure 1.1.10.b).
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Figure 1.1.10. (a) EAOPs co-occurrence network (minimum of two occurrences)
representation on the application of diamond electrodes for water treatment, based on the
VOSviewer bibliometric mapping software (55,56); (b) Distribution data on EAOPs applied
in the publications selected by the SLR, based on the Scopus database.

The most widely applied method was anodic oxidation (AO), also frequently referred to as
electrochemical oxidation, mentioned in 39% of the articles. Secondly, it was electro-Fenton
(EF) (20%), which is based on the electrochemical production of H20O. with the addition of
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Fe?* in the bulk solution to produce additional hydroxyl radicals as a by-product of the
Fenton reaction (57). The third most applied method was photoelectro-Fenton (PEF) (13%),
which is based on the combination of EF with UV light irradiation to enhance the degradation
efficiency (58). In addition, other identified relevant methods were bioelectro-Fenton, anodic
oxidation with electrogenerated H.O», ozonation, solar photoelectro-Fenton, photocatalysis,
electrochemical activation of persulfate, peroxone process, photoassisted anodic oxidation,
and ultraviolet/peroxide process. The methods network graph allowed us to identify which
techniques co-occur in the articles, highlighting those that were frequently compared with
each other, namely AO, EF, and PEF. A high number of articles comparing these processes
with electrogenerated H,O, was also observed, agreeing with the previous indications given
by the Venn diagram in Figure 1.1.1.

SLR analysis equally revealed the importance of the keywords adopted by each author.
Despite applying a systematic method like SLR, we noticed that many articles had not been
identified due to the use of non-uniformized keywords or different descriptions for the same
EAOP throughout the literature, complicating the identification and proper selection of
searched articles. Adopting such practice would only benefit the scientific community and
the authors themselves. It would most probably enable the authors to reach out to a higher
number of researchers and, consequently, obtain more citations only by adopting standard
terms in their titles, abstracts, and keywords. It is certainly important for an author carrying
out an SLR to previously identify the maximum possible number of keywords related to the
researched topic. However, when there is a large variation between terms representing the
same subject, it is likely that some of them will be unknown and/or unidentified. Furthermore,
by applying the SLR method using simpler and more comprehensive keywords (such as
just “diamond”, “EAOP”, and “AOP”), we were able to analyze a small but representative
sample of hundreds of publications concerning diamond technology applied to EAOPs and
extract important insights and relevant information on the theme.

The next sections of this manuscript are organized following the main indications given by

the SLR analysis.

1.1.3. Doped Diamond Technology Add-Ons

This section focuses on the main explored combination of other techniques (add-ons) to the
AO process applying BDD technology: indirect electrolysis to generate additional strong
oxidant agents (persulfates, perphosphates, perchlorates or hypochlorite, ozone) and
photocatalysis, which enhances the anodic oxidation by the addition of photocatalysts to

the AO process.
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1.1.3.1. Indirect Electrolysis

As previously stated, EAOPs are essentially methods based on the electrooxidation
reaction between strong and specific oxidative species and organic water pollutants. Ideally,
such chemical reactions should be nonselective and lead to the complete mineralization of
the pollutants (R) into carbon dioxide, water, and innocuous inorganic compounds. The
efficiency of these eco-friendly processes relies on the on-site generation of the reactive
species and their oxidative strength, which, in turn, highly depends on the aqueous media’s
chemical nature. The hydroxyl radical ("OH) is probably the most reported oxidizing agent,
since it rapidly interacts with the organic pollutants in a radical oxidation chain reaction (22).
BDD anodes electrogenerate a considerable amount of these radicals (Eq. 1.1.1 and Eq.
1.1.2), but their short lifetime is restricted to the surrounding area of the electrode surface
(22).

BDD + H20 — BDD(‘'OH) + H* + - Eq. 1.1.1

BDD('OH) + R — BDD + CO; + H,0 Eq. 1.1.2

Another approach to oxidize water pollutants is in situ generation of additional oxidizing
agents through indirect electrolysis. On the other hand, BDD electrodes have also been
used in the electrochemical synthesis of strong oxidants such as persulfates,
perphosphates, perchlorates, or hypochlorite (59). Anodic oxidation of sulfate, carbonate,
or phosphate ions present in the solution produces these mediators according to Eq. 1.1.3—
1.1.5 (22).

25042 — S0 + 2e” Eq. 1.1.3
2C03%" — C06% + 2e” Eq. 1.1.4
2P0 — P,0s* + 2e” Eq. 1.1.5

Thus, conductive diamond anodes simultaneously produce hydroxyl radicals as well as
other strong oxidizing agents from supporting electrolytes present in wastewaters or added
to those with low conductance. Reportedly, these mediated oxidation processes
demonstrate higher overall oxidation efficiency when compared to that of conventional BDD

electrooxidation (22,59-72). The success of EAOPs in basic or neutral media has only been
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recently evaluated, and it appears to be slightly limited. The limitations can be overcome if
persulfate radicals are generated at BDD anodes by the electro-activation of sulfate. When
competing with water oxidation, these mediators contribute to the inhibition of oxygen
evolution and deter mass-transfer limitations. Moreover, EAOP’s drawbacks are
compensated, and their efficiency and cost reduction are enhanced (73-75).

Ozone is a clean and strong oxidant thoroughly used in pathogenic and bacterial
disinfection and in the oxidation of inorganic or organic compounds. It was one of the first
oxidants used in the disinfection of public swimming pools and municipal water treatment
plants due to its high oxidation standard potential (E° = 2.1 V) (76). According to Eq. 1.1.6
and Eq. 1.1.7, the production efficiency of electrogenerated ozone at the anode is limited by
the thermodynamically favored oxygen evolution, which takes place at a lower potential
(22).

3H,0 — O3 + 6e~ + 6H* (E° = 1.51V vs. SHE) Eq.1.1.6

2H,0 — O, + 4e~ + 4H* (E° = 1.23V vs. SHE) Eq.1.1.7

In water disinfection and remediation, ozone production has been focused on reaching
higher electrochemical ozone production efficiency (77). This is primarily attained when
performing electrolysis at low temperatures, low interfacial pH (higher degradation efficiency
in basic medium compared to the acidic one (78,79)), and using electrodes with high oxygen
evolution overpotential such as metallic oxides (MOx, M = Pb, Ti, Ir, Sn, Sb, Ru, Pd, Rh)
(79-81). Electrogenerated ozone using BDD anodes was first reported (to the best of our
knowledge) by Katsuki et al., concluding that the percentage of current efficiency was low
and dependent on the current density and operating temperature (82). Since then, several
efforts have been made to maximize the current efficiency as well as the amount of ozone
produced. Michaud et al. studied the electrolysis in aqueous HCIO4 and H>SO4 solutions
using BDD electrodes and found that small amounts of O3 and H>O, are formed in both
electrolytes (83). Based on these results, they proposed a simple mechanism for the
electrogeneration of hydroxyl radicals, hydrogen peroxide, and ozone, and it is globally
adopted. Park demonstrated that ozone was stably generated at BDD anodes for long
periods of time (84,85), and Arihara et al. innovated the design of such electrodes and used
a freestanding perforated doped diamond electrode which achieved a current efficiency of
about 29% at the applied current of 1 A (86). The design of the electrodes and/or of the

electrochemical cell was further explored by Kraft et al. using a sandwich with a diamond
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anode, Nafion® polymer electrolyte, and diamond cathode, concluding that ozone
production is favored by increasing flow rate and current, but it decreases with increasing
conductivity of the electrolysed waters (87). Sekido and Kitaori developed a small-sized
generator driven by a dry-cell (later improved) for use in the average household, obtaining
an ozone concentration of over 4 mg/L, which is sufficient for water disinfection (88,89). A
few years later, Honda et al. followed the trend and used a free-electrolyte system including
a couple of BDD electrodes as the anode and cathode in combination with Nafion® N117/H*
as the separating membrane, reaching around 40% of current efficiency (90). At this point,
and side-by-side with nickel-antimony-doped tin dioxide, doped diamond is a promising
technology for electrogenerated ozone with a current efficiency of over 30% under mild
experimental conditions (81). Choi et al. studied the influence of inert supporting electrolytes
on a solid polymer electrolyte/BDD system and provided a better mechanistic understanding
of such an effect (91), and Park et al. tried to find a correlation between the physical and
chemical properties of BDD anodes and the ozone concentration found in the water (92).
Kanfra et al. explored the viability of replacing harmful pesticides with short-lived oxidants,
such as ozone produced by low operating voltages diamond-based generators, with
possible application in agricultural outdoor operation (93). The geometry and
electrochemically active surface area of the BDD electrodes for ozone generation was
further investigated by Liu et al. using a microporous BDD electrode etched by oxygen
plasma (94). The latter showed 3.76-times improved ozone generation capacity (under the
same unit energy consumption) when compared to the bare BDD. Wood et al. reported the
synthesis of nitrogen-doped diamond microparticles under high pressure and high
temperature (HPHT), which were then compacted to a freestanding solid electrode and then
laser micromachined to give a perforated electrode (95). These anodes yielded 2.23 £ 0.07
mg/L of ozone per ampere of current, at consistent levels for a continuous 20 h period.
Recently, Li et al. explored a solid polymer electrolyte electrolyzer and found that ozone
production is favored by the medium current density (125 mA/cm?) and higher water flow
rate (63 L/h) (96). An ozone concentration of 4.86 mg/L was achieved at the highest current
efficiency of 51.29% and the lowest specific power consumption of 37.95 Wh/g.

Photo-assisted electrooxidation using BDD anodes has also been explored as an
alternative process for wastewater treatment. Predominantly, the UV/in situ electrochemical
oxidation of contaminants is more effective if compared to direct UV irradiation (photolysis)
or electrochemical oxidation by BDD technology (97-106). This is mainly due to the
production of homogeneous "OH radicals from in situ generated oxidants such as H>O3, O3,

and S;0s?” which results in a unique synergistic degradation mechanism with enhanced
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oxidation and mineralization conditions (98,98-101). Moreover, electricity is the only
required input sustaining the combined UV/AQO, which can easily be replaced by the use of

solar energy alone (107).

1.1.3.2. Photoelectrocatalysis

Conventional chemical advanced oxidation processes (AOPs) usually involve oxidizing
species such as hydrogen peroxide (H.O) and a catalyst such as the ferrous ion (Fe?*),
known as Fenton or Fenton-like processes, further addressed in Section 4. Photocatalysis
is another traditional AOP that requires light irradiation/photons to photolyze the oxidant
agent with resulting *OH radicals. Generally, the photocatalyst is a semiconductor and must
be excited with higher energy (irradiation with a specific wavelength) than that of its
bandgap. The excited electrons are then promoted into the conduction band (e«,”), leaving
positive vacancies or holes (hyw") that oxidize water or hydroxide ions, and "OH radicals are
then generated, as illustrated in Eq. 1.1.8-1.1.10 (108).

Photocatalyst + hv — e + hw' Eq.1.1.8
hw* + HO — "OH + H* Eq. 1.1.9
hw" + OH™ — "OH Eq. 1.1.10

Thus, photocatalysis has been widely adopted as an AOP. Among several semiconductors
tested in photocatalysis, titanium dioxide (TiO2) is the most frequently used. Itis a UV-based
photocatalyst (crystalline anatase bandgap of 3.2 eV) but is also energy-consuming (108).
Therefore, numerous visible light active photocatalysts have also been described as well as
modified TiO- catalysts (109,110). Considering the process application, the photocatalysts
can be directly added to the medium enabling a large contact surface between the photons
and the catalyst and assuring that the quantum yield is high enough for oxidation of the
pollutants. Nevertheless, the suspended catalyst needs to be recovered in a further
separation stage. The alternative is to immobilize it onto a carefully chosen substrate and
guarantee strong adhesion between the photocatalyst and the support and stability during
photocatalysis (109,111,112).

EAOPs became the efficient alternative that provides in situ and constant generation of
oxidizing agents during electrolysis solely using clean electrons. Furthermore,
immobilization of the photocatalysts onto different supports led to different configurations

for photocatalytic reactors, and the possible synergy resulting from the combination of
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photocatalysis and electrochemical anodic oxidation shortly started to be explored,

including BDD technology (113). The main findings for photoelectrocatalytic studies are

summarized in Table 1.1.4.

Table 1.1.4. Examples of reported studies on photoelectrocatalysis using BDD technology.

Support Catalyst Pollutant EAOP * * *ED Ref.
TOC COD %
% %
Thin film TiO, Red X-3B TiO+UV 29.8 (114)
BDD+UV 67.6
TiO.@BDD+UV 74.2
Thin film ZnWO, Red X-3B ZnWO,+UV - - - (115)
BDD+UV
ZnWO.,@BDD+UV
Thin film Ce-TiO, Red X-3B Ce-TiO+UV 0.067 (h™")  (116)
BDD 0.137 (h™)
Ce-TiO.@BDD+UV 0.445 (h™)
Thin film ZnO Yellow 15 ZnO@BDD+UV 35 (117)
B-ZnO@BDD+UV 73
Film ZnO Methyl orange ZnO@BDD+UV ~85 (118)
Thin film TiO,/Sb- Bisphenol A BDD 58.9 (119)
doped SnO, TiO,/Sb-doped 67.3
SnO,@BDD+UV
Film TiO, - TiO,@BDD+UV - - - (120)
Thin film TiO, Methyl orange TiOz*simulated solar light 45 (121)
BDD 56
TiO,@BDD+simulated solar 100 (4 h)
light
Thin film TiO, Methylene blue BDD ~20 (122)
TiO.@BDD+UV ~55
Thin film TiO, Glyphosate BDD 67 81 (123)
TiO.@BDD+UV 85.3 952
Nanoparticles TiO, Herbicides TiOz*simulated solar light 90 (18.05h) (124)
BDD 90 (1.98 h)
TiO.@BDD+simulated solar 90 (1.15h)
light
Thin film TiO, Diclofenac BDD 76.1 83.6 85.6 (125)
TiO.@BDD+UV 80.1 847 98.5
Thin film BiVO, Tetracycline BiVO,@BDD+ simulated 45.1(10 (126)
hydrochloride solar light min)

* Mineralization parameters: TOC—Total Organic Carbon, COD—Chemical Oxygen Demand. ** ED—Efficiency in pollutant
degradation into broken-down products.
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Most of the reported works are successful efforts using BDD as the physical support for the
combined photocatalysts (mainly TiO), which avoids an additional removal step of the
catalysts after the process, and enables their recycling and reuse (115-120,125). Moreover,
these studies also demonstrate that photoelectrocatalysis improves the degradation and
mineralization of the pollutants when compared to conventional BDD anodic oxidation
(114,122,124). Thus, interesting synergistic effects in the composite photoanode with a 3D
framework structure are observed, although, in both oxidation processes, the adopted
experimental conditions largely define the degradation and mineralization kinetics of the
contaminants. The n/p-type heterojunction established between most of the photocatalysts
and BDD has also been further explored, and it is concluded that the nanoparticles
properties and the interface structure are highly critical to optimize the accelerated
production rate of “OH radicals (121,126). Lastly, some works also include the determination
of energy efficiencies which are equally significant parameters to be taken into account
when evaluating EAOPs (125).

In this section, a brief overview of additional strong oxidants simultaneously formed during
the electrooxidation of water pollutants was carried out, particularly persulfate radicals and
ozone. The electrogeneration of persulfate radicals is a sustainable synergetic effect but is
strongly pH dependent which presents a real limitation. On the other hand, anodically
activated persulfate radicals through naturally occurring electrolysis processes (resistive
heating or combination with UV photolysis as a post-treatment step) further improve the
electrocatalytic performance of BDD anodes (69). Diamond-based clean technology also
clearly proved to be one of a few able to efficiently electrogenerate ozone water for
disinfection, sterilization, and treatment purposes. The stability of BDD anodes allied with
their performance in terms of high-yielding hydroxyl and ozone concentration, with no
harmful NOy formation, greatly benefits EAOPs used in water remediation.
Photoelectrocatalysis offers another add-on to BDD anodic oxidation. In this case, the
amount of hydroxyl radicals produced at the diamond anode surface (water electrolysis) is
enhanced by additional hydroxyl radicals generated by irradiation of a photocatalyst which,
in turn, oxidizes water or hydroxide ions. This process shows good potential, but further
development of the design and fabrication of the photoanodes is still required to improve
the efficiency of wastewater treatment using BDD technology, and additional costs must

also be assessed.
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1.1.4. EAOPs Synergism with Doped Diamond Technology

In this section, Fenton-based EAOPs applying BDD technology are discussed in detail. The
first subsection is related to the literature found on electro-Fenton (EF), and the second one

to photo-enhanced electro-Fenton processes.

1.1.4.1. Electro-Fenton

The era of Fenton chemistry began in 1894 when Henry J. Fenton first discovered that Fe(ll)
salts could activate H>O- to oxidize tartaric acid (127). Peroxides (often H20;) and iron ions
undergo reactions known as Fenton reactions (Eq. 1.1.11), which result in active oxygen

species (primarily hydroxyl radicals) that oxidize organic or inorganic compounds (20).

Fe?* + H,O, — Fe®* + "OH + OH"~ Eq. 1.1.11

The electro-Fenton (EF) process is an indirect electrochemical process as opposed to
anodic oxidation (AO), which is a direct electrooxidation method. It involves the
electrogeneration of H>O- at the cathode with the addition of an iron catalyst (Fe?*, Fe®*, or
iron oxides) to the solution (128), mostly used among the Fenton-based advanced oxidation
processes. Electrogeneration of H.O, is performed by either directly infusing oxygen into
Gas Diffusion Electrodes (GDEs) or dissolving O or air into the solution to then be reduced
at suitable cathode materials (Eq. 1.1.12) (129).

O2 + 2H" + 2™ — H202 Eq. 1.1.12

Examples of cathodes usually applied in EF are carbon-polytetrafluoroethylene (carbon-
PTFE) (130), graphite (131), carbon felt (132), reticulated vitreous carbon (133), carbon
nanotubes (134), activated carbon fiber (135), and carbon sponge (136). The process is
known as anodic oxidation with electrogenerated H>O2 (AO-H-0) if no catalyst is added to
the solution (137).

Further development and effective application of Fenton-based reactions have been
delayed by flaws such as excessive chemical use, resulting in Fe-rich sludge, generation of
refractory Fe(lll)-carboxylate complexes, and low efficiency as a result of parasitic reactions
(137,138). However, its combination with electrochemistry allowed the research community

to get around most of the above-mentioned drawbacks. In EF processes, the commonly
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used large amounts of iron salts (Fe®*) are reduced at the cathode (E° = 0.77 V vs SHE)
and then converted back to Fe?* (Eq. 1.1.13) (129).

Fe¥* + e  — Fe?* Eq. 1.1.13

The cost of the chemical reagents, the sludge generation, and the dangers related to the
transport and storage of peroxides are all avoided by the continuous production of H.O2 and
electro-regeneration of Fe?* at the optimal operational pH value (3.0) (139). In EF water
treatment, organic compounds are oxidized by hydroxyl radicals produced through water
oxidation at the reaction layer of the anodes and in the bulk solution by the additional
hydroxyl radicals resulting from the Fenton reaction between H.O, and Fe?* (Eq. 1.1.11)
(128). Other reactive oxygen-based species, such as H.O, and the hydroperoxyl radical
(‘'HO3), also contribute to the oxidation of organics in EF-based processes in undivided
electrochemical cells (57). The oxidation of H.O- to O at the anode surface produces ‘HO>

radicals as intermediate products (Eq. 1.1.14) (140).

H,0; — "HO, + H* + &~ Eq. 1.1.14

Some researchers also suggest that high-valent oxo-iron complexes may participate in
Fenton-based oxidation processes, usually referred to as the non-classical Fenton pathway
(141). There is some consensus among researchers that classical and non-classical
mechanisms coexist and predominate in different ways depending on the operating
conditions (142).

The first mention (to the best of our knowledge) of an EF process dates back to 1986 when
Sudoh et al. applied the method to mineralize phenol in aqueous solutions (139). Different
anode materials (PbO2, doped SnO-, IrO2, RuO-, and Pt) were tested throughout the earlier
publications on EF organics mineralization (128,139,143—-145). Nearly two decades later,
BDD began to be applied as the anode in EF methods based on the demonstrated indication
that BDD technology is the most suitable anode material for EF water treatment (146).
According to a study by Flox et al., a PbO, anode, compared with BDD, was able to
completely eliminate m-cresol from aqueous solutions in a shorter amount of time (147).
However, the mineralization process of m-cresol with PbO, was significantly less effective
under comparable conditions. The BDD anode achieved a quasi-complete mineralization

rate of 98%, with an energy consumption of 139 kWh/m3, while the PbO, attained a much
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lower mineralization rate (68%) and required higher energy consumption (165 kWh/m?®) to
achieve the total disappearance of aromatic intermediates. Ganiyu et al. studied the EF
mineralization of the analgesic antipyretic 4-aminophenazone with BDD and sub-
stoichiometric TiO2 anodes (148). After 8 h of treatment with a 30 mA/cm? applied current
density, the EF/BDD process achieved a Total Organic Carbon (TOC) removal of 96%,
while the EF/sub-stoichiometric TiO2 only removed 51% of TOC. Bocos et al. studied a
sequential combination of electrocoagulation (EC) with EF as a post-treatment process to
treat solutions spiked with bronopol, a common antiseptic and preservative used in
cosmetics and hygiene products to prevent bacterial growth (130). Four types of anode
material were compared in the EF treatment of electrocoagulated solutions: Pt, BDD, IrO»-
based and RuOz-based dimensionally stable anodes (DSAs). The Pt, IrO.-based and RuO.-
based anodes were not able to significantly remove TOC from the electrocoagulated
solution containing very refractory organic compounds. In contrast, the BDD electrode could
eliminate TOC up to 85% from the same solution after 420 min of global treatment (60 min
of electrocoagulation and 360 min of EF/BDD). Klidi et al. compared a commercial BDD
electrode with a DSA anode (Ti/lrO2-Ta20s) for the treatment of real paper-mill wastewater
samples, and the superior performance of BDD over DSA electrodes was again
demonstrated (149). After 5 h of continuous EF treatment, BDD could remove 85% of TOC
from the samples, with a 22% current efficiency (CE), while the DSA anode only removed
40% of TOC, with a 12% CE. In another study, Olvera-Vargas et al. applied the EF process
to remediate artificial solutions containing five drugs and one industrial chemical detected
in a real pharmaceutical company effluent (135). Again, BDD achieved better results in
terms of TOC removal and CE, promoting almost complete mineralization (97.30 %) after 6
h of EF under optimized conditions (compared to a DSA electrode (Ti/lrO>—-RuO3)). Despite
the optimum solution pH value for EF being considered as 3.0 (139), Olvera-Vargas et al.
were able to notably achieve good results treating solutions with near-neutral pH (6.0) (135).
There is also extensive literature comparing BDD with Pt anodes in EF processes. The TOC
removal ability and current efficiency of BDD have proved to be superior in the EF
degradation of diverse pollutants such as the antibiotic sulfamethoxazole (150), the
herbicide mesotrione (151), the dye azure B (152), the herbicide atrazine (153), the
pharmaceutical paracetamol (154), and the biocide chloroxylenol (155). The set of
previously mentioned publications confirms that the oxidative action of hydroxyl radicals is
substantially more efficient when BDD is used as the anode in EF processes instead of
traditional electrodes. In addition to higher efficiency, the durability and inertness of BDD

technology are strong advantages over other materials. Although BDD anodes are
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expensive to produce, this disadvantage is easily overcome due to their long operating life.
According to Muddemann et al., it is possible to tune the BDD electrode for a service life of
up to 18 years (156). Furthermore, BDD is less prone to fouling compared to other electrode
materials (41). Even when fouling occurs, simple polarization inversion can easily clean
their surfaces (41). In addition, they do not release harmful agents, as in the case of the
unstable PbO, anode, which tends to release significant amounts of lead into the solution
turning it even more harmful than in its pretreatment state (128).

The mineralization efficiency of EF processes highly depends on the H,O- electrogeneration
and the Fe?* regeneration rate. Therefore, it is crucial to select the most appropriate cathode
material to work with BDD anodes to achieve the highest possible process efficiency. Pérez
et al. tested three types of cathodes coupled with BDD anodes to improve efficiency and
reduce EF’s energy consumption and costs (157). They employed cathodes of stainless-
steel, reticulated vitreous carbon (RVC) electrode covered with a carbon black (CB), and
polytetrafluoroethylene (PTFE) mixture to act as the active phase for the generation of H.O,,
referred to as the CB/PTFE-RVC cathode, and an aluminum foam modified with CB and
PTFE, referred to as the CB/PTFE-Al. The tests were performed in NaSO, solutions
containing the herbicide clopyralid as the model biorefractory organic pollutant in a
microfluidic-flow cell coupled with a jet aerator to reduce ohmic resistance and improve
mass transfer. Both BDD+CB/PTFE-RVC and BDD+CB/PTFE-Al combinations could
completely remove clopyralid in less than 2 h of EF treatment, showing far superior results
compared to the BDD-stainless steel couple (56%). The CB/PTFE-Al and BDD electrode
pair had the most impressive results, promoting a 64% reduction in cell voltage compared
to CB/PTFE-RVC for the same current density. Through this electrode combination and
reactor configuration, degradation of clopyralid was fast, efficient, and completed in less
than 1 h, with total energy consumption as low as 20 kWh/kg (157). Klidi et al. combined
BDD anodes with carbon felt, modified carbon felt, and GDE cathodes for paper-mill
wastewater treatment (149). The oxidation efficiency after 5 h presented the following order
as a function of the cathode material: GDE (40% TOC removal) > modified carbon felt (29%
TOC removal) > carbon felt (16% TOC removal). Ozcan et al. verified whether the efficiency
of the EF process in the removal of propham was improved if using Pt or carbon sponge
cathodes paired with BDD electrodes (136). The TOC removal efficiency after 6 h was
similar for the Pt and carbon sponge cathodes. However, the BDD/carbon sponge
configuration was the most energy-effective system, presenting a 21.6% lower energy
consumption (4.72 kWh/m3) compared to that of Pt (6.02 kWh/m?3). BDD technology has
also been applied as cathodes (158-162). Cruz-Gonzalez et al. studied the ability to
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electrochemically produce H>O; through Oz reduction on a BDD cathode in EF. After 40 min
of electrooxidation at 23 mA/cm?, 88 mg/L of H,O, were accumulated at the BDD cathode
(158). Espinoza-Montero et al. reported 250.1 mg/L H2O. electrogeneration after 540 min
of electrolysis at 1.5 mA/cm? in acidic media using a BDD cathode (159). The addition of
phenol required a higher current density of the system (2.5 mA/cm?) to obtain 153.0 mg/L
of H202 and achieve total mineralization within the same 540 min. Garcia et al. observed
that, with increased current densities (from 7.8 to 31 mA/cm?), H.O generation at the BDD
cathode is inhibited by the larger acceleration of reduction of Oz to OH™ and protons to H:
(160). According to Oturan, BDD cathodes in EF processes do not offer advantages once
equivalent or superior outcomes could be obtained by employing other cathodes that are
more reasonably priced (carbon felt, gas diffusion cathode, or carbon sponge) (138).
Nevertheless, studies on the use of BDD as a cathode are still scarce. In addition, due to
the limited number of publications combining BDD anodes with different cathode materials
and BDD itself, it is not possible to clearly state which configuration is the most suitable for
EF processes. BDD technology, paired with different cathodes under the same
experimental conditions, requires further investigation to achieve the highest EF efficiencies
possible.

Regarding degradation efficiency, the advantages of adopting the EF/BDD process for
wastewater treatment over AO/BDD are not consensual in the found literature. Oturan et al.
compared both EAOPs for the atrazine herbicide mineralization in Na>SO4 solutions (153).
Electrolysis at a current intensity of 1000 mA for 8 h led to 93% TOC removal for AO/BDD
and 97% for EF/BDD. The superiority of EF was associated with a higher amount of hydroxyl
radicals present in the bulk solution than that generated by BDD, promoting additional
organics oxidation. Pinheiro et al. also obtained better mineralization rates for EF/BDD
(90.2% TOC) compared to AO/BDD (62.4% TOC) for paracetamol degradation, and the
energy consumption was substantially lower for the EF/BDD process (2080 kWh/kgroc) than
that of AO/BDD (5141 kWh/kgroc) (154). For bronopol (130) and 4-Aminophenazone (148)
degradation, EF/BDD again presented higher TOC removal rates than AO with
electrogenerated H,O, (AO-H.0,). However, both achieved mineralization rates higher than
90%, and their differences were fairly similar. Thus, these are a few studies pointing out
that EF/BDD has higher relative oxidation power than AO/BDD. In contrast, Murati et al.
compared mesotrione herbicide mineralization rates applying BDD technology to both AO
and EF processes, and both EAOPs resulted in similar TOC removal rates such as 87%
and 85% for AO/BDD and EF/BDD, respectively (151). The performance of AO/BDD was
also found to be higher than that of EF/BDD for the biocide chloroxylenol in a study by
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Skoumal et al., with TOC removal of 94.6% for AO/BDD and 82.5% for EF/BDD (155).

Results from the degradation of some water pollutants applying EF based on BDD

technology are summarized in Table I.1.5.

Table 1.1.5. Examples of studies that applied BDD anodes to treat pollutants by electro-
Fenton processes.

Pollutant EAOP Anode Cathode Fe?* pH Initial Initial % TOC Time Ref.
conc. conc. TOC Removal (min)
(mM) (mM) (mg/L)
bronopol AO- BDD carbon- - 3 2.78 100 95% 480 (130)
H.0, PTFE
AO- BDD carbon- - - 2.78 100 simulated 480
H,0, PTFE water:
90%
EF BDD carbon- 0.5 3 2.78 100 >99% 480
PTFE
EF BDD carbon- 0.5 - 2.78 100 simulated 480
PTFE water:
>99%
sulfamethoxazole EF BDD carbon- 0.2 3 1.3 150 88% 600 (150)
felt
EF Pt carbon- 0.2 3 1.3 150 84% 600
felt
4-Aminophenazone AO- BDD carbon- - 3 0.192 30 98% 480 (148)
H20, felt
AO- Pt carbon- - 3 0.192 30 82% 480
H20> felt
EF BDD carbon- 0.2 3 0.192 30 99% 480
felt
EF Pt carbon- 0.2 3 0.192 30 94% 480
felt
paper mill EF BDD modified 0.5 3 - 115 85% 300 (149)
wastewater carbon
felt
EF DSA modified 0.5 3 - 115 40% 300
carbon
felt
mesotrione AO BDD carbon- - 3 0.1 17 95% 480 (151)
felt
EF BDD carbon- 0.1 3 0.1 17 94% 480
felt
EF Pt carbon- 0.1 3 0.1 17 91% 480
felt
azure B AO- BDD carbon- - 3 0.1 18 96% 480 (152)
H20, felt
EF BDD carbon- 0.1 3 0.1 18 95% 480 (135)
felt
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EF Pt carbon- 0.1 3 0.1 18 85% 480
felt
pharmaceuticals EF BDD carbon- 3.33 6 - 40 97.3% 360 (135)
mixture fiber *
brush mg/L
EF Ti/lrO,-RuO, carbon- 3.33 6 - 40 ~91% 360
fiber *
brush mg/L
atrazine AO BDD carbon - 6.7 0.1 10 93% 480 (153)
felt
EF BDD carbon 0.1 3 0.1 10 97% 480
felt
EF Pt carbon 0.1 3 0.1 10 81% 480
felt
propham EF BDD carbon 0.2 3 0.5 62.3 78% 120 (136)
sponge
EF BDD Pt 0.2 3 0.50 62.3 68% 120
EF Pt carbon 0.2 3 0.50 62.3 61% 120
sponge

* TOC—Total Organic Carbon.

This section shows that BDD is the most promising anode material for EF applications. It
was also noted that there is no definition of which type of cathode is best suited to be used
in conjunction with BDD anodes in EF processes. To reach such a conclusion, comparing
different cathode materials will be necessary, considering the costs, durability, H2O-
generation rates, and energy consumption for each electrode pair. EF/BDD presented, in
general, higher mineralization rates compared to AO/BDD due to the more significant
presence of hydroxyl radicals, especially in the bulk of the solution, promoting indirect
oxidation in addition to direct anodic oxidation at the BDD’s surface. However, AO/BDD
presented mineralization rates similar to or even superior to EF/BDD for certain types of
pollutants. Thus, to conclude which process is the most suitable for real large-scale
application, it is also necessary to consider the nature of the pollutants and the additional
costs and maintenance that EF can generate due to the use of catalysts, pH correction to
the optimal values during the process, post-treatment (pH neutralization), or even when

GDEs are used, adding gas costs.

1.1.4.2. Photo-Enhanced Electro-Fenton Processes

A few years after the first studies in EF (139), Sun and Pignatello suggested irradiating
solutions with UV light to improve the oxidizing power of Fenton-based systems (163). A

faster generation of hydroxyl radicals was observed due to the photo-reduction of Fe(OH)?*
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species at wavelength values higher than 300 nm (Eq. 1.1.15) (141,164). Additionally,
Fe(lll)-carboxylate complexes undergo photo-decarboxylation by the incident photons (Eq.
1.1.16), promoting Fe?* regeneration, which improves the mineralization efficiency
(164,165).

Fe(OH)? + hu — Fe?* + ‘OH Eq.1.1.15

Fe(COOR)?* + hu — Fe? + CO, + 'R Eq. 1.1.16

These findings led to the development of the so-called photoelectro-Fenton (PEF) process.
These combine EF with either UVA (A = 315—-400 nm), UVB (A = 285-315 nm), or UVC (A
< 285 nm) radiation emitted from artificial sources (155).

Mineralization of paracetamol (154) and chloroxylenol (166) was compared employing
AO/BDD, EF/BDD, and PEF/BDD, with PEF/BDD performing better and achieving nearly
complete mineralization (>97%) after 6 h of electrolysis. Alcaide et al. observed extremely
low TOC removal rates (<3%) for bentazon herbicide after 240 min when using AO-H,0-
with BDD anodes (167). On the other hand, by applying PEF/BDD, around 77% was
removed from the solution. Fernandes et al. also achieved superior performances while
applying PEF instead of AO and photo-assisted AO for imidacloprid oxidation using BDD
technology (168). Although UV irradiation of the AO/BDD system enhanced TOC removal
rates from 42% to 49%, PEF was more efficient, eliminating 66% of TOC. In contrast, Tirado
et al. could remediate real cheese whey wastewaters more efficiently with AO photo-
assisted using a UVA lamp, demonstrating that PEF does not necessarily have a better
performance than photo-assisted AO (169). In a recent study, Bravo-Yumi et al. compared
AO with EF and PEF for the degradation of synthetic solutions containing tannery dyes
Violet RL and Green A and using BDD anode/stainless steel cathode (170). Experiments
were carried out under three current densities: 25, 35, and 50 mA/cmZ2. For the lowest
current density, AO/BDD could remove approximately 64%, 44%, and 63% of color from
the solutions containing Green A (80 mg/L), Violet RL (80 mg/L), and a mixture of both dyes
(35 mg/L), respectively, after 60 min of electrolysis. After the same time of electrolysis,
EF/BDD treatment exhibited approximately 86%, 82%, and 91% of color removal for the
solutions contaminated with Green A, Violet RL, and a mixture of both dyes, respectively.
The PEF/BDD yielded similar results but slightly superior removal rates: 86% for Green A,
88% for Violet RL, and 93% for the mixture of both dyes. Despite removal efficiencies
pointing to PEF/BDD as the best solution compared to AO/BDD and EF/BDD, the
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conclusion of the aforementioned study points to another finding. Bravo-Yumi et al. also
performed a statistical analysis to determine optimum conditions under the lowest
operational costs, higher kinetics, and higher degradation efficiency. Thus, the authors
considered factors such as current density, EAOP type, initial dye concentration, and dye
type. In contrast with the previously mentioned results, the statistical analysis pointed out
that AO/BDD has a better performance. This clearly demonstrates that unequivocal
conclusions may be drawn from very different results in relation to which EAOPs performs
better in real wastewater remediation. Looking closely at the actual panorama, determining
the most cost-effective EAOP strongly depends on several outcomes and independent
variables but certainly on the main goal to be achieved. One such variable is, for example,
the degradation medium itself. Studies comparing EF-based processes applied to synthetic
solutions and real water samples (real wastewater (171,172) and reuse, tap and mineral
water (173)), showed that degradation of pollutants is more efficient in real samples.

The recent method of solar photo-electro-Fenton (SPEF) was proposed by Casado et al. to
tackle the problem of the high cost of electrical energy associated with artificial UV lamps
employed in PEF processes (165). The SPEF technique involves EF oxidation whilst
exposing the solution to sunlight and making use of an inexpensive and renewable energy
source with wavelengths higher than 300 nm (57). Solar light provides superior UV radiation
intensity as well as extra absorption at wavelengths greater than 400 nm. For example, it is
believed that SPEF’s mineralization rates are higher for the photolysis of Fe(lll)-carboxylate
complexes when compared to those by EF or PEF processes (58,155). As demonstrated in
the previous subsection regarding EF processes, BDD technology also features prominently
in PEF and SPEF. Pinheiro et al. studied the mineralization of paracetamol by PEF with
BDD and Pt anodes (154). PEF/BDD reached a higher performance in terms of energy
consumption (1947 kWh/kgroc), mineralization efficiency (8.1% MCE), and TOC removal
(98.4%) after 6 h of electrolysis at constant applied potential (-2.7 V). Under the same
conditions, PEF/Pt achieved values of 2076 kWh/kgroc, 5.2% MCE, and 86.2% for energy
consumption, mineralization efficiency, and TOC removal, respectively. Skoumal et al. also
observed faster TOC removal rates and higher mineralization efficiencies for PEF/BDD
compared with PEF/Pt in the oxidation of the biocide chloroxylenol (166). While the
PEF/BDD process eliminated around 97% of TOC from the solution after 5 h of treatment,
the PEF/Pt process required 6 h to eliminate approximately 93% of TOC. In another study
by Skoumal et al., ibuprofen mineralization by EF, PEF, and SPEF was also enhanced when
BDD technology was employed instead of Pt. This is easily explained by the fact that
hydroxyl radicals generated at BDD show higher oxidizing ability than those produced over
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Pt (155). Thiam et al. tested four different anode materials to compare their performances
in the degradation of the herbicide chloramben using PEF (BDD, PbO,, IrO,-based, and
RuO2-based anodes) (137). The obtained current efficiency was around 4-5% for all the
tested anodes, but the highest mineralization power was that of the BDD anode, particularly
in the early stages of the PEF process. These results are similar to those from other authors
who established the following oxidation power sequence for PEF and SPEF systems: BDD
> PbO2~IrOz-based > RuOz-based (172,174).

SPEF consistently stands out in terms of mineralization performance and energy
consumption when compared to other EAOPs. Salmerén et al. compared AO and SPEF in
the degradation of pyrimethanil and methomyl pesticides at a pilot plant scale fitted with
filter-press-type electrochemical cells equipped with BDD technology (175). Treating 75 L
samples containing 71 mg/L of dissolved organic carbon by SPEF during 120 min
eliminated 76% and 70% of pyrimethanil and methomyl, respectively. AO only removed
19% and 33% of pyrimethanil and methomyl, respectively, under the same conditions.
Steter et al. treated aqueous mixtures of methyl, ethyl, and propylparaben in real urban
wastewater with low conductivity by AO-H.O, EF, and SPEF (172). AO-H2O, and EF
reached similar TOC removal rates within the 35-36% range, whereas SPEF eliminated
51% of TOC. Salazar et al. observed higher mineralization rates for the SPEF treatment of
simulated wastewater containing the industrial textile dye Disperse Blue 3 compared with
solar photoassisted AO-H,0, and EF (176). Furthermore, the SPEF process consumed less
energy (around 64 kWh/kgroc) to achieve similar TOC removal rates (90-96%). The
superior performance of SPEF in relation to EF was also demonstrated by Flox et al. in the
oxidation of o-cresol (128 mg/L) in 0.05 M Na,SQO; solutions containing 0.25 mM Fe?* (147).
After 180 min of treatment under 50 mA/cm?, EF removed around 53% of TOC, whereas
SPEF achieved almost complete mineralization (around 95%). Many authors have
compared SPEF with PEF using BDD technology in water remediation containing pollutants
such as erythrosine B dye (177), pesticide triclopyr (178), bronopol (179), landfill leachate
(180,181), Evans blue diazo dye (182), ibuprofen pharmaceutical (155), and herbicide
mecoprop (183). Although most of these studies were carried out under very different
operating conditions (aqueous medium, pollutant concentration, Fe?* concentration, applied
current density, irradiation intensity, and cell configuration), SPEF was always pointed out
as the best in terms of mineralization if compared to PEF. Skoumal et al. demonstrated that
irradiating solutions with either UV or sunlight promotes a significant improvement in the
kinetic rate, making the process more efficient due to the faster hydroxyl radical production

and Fe?* regeneration due to the enhanced photodecomposition of Fe(lll)-complexes with
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acidic intermediates (155). Under solar irradiation, this phenomenon becomes even more
accelerated compared to artificial UV sources (155), explaining the SPEF superiority over
PEF and other EAOPs. Nevertheless, the temperature influence over time should also be
assessed in SPEF processes.

Experiments conducted without the application of electrical current indicate that the effect
of direct photolysis in degradation is negligible (177), demonstrating the excellent synergism
between direct oxidation at the BDD surface and photo-enhanced Fenton reactions to
achieve faster and more efficient wastewater treatment. However, the degradation
mechanisms become slower with time, and in extended electrolysis, oxidation is mainly
driven by the hydroxyl radicals formed at the reaction layer of the BDD anode (155,177). In
addition, energy consumption is again an important factor in the EAOP selection. In the
study by Clematis et al., PEF and SPEF consumed 515.6 kWh/m*® and 20.9 kWh/m?,
respectively, to achieve similar degradation performances. In other words, PEF is not
entirely suitable for real applications due to its high energy consumption. However, SPEF
is limited by weather conditions and the availability of sunlight in many countries throughout
the year. Using inexpensive sunlight as a photon source certainly reduces the energy
demand, but supplying sufficient power to the electrode set increases the overall cost.
Nevertheless, this can easily be overcome by coupling photovoltaic panels or other
renewable energy sources to directly power the electrochemical reactor. Thus, the electrical
demand for operating the process might be lowered if one turns the process to an entirely
self-sufficient system. Furthermore, recent discussions point out that mineralization
efficiencies and cost-effectiveness can be further improved by optimizing the design of the
electrochemical reactors (184,185).

A few cost studies of different advanced oxidation processes (AOPs) are found in the
literature and, for example, three AOPs—AOQO using BDD electrodes, ozonation, and Fenton
oxidation were evaluated by Cafizares et al. (186). For all wastes, only AO was able to
mineralize the contaminants completely. This study also showed that the degradation
efficiency fluctuated with the pollutant concentration due to mass transfer control. It was
observed that the nature of the contaminants affected the results obtained in the oxidation
by ozonation (at pH 12) or by Fenton oxidation and that large amounts of refractory
chemicals were typically accumulated during these treatments. Economic analysis revealed
that Fenton oxidation has lower operating costs than AO or ozonation, despite the fact that
AO may successfully compete with the Fenton process in the treatment of a variety of
pollutants. Regardless of the nature of the pollutant, the investment cost for the ozonation

process appeared to be higher than that of either AO or Fenton oxidation. In a more recent
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study, Mousset et al. evaluated the operational cost efficiency of six distinct types of AOPs,

including ozonation, Fenton oxidation, H>O; photolysis, photo-Fenton, electro-Fenton, and

photoelectro-Fenton (187). Unfortunately, AO and SPEF were not considered in this study.

The most economical AOP overall was electro-Fenton (108—125 €/m3), considering the use

of chemicals, power, and sludge management in the operational cost calculations.

Table 1.1.6 summarizes some of the results obtained in studies applying BDD technology in

photo-enhanced EF processes for the degradation of water pollutants.

Table 1.1.6. Examples of pollutants treated with BDD anodes in photo-enhanced electro-
Fenton processes.

Pollutant EAOP Fe?* pH Initial Initial %TOC EC Time Ref.
conc. conc. TOC Removal (kWh/kgtoc) (min)
(mM) (mg/L) (mg/L)
bentazon AO-H,0, - 3 20 - <3% - 240 (167)
PEF 0.5 3 20 - 77.0% *10.1 240
kWh/m?
4- PEF *47.75 3 62.5 40.6 pure water: - 170 (171)
Aminoantipyrine mg/L 64.6%
PEF *47.75 3 62.5 51.1 municipal - 170
mg/L secondary
wastewater:
65.8%
Disperse Blue 3 EF 0.5 3 *200 ~427 90% ~69 360 (176)
dye mM
Solar AO-H;0; - 3 *200 ~328 93% ~87 360
mM
SPEF 0.5 3 *200 ~427 96% ~64 360
mM
paracetamol AO - 2.9- 157 100 62.4% 5141 360 (154)
3.0
EF 1 2.9- 157 100 90.2% 2080 360
3.0
PEF 1 2.9- 157 100 98.4% 1967 360
3.0
chloroxylenol AO - 3 100 61.5 94.6% - 360 (166)
EF 1 3 100 61.5 82.5% - 360
PEF 1 3 100 61.5 97% - 300
imidacloprid AO - 3 50 - 42% - 360 (168)
PEF 1 3 50 - 66% - 360
AO+UV - 3 50 - 49% - 360
Photochemical - 3 50 - -4% - 360

oxidation

(increased)
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chloramben

o-cresol

m-cresol

p-cresol

mixtures of
methyl, ethyl,
and propyl
paraben

cheese whey
wastewater

170-
Ethinylestradiol
(EE2)

erythrosine B
dye

SPEF

PEF

EF
SPEF
SPEF
SPEF
SPEF
SPEF
SPEF

AO-H;0;

EF

SPEF

SPEF

AO

AO+UV
PEF

UVA light
alone

PEF

PEF

PEF

PEF

EF

PEF

SPEF

0.5

0.25

0.25

0.25

0.25

0.2

0.2

0.2

0.5

0.5

0.5

0.5

0.1

0.1

0.1

34

50

*1.19
mM

128
128
128
128
128
128
128
*0.3

mM
each

*0.3
mM
each

*0.3
mM
each

*0.3
mM
each

20

20

20

20

100

100

100

100

100

100

100

100

100

100

100

21.6

21.6

21.6

21.6

115

115

115

89% -

96.3% -

~63% -
~95% -
>98% 155
~96% -
>98% 155
~94% -
>98% 155

35% -

36% -

real 84
wastewater:
66%

51% -

34.7% -

48.8% -
41.8% -
32.2% -

deionized -
water:

74.5%

reuse water: 8598
88.4%

tap water: 8952
88.3%

mineral 7764

water:

93.6%

~90% * 21 kWh/m?

>99% *515.6
kWh/m?3

>99% *20.9
kWh/m?

360

300

180

180

180

180

180

180

180

240

240

240

240

420

420

420

420

180

180

180

180

120

120

120

(137)

(147)

(172)

(169)

(173)

(77)
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triclopyr AO-H,0,

EF

PEF

SPEF

bronopol AO-H,0,

PEF

SPEF

landfill leachate EF

PEF

SPEF

Evans Blue EF

diazo dye

PEF

SPEF

ibuprofen EF

PEF

SPEF

mecoprop AO

0.06
mM
Fe(lll)-
EDDS
(1:1)
0.06
mM
Fe(llh)-
EDDS
(1:1)
0.06
mM
Fe(llh)-
EDDS
(1:1)

0.50
0.50
* [TDI]o
=60
mg//L
* [TDI]o
=60

mg//L
* [TDI]o
=60
mg//L
0.5
0.5
0.5
0.5

0.5

0.5

2.8

2.8

2.8

*12
mM

*12
mM

*12
mM

*12
mM

*0.28
mM

*0.28
mM

*0.28
mM

0.245
mM

0.245
mM

0.245
mM

41

41

41

100

17.2

17.2

17.2

17.2

10

10

10

* 337-
430
mg/L
DOC

* 337-
430
mg/L
DOC

* 337-
430
mg/L
DOC

*100
mg/L
DOC

*100
mg/L
DOC

*100
mg/L
DOC

* 31
mg/L
DOC

*31
mg/L
DOC

*31
mg/L
DOC

56

38%

47%

65%

62%

58%

~91%

94%

~43%
DOC

~72%
DOC

~78%
DOC

~85%
DOC

>98%
DOC

>96%
DOC

81%
DOC

94%
DOC

92%
DOC

49%

*2.34 300 (178)
kWh/gToc
*1.81 300
kWh/gToc
*19.2 300
kWh/gToc
*1.33 300
kWh/gToc
- 360  (179)
- 360
*4 360
kWh/gToc
- 300  (180)
(181)
- 300
*137 300
kWh/ ngoc
- 360  (182)
- 360
- 150
- 360  (155)
- 360
- 240
- 540  (183)
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EF 0.5 3 100 56 69% - 540
PEF 0.5 3 100 56 >96% - 540
SPEF 0.5 3 100 56 >96% - 540

* TOC—Total Organic Carbon; MCE—Mineralization Current Efficiency; EC—Energy consumption; [TDI],—Initial Total
Dissolved Iron concentration; DOC—Dissolved Organic Carbon;, EDDS—ethylenediamine-N,N’-disuccinic.

In this subsection, it was demonstrated that diamond technology still stands out in photo-
enhanced EF processes, as equally found in the previous subsection concerning EF
processes. It was also observed that a combination of a radiation source, either artificial
(UV lamps) or natural (sunlight), improves the efficiency of the Fenton-based process and
the overall mineralization efficiency. The reported works equally point out the benefits of
solar irradiation when compared to artificial UV sources, particularly in terms of energy
consumption, mineralization rates, and general costs. Combining SPEF with renewable
power supplies may be a more cost-effective solution. Nevertheless, SPEF is limited by
weather conditions and geolocation. Furthermore, PEF and SPEF are enhanced EF
processes with extra costs to be added due to particular requirements such as the use of
catalysts, pH correction during and after the process, and gas sources when gas diffusion
cathodes are used. Unfortunately, the cost of the latter is often not considered in the overall
calculations presented in the literature. Therefore, for real wastewater treatment
applications, all costs and life-cycles involved in each EAOP process must be evaluated in
order to determine which one is the most cost-effective without compromising long-term

quality and efficiency.

53



Chapter I: Fundamentals and State of the Art

1.1.5. Final Considerations and Future Prospects

Anodic electrooxidation (AO) carried out using boron-doped diamond (BDD) technology is
an electrochemical advanced oxidation process (EAOP) by itself, and these thin films are
excellent electrode materials for the previously stated well-known reasons. It is a green
process that only requires an electrical current input. BDDs are indeed expensive, but their
long operating life clearly redeems any required initial investment. Similar to any other
EAOP, there are also a few weaknesses in AO that require further consideration if one
intends to apply BDD technology in wastewater treatment effectively. Consequently, it is not
surprising that many researchers have started to explore possible synergism between
different EAOPs. In this work, the aim was to evaluate the literature concerning BDD
technology as the common denominator applied in enhanced AO strategies, including
different EAOPs.

SLR analysis demonstrated the importance of using adequate keywords in any scientific
report since it incessantly introduces a degree of discrepancy to this systematic
methodology. Authors will certainly benefit if standard terms are employed, and this action
alone will certainly have clear repercussions on the future number of citations as well as on
the effortless finding of publications when using search mechanisms such as Scopus, Web
of Science, Google Scholar, PubMed, amongst others. The application of SLR allowed to
review a representative sample of work among hundreds of publications concerning doped
diamond technology applied in EAOPs. We strongly believe that SLR methodology will
always be an updated, useful tool and, most probably, a mandatory one in the future.

In this review, it was possible to generally conclude that add-ons such as persulfate radicals
(amongst others) clearly show a synergistic effect, improving the overall AO process using
BDD technology. These in situ electrogenerated radicals compensate for the weaker
electrooxidation in the bulk of the wastewater since the production of hydroxyl radicals by
the BDD anodes is restricted to the surrounding area of the electrode. Adding extra
chemicals to generate persulfate or other radicals is not by all means sustainable, and it
may even point to an additional treatment step in the whole process. Electrogenerated
ozone add-on enhances the amount of hydroxyl radicals present in the wastewater and
overcomes the pH constriction effect on the production of persulfate radicals. Ozone is a
powerful oxidant, and it mass-balances the localized production of hydroxyl radicals at the
BDD electrodes. On the other hand, associated costs are yet unaccounted for in order to
properly assess the success of this add-on. Photoelectrocatalysis shows good potential as

an add-on, but, unfortunately, the design and fabrication of the photoanodes is time-
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consuming and most possibly not a cost-effective add-on with effective large-scale
application in wastewater treatment.

Considering the Fenton-based processes using BDD technology, it is generally accepted
that the electro-Fenton (EF) method shows higher mineralization rates if compared to
simple AO. Among them, mineralization efficiency typically occurs in the following order:
solar photo-electro-Fenton (SPEF) > photo-electro-Fenton (PEF) > electro-Fenton (EF). An
obvious drawback of Fenton-based processes is that they always involve a required amount
of iron compounds to be added to the wastewater, and consequently, a post-treatment step
to remove the residual iron is necessary. These steps certainly have associated costs but
may be reduced or overcome if the iron source is deposited onto the BDD electrode, as
previously observed for the photoanodes in the photoelectrocatalysis add-on. Nevertheless,
one needs to ensure that fouling does not occur, and that the extension of the Fenton
reaction is not restricted to the surrounding areas of the composite anode. Regarding the
cathode material, literature shows that a consensus has not yet been reached for EF-based
methods. In addition, pH correction of wastewaters with chemicals is nearly mandatory,
generating additional expenses and complications when implemented in large-scale
facilities. For extended treatment periods of time, the oxidation mechanisms promoted by
EF-based methods slowly decrease with time and mineralization becomes dominated by
direct AO. Ultimately, PEF is an effective process but requires the use of artificial UV lamps,
and again, it means additional expenses and an increase in energy consumption. The use
of solar radiation easily overcomes this problem, but it is limited to weather conditions and
the intensity of sunlight depending on geolocation and the season of the year.

EAOPs are definitely the future for sustainable wastewater treatment. Nevertheless, EAOPs
are also of great complexity with many accountable variables and extended difficult
implementation and/or substitution of the conventional treatment methods. A recent study
evaluated the operational cost efficiency of six distinct types of AOPs, including ozonation,
Fenton, H»O, photolysis, photo-Fenton, electro-Fenton, and photoelectro-Fenton
(unfortunately, AO and SPEF were not considered). The detailed study included the use of
chemicals, power, and sludge management. It was found that electro-Fenton was the most
economical AOP, with a cost of around 108—125 €/m3. One should note that the future of
all EAOPs includes upgrading the power supplies to renewable energy sources enabling
self-sufficiency, low maintenance requirements, and consequent applicability.

One of the aspects that we consider relevant, from a performance point of view, is the
generality of EAOPs processes as solutions for multiple pollutants and types of wastewater.

If the mineralization process is incomplete, complex samples with different organic
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compounds may generate possible byproducts with some toxicity level. Currently, it is not
possible to generalize EAOPs processes without optimizing them for each type of water.
Most publications do not provide enough detailed studies concerning the chemistry of
treated water, which is a critical requirement for future practical applications of EAOPs.

EAOPs largely achieve excellent degradation and mineralization efficiencies when
combined with doped diamond technology. On the other hand, these efficiencies are
restricted by the common limits of AO using BDD anodes. Overall, further research is still
needed to enhance its technology readiness level and allow effective acceptance and

application in wastewater remediation.
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Abstract

Boron-doped diamond (BDD) electrodes are eco-friendly and widely used in efficient water
remediation through electrochemical advanced oxidation processes (EAOPs). These
anodes can completely mineralize a wide range of pollutants, only requiring electrical
energy. Over the last two decades, numerous commercially available BDD electrodes have
emerged, but little is known about their electrooxidation performance, particularly if
compared to laboratory-produced anodes by different research groups. In this critical
review, a comparison between in-house-made and commercially available BDD electrodes
based on a systematic literature review (SLR) is carried out. SLR was quite useful in locating
and selecting the scientific publications relevant to the topic, enabling information gathering
on dissemination, growth, and trends in the application of BDD electrodes in the degradation
of water pollutants. More specifically, data concerning the origin of the employed BDD
electrodes, and their physicochemical properties were extracted from a thorough selection
of articles. Moreover, a detailed analysis of the main parameters affecting the BDD
electrodes' performance is provided and includes selection and pre-treatment of the
substrate material, chemical vapor deposition (CVD) method, deposition parameters,
characterization methods, and operational conditions. This discussion was carried out fully
based on the numerous performance indicators found in the literature. Those clearly
revealed that there are only a few analogous points across works, demonstrating the

challenge of establishing an accurate comparison methodology. In this context, we propose
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a figure-of-merit equation which aims at normalizing BDD degradation results for a specific
contaminant, even if working under different experimental conditions. Two case studies
based on the degradation of solutions spiked with phenol and landfill leachate treatment
with commercial or in-house-made BDD electrodes are also presented. Although it was not
possible to conclude which electrode would be the best choice, in this paper we propose a
set of guidelines detailing a consistent experimental procedure for comparison purposes in

the future.
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.2.1. Introduction

Over the last two decades, boron-doped diamond (BDD) has gained increased attention
and has been extensively studied for electrochemical applications due to its distinct physical
and chemical properties from conventional electrode materials. These include a wide
electric potential window in aqueous and non-aqueous solutions (1, 2), good stability and
corrosion resistance (3, 4), inert surface with low adsorption (5), low double-layer
capacitance and background current (6), high current density electrolysis (1-10 A.cm™) (7),
and high overpotential for both hydrogen and oxygen evolution (2).

The electric potential window of BDD electrodes is much wider than that of any other
material (8), with the hydrogen evolution reaction (HER) starting at about -1.2 V/SHE
(Standard hydrogen electrode) and the oxygen evolution reaction (OER) at approximately
+2.3 V/ISHE (1, 2). This broad potential window arises from the BDD's high overvoltage for
water splitting (8). The HER and OER are inner-sphere reactions that generally consist of
multi-step electron transfer reactions that depend on reaction intermediates' adsorption (9).
The carbon sp3-hybridized orbitals in diamond show weak adsorption ability towards these
intermediates and, consequently, the catalytic effect for HER and OER in BDD electrodes
is weak (8). The diamond sp3-hybridized orbitals form strong covalent bonds and are
responsible for the BDD’s good stability and corrosion resistance. Studies have shown that
BDD electrodes are stable in strong acid media, even for long-term cycling of potential
ranging from hydrogen to oxygen evolution reaction overpotentials (3, 4). Electrodes based
on conventional materials such as glassy carbon or graphite usually have higher surface
adsorption ability, forming a polymeric adhesive film on their surface, leading to electrode
fouling (7). The sp?-hybridised orbitals present in the surface of these electrodes increase
the adsorption strength (10), while the sp®-hybridised orbitals present in the diamond
structure shows weak adsorption capacity (8). Electrode fouling is easily avoided in BDD
electrodes if working above the potential region of water splitting (11). BDD electrodes can
also be self-cleaned through the polarization of such polymeric films (12). The surface of
BDD electrodes resists deactivation processes, showing stable voltametric responses
towards Fe(CN)g_B_ even after two weeks of continuous potential cycling (5). BDD
electrodes are also particularly interesting for electroanalysis and sensing applications since
they present low background current and consequent low double-layer capacitance,
resulting in lower detection limits for trace analysis when compared to other sensors (13).
The above-mentioned excellent electrochemical behavior of BDD electrodes can vary

drastically depending on their physicochemical properties.
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More important is the role BDD anodes are currently playing in water remediation through
OER and the generated oxygen-based radicals that can completely eliminate a wide range
of pollutants, including non-biodegradable compounds (14). Recent reviews on the
electrochemical degradation of contaminants with BDD electrodes can be found in the
literature (9, 15-30). These include studies performed using BDD anodes prepared by
chemical vapor deposition (CVD), commercially available and in-house-made, and applied
in spiked water and real wastewater treatment systems.

In this critical review, we will evaluate if it is possible to compare the performance of
commercial BDD electrodes with those produced in-house towards electrooxidation of water
pollutants. We will also discuss how the CVD deposition conditions, the physicochemical
properties of the anodes, and the electrooxidation process influence the interpretation of
the degradation efficiency results. This assessment will be carefully carried out using
bibliometric analysis. Afterwards, an attempt will be made to reach a consensus on possible
guidelines and/or degradation performance indicators for future comparison of BDD

electrodes from different origins.

.2.2. Electrochemical degradation of contaminants with

BDD electrodes: a bibliometric analysis

Bibliometrics is a research method that uses quantitative and statistical analysis to describe
patterns in publications. Bibliometric studies are frequently used to investigate structural
interrelationships and to increase the understanding of a specific subject state of the art
(31). In order to properly carry out these studies, it is essential to know Lotka's inverse
square laws regarding the calculation of authors' productivity, Bradford's law for the
dispersion of authors in different journals, and Zipf's law concerning the frequency of words
in each document (32, 33). Systematic literature review (SLR) was chosen as the method
of searching for publications since it is widely used and because it is a structured way of
locating and selecting the relevant publications, increasing the reproducibility and reliability
of the method (31).

In this work, bibliometric analysis was used (i) to identify the growth and trends in the
application of BDD in the degradation of contaminants; (ii) to identify the dissemination of
information with quantification of publications by journals, universities, and research
centers, and by country; and (iii) to verify the keywords relationship between themes
through their co-occurrence in a network graph. The tools used to visualize the results and

create the graphics were Microsoft Excel and VOSViewer (34).
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The bibliometric search of the topic “electrochemical degradation of contaminants with BDD
electrodes” was carried out by a Boolean advanced search query in the Scopus database
through a search string connecting the topics by the title field of publications in April 2022.
The details of this search query can be found in the Supplementary Table 1.2.1. A total of
875 articles meeting the established criteria were obtained. The search was restricted to
scientific articles as the document type and only to the English language. This result went
through a process of elimination of duplicates and irrelevant results (not related to the
subject), reaching a final number of 868 publications for further bibliometric analysis. The
list of strings used in the search query was defined based on a previous broader search in
which the fundamental terms used to describe the electrochemical degradation of
contaminants were identified (Supplementary Table 1.2.2). Figure 1.2.1 illustrates the
number of publications per year on BDD as an electrode for electrooxidation of

contaminants.
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Figure 1.2.1. Number of publications per year on BDD as an electrode for electrooxidation
of contaminants, based on the Scopus database.

The first publication identified in the SLR was published in 1994 (35), although the first one
ever reported on the electrochemical behavior of CVD diamond dates back to 1987 (36).
However, the latter does not address pollutant degradation studies. In the early 1990s,
studies of BDD used as electrodes began to emerge all over the world: Japan (37), the USA
(5, 6) or China (38, 39). The number of publications increased rapidly in the 2000s, reaching
a peak of 73 publications in one single year (2013). Nearly the same number of publications
was achieved again in 2020. By the time these data were gathered, early 2022 already

accounted for 27 publications, clearly indicating that the topic has excellent scientific
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relevance and is still extensively explored. The dissemination of information was identified

through the analysis of publications by journals, as shown in Figure 1.2.2.

Electrochimica Acta 72
Chemosphere 72
Journal of Electroanalytical Chemistry 58
Journal of Hazardous Materials 36
Separation and Purification Technology 35
Chemical Engineering Journal 29
Diamond and Related Materials m———— 27
Water Research meesssssssss—— 25
Journal of the Electrochemical Society m———————— )
International Journal of Electrochemical Science m—————————— 21
Environmental Science and Pollution Research m—— 20
Journal of Applied Electrochemistry mssss— 20
Electrochemistry Communications s 17
ChemElectroChem m—— 17
Environmental Science and Technology s 16
Desalination and Water Treatment m——— 16
Journal of Environmental Chemical Engineering e 13
Analytical Chemistry m— 12
Water Science and Technology s 12
Electroanalysis e 12
Journal of Chemical Technology and Biotechnology e 11
Journal of Environmental Management s 10
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Figure 1.2.2. Number of publications per journal with more than 10 publications on BDD as
an electrode for electrooxidation of contaminants, based on the Scopus database.

Articles on the topic were published in more than 160 different journals. Chemosphere,
Electrochimica Acta, and Journal of Electroanalytical Chemistry published around 23% of
all the articles on BDD as an electrode for electrooxidation of contaminants. Therefore,
researchers on this subject should consult information primarily in these three journals.
Figure 1.2.3 presents the bibliometric study finding the dissemination of information by
universities and research centers with more than 20 publications on the topic, as well as the
number of publications per country.

The institution contributing the most to disseminating this topic is the Universitat de
Barcelona (Spain). Switzerland ranks 11%, but one should note that the Ecole Polytechnique
Fédérale de Lausanne has the fourth-highest number of publications on the subject. China,
Spain, Brazil, France, Italy, Mexico, and Japan represent more than 50% of publications.
The most significant contributors are China with 157 publications, Spain with 127, and Brazil
with 113. To identify the trends in the application of BDD anodes in the degradation of
contaminants and verify the relationship within the main themes, a keyword network graph

(Figure 1.2.4) was constructed.
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Figure 1.2.3. Number of publications per country on BDD as an electrode for
electrooxidation of contaminants (upper); and universities and research centers with more
than 20 publications on BDD as an electrode for electrooxidation of contaminants (below).
All results were based on the Scopus database.

The network graph shows six main clusters where the red highlights response surface
methodology studies that encompass cyclic voltammetry measurements to evaluate the
electrochemical properties of BDD anodes and the electrooxidation of pollutants. The larger
the frame of a given keyword, the more frequent it is across the literature. In the red cluster,
pesticides appear as the primarily studied pollutant. The purple cluster represents the
analysis of energy consumption by the electrooxidation processes using BDD anodes, and
the cyan cluster is mainly related to wastewater disinfection. BDD electrochemistry,
electrochemical oxidation of phenol and dyes, and the toxicity of the resulting byproducts

are featured in the green cluster. The blue one involves water treatment containing

83



Chapter I: Fundamentals and State of the Art

pharmaceuticals (primarily studied contaminants) by different EAOPs (anodic oxidation,
electro-Fenton, and photoelectron-Fenton). This cluster includes intermediate oxidation
products such as carboxylic acids (oxalic, acetic, or formic), often used as models to
investigate the reaction mechanisms and electrocatalytic properties of the anode materials
(40). The yellow group gathers information on the production of hydroxyl radicals and
carboxylic acid intermediates during the final mineralization process. Overall, the keyword
network graph in Figure 1.2.4 reveals that BDD anodes for water remediation have been
primarily used in the electrooxidation of pharmaceuticals, pesticides, carboxylic acids,
phenolic compounds, dyes, and for water disinfection of bacteria and viruses.

SLR verified that the degradation of water pollutants through BDD electrodes is a subject
particularly targeted in the last two decades, highly relevant (mentioned in more than 160
journals) and studied on all continents. The keywords co-occurrence network map allowed
the identification of the most studied types of water pollutants and applied EAOPs, as well
as other relevant issues to the degradation process: the generation of byproducts and their

toxicity and associated energy consumption/costs.
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Figure 1.2.4. Keywords co-occurrence network (minimum of 10 occurrences) representation
of the trends on the application of BDD anodes in the degradation of contaminants and
corresponding relationship within the main themes, sorted in six clusters represented in
different colors, based on the Scopus database and VOSviewer as the bibliometric network
graph software.

1.2.3. Utilization of laboratory produced and commercial
BDD electrodes

From 1994 to 2001, electrooxidation of pollutants using BDD anodes was exclusively
performed with lab-made electrodes (Figure 1.2.5). Commercial BDD electrodes started to
gain ground and were first reported in 2002. The number of studies considering the
application of commercial BDD anodes increased, and since 2006 they are around 4 times
greater (average) than those using in-house-made electrodes. However, only 20% of the
868 identified publications were related to laboratory-made BDD anodes, and 63% applied

commercially available electrodes. The remaining unspecified 17% of the reported studies
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can probably be associated with commercial BDD electrodes, which would sum up to 80%
of the publications implementing such electrodes. Such a high percentage of the use of

commercial electrodes may indicate the technology's maturity is being achieved.
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Figure 1.2.5. Number of publications per year on commercial and in-house BDD anodes in
the degradation of contaminants, based on the bibliometric analysis search.

Figure 1.2.6 shows the distribution of the companies whose BDD electrodes were used in
the analyzed publications. A list of commercial BDD suppliers, including companies that did
not appear in the articles from the SLR, is available in the Supplementary Table 1.2.3.
Commercial electrodes from Adamant Technologies (Switzerland) and NeoCoat
(Switzerland), which are spin-off companies of CSEM (Switzerland), together with those
manufactured by CSEM itself, sum up to 58% of presence in the articles from the SLR,
followed by 26.8% from Condias GmbH (Germany), and 4.1% from Mekatem™ (Germany).
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Figure 1.2.6. Commercial BDD manufacturer preference based on the bibliometric analysis
search.

Commercially manufactured BDD electrodes may offer greater reproducibility since
companies are committed to delivering high quality and reproducible materials to their
clients but are also costly and with a fixed set of morphological and electrochemical
characteristics, such as sp®/sp? ratio, boron doping level, film morphology and thickness,
electrochemical potential window, capacitance, among others. Nevertheless, they enable
numerous research groups without in-house CVD equipment to explore the use of such
BDD electrodes in their studies, further expanding their application range and effectively
contributing to knowledge expansion of these thin films.

The main advantage of producing in-house BDD electrodes is growing customizable films
by exploring and controlling their properties, such as the sp®/sp? ratio, thickness, boron
doping level, growth rate, and grain size. These properties strongly define the working
potential window of the electrode, its conductivity and selectivity. Hence, in theory, precise
BDD films can be created and adapted to each type of target pollutant. In addition, in-house
BDD deposition allows the exploration of different deposition conditions and/or substrate
materials. The full potential of BDD electrodes can only be attained by appropriate and
specific electrode design for each application and/or target contaminant (21).

Nonetheless, in-house BDD film deposition may also imply lower reproducibility, depending
on the CVD reactors used and their operability. Additionally, the overall area of the BDD

films is limited by the volume and operation design of the CVD chamber reactor (41),
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typically smaller than the commercial ones. The in-house production of BDD electrodes is
expensive for universities and research centers, when including the cost of the CVD
equipment and the process associated costs such as electricity consumption, water cooling
system, and reactive gases (42). Furthermore, a well-prepared infrastructure is mandatory
to meet all the necessary safety requirements, including electrical hazards and the use of
dangerous reactive gases. These, and the lack of know-how, contribute to limiting the

spread of such equipment in laboratories working mostly on water purification processes.

.2.4. BDD electrodes from different sources

Itis a challenge to compare the performance of different in-house BDD electrodes regarding
the electrooxidation of water pollutants. First, the design and working conditions of the
adopted CVD technique can vary widely: the deposition method (hot-flament -HFCVD, or
microwave plasma -MPCVD); the experimental deposition parameters (CH4/H: ratio,
pressure, substrate temperature, boron doping source, [B]/[C] ratio); and the substrate
material and its prior preparation (43, 44). Altogether, these parameters will influence the
final physicochemical properties of the BDD electrode, such as sp®/sp? ratio, effective boron
doping level, grain size, film thickness, electrical conductivity, electrochemical potential
window, oxygen evolution potential (OEP), electron transfer rate, surface roughness, and
surface termination (44-47).

Second, the application of the BDD anodes in the electrooxidation of contaminants includes
several other accountable factors such as the degradation conditions used in the
experiments (current density, type of EAOP, pH and type of electrolyte, active electrode
area, volume of solution, type and concentration of the pollutant, electrochemical cell
design, or fluid dynamics), and the water system itself (spiked water or real wastewater)
(48-51).

The number of publications concerning BDD anodes in electrochemistry has drastically
increased due to the emergence of commercial BDD manufacturers. It broadened the
application of BDD electrodes resulting in high-quality publications but further entangled
possible comparisons between electrodes’ performance. Most reports on tested
commercial BDD electrodes lack information on their physicochemical properties and
preparation process. The manufacturing process of such complex thin films dictates their
performance (52), and it may vary significantly from one company to another. In this section,
we discuss how these factors control the final physicochemical properties of BDD coatings,

hence their implementation in degrading pollutants present in water systems.
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1.2.4.1. Substrate material and preparation

In the preparation of BDD electrodes, the primary function of the substrate for
electrochemical applications is to allow the flow of electric current through the electrode,
providing physical support to the thin film and conferring enough mechanical stability to the
electrode (53). The first thing to keep in mind is that the substrate nature might influence
the BDD final properties. Thus, its selection must meet criteria such as stability under
extreme conditions (high current density, intense erosive and/or abrasive wear, and strong
acids or bases media) (54).

Ideally, the substrate material must withstand the CVD deposition conditions, present high
affinity towards diamond thin film growth, high mechanical strength, good electrical
conductivity, and electrochemical inertness or the ability to easily form a protective
passivation layer on its surface (9, 53). A carbide buffer layer may be formed during CVD
deposition, restricting further substrate carburization and promoting easy diamond
nucleation and crystal growth (55). Furthermore, a substrate material with low carbon
solubility and diffusion coefficient yields higher diamond nucleation rates (54). Temperature
gradients interfere with the surface reactions and diamond growth kinetics (56). Therefore,
the diffusion coefficient of the carbon atoms, the substrate thermal conductivity, and its
coefficient of thermal expansion (CTE) influence the adhesion strength of the diamond thin
film, grain size, growth rate, and residual stress, dictating its service life (54).

Several materials have been proved suitable substrates for BDD deposition, including Si,
Nb, Ta, W, Mo, Ti, Zr, and graphite (57-59); dielectric ceramics (60); high pressure-high
temperature (HPHT) diamond (61); carbon fibers (62); SiO- fibers (63); carbon nanotubes
(64); TiO2 nanotubes (65); or metal foams (66). Polished silicon wafers are by far the most
applied substrate material, being identified in more than 36% of the published articles
(Supplementary Figure 1.2.1), especially p-doped Si commercial wafers. Their characteristic
low electrochemical activity and ability to form stable and compact oxide films help prevent
film delamination (67). However, Si substrates still have many limitations for large-scale
applications since they are not suitable in aggressive water treatment environments, mainly
due to their relatively low conductivity and brittleness (68). Contrary to Si substrates’ short
durability, Nb/BDD electrodes have shown a lifetime of more than 850 h during electrolysis
(0.5 M H2S04) at very high current densities such as 10 A/lcm? (59). The SLR indicates that
currently, the second most used substrate material is Nb, followed by Ti and Ta, which are
metals capable of forming stable and protective passivation layers. It is important to
emphasize that Nb became the preferred choice of substrate material over the years

(Supplementary Figure 1.2.2) and, since 2013, started to surpass the use of Si substrates.
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Roughly, the approximate substrate stability for diamond film deposition obeys the following
order: Ta > Si > Nb > W > Ti (57). The CTE of the substrate material is the main factor
influencing its compatibility with the BDD film deposition and ideally, it should be as close
as possible to that of diamond (0.7-2.0 x 10® K™") (7, 43, 69). A CTE mismatch can cause
delamination of the BDD film with possible consequent corrosion of the substrate due to
electrolyte permeation through the thin film (57). Nevertheless, the high cost of Nb, Ta, and
W substrates makes them unattainable for widespread use in large-scale applications (26).
Ti has been considered a desirable substrate among those mentioned above due to its
lower cost, high conductivity, corrosion resistance, and excellent mechanical properties
(70). Yet, Ti/BDD electrodes have shown short service life due to the formation of a TiC
intermediate layer generated by the diffusion of carbon species onto the metal during the
deposition, resulting in a rough and porous structure that promotes early deterioration of the
BDD film adhesion and stability (9, 59, 71). The most likely reasons of electrode failure are
assumed to be the TiC layer corrosion at the substrate/film interface, the quality and
adhesion of the BDD film, the residual stress produced in the CVD process, and the
degradation of the diamond film (72). According to Lu et al., the delamination process occurs
in two main stages. The first stage of electrode failure is caused mainly by pore-type defects
in the BDD films that allow the electrolyte to penetrate the BDD film and corrode the TiC
intermediate layer, which is unstable and quickly decomposes causing the BDD film to
delaminate from the substrate. The second stage is caused primarily by corrosion holes
created in the Ti substrate. Several attempts have been made to improve the service life of
Ti/BDD electrodes, such as developing multilayered structures or increasing the boron
concentration in the CVD deposition to inhibit the TiC layer growth, with different levels of
success (73-76).

Following the choice of the appropriate substrate material, its pre-treatment for CVD
deposition may also affect the final characteristics of the BDD film. The surface properties
of the substrate influence the diamond film roughness, adhesion strength, and
electroactivity (77). Diamond growth over non-diamond materials usually requires pre-
treatment of their surface by a seeding stage (78). This is necessary to obtain proper
diamond nucleation density with a complete and packed growth of the thin film, without any
substrate area exposed to the solution, which could compromise the working electrode. An
effective seeding process depends on the size of the diamond abrasive particles,
processing time, and the adopted method (e.g., manually scratching, ultrasonic bath). There
are a few studies reporting on the effect of substrate preparation on the nucleation and

growth of BDD films (57, 79) showing that ultrasonic seeding is more effective than seeding

90



Chapter I: Fundamentals and State of the Art

through manual scratching. In addition, a rougher Nb substrate prepared by sandblasting
with alumina particles (75~106 um) resulted in the most effective electrode lifetime
compared to that with the untreated substrate or the sandblasted one with smaller alumina
particles (80).

Considering the direct influence of the substrate material on the electrochemical properties
of BDD, when Nb/BDD (planar) and Ti/BDD (Ti mesh) electrodes were compared for phenol
degradation, Nb/BDD showed the best performance (81). However, the electrodes had
different geometries (consequently, different specific areas), boron doping levels, and
different film thicknesses, limiting comparisons between the different metallic substrates.
Si/BDD and Nb/BDD electrodes have been compared in different studies for the
electrooxidation of acid violet 7 dye (67) and norfloxacin (79). In both cases, the Si/BDD
electrode showed higher removal rates with lower associated energy consumption. BDD
films deposited over Nb, Si, Ti, and TiN,/Ti by HFCVD were compared in terms of their
performance, particularly chemical oxygen demand (COD) removal and Escherichia coli
sterilization from livestock wastewaters (76). The TiN,/Ti/BDD electrode with a TiNy
intermediate layer showed better performance and higher service life than Nb/BDD, Si/BDD,
and Ti/BDD. It is quite difficult to evaluate the effect of the substrate material on the BDD
electrodes' performance since the published experimental conditions and parameters are
not described in detail. Finally, a recent study (54) is perhaps the most systematic and
complete comparison to determine the substrate effect, providing enough detailed
information on the BDD deposition and substrate preparation conditions and
characterization. The influence of the substrate material (Si, Ta, Nb, and Ti substrates) was
examined in terms of electrochemical properties, microstructure, degradation of the
antibiotic tetracycline, and service life of the identically deposited BDD films. Their results
showed that the physicochemical properties of the substrate have a significant impact on
the growth and microstructure of the BDD film, and the growth rate followed: Si > Ta > Nb
> Ti. In addition, the surface finish of both substrate and BDD film also influenced the
performance of the BDD electrode. The Ti/BDD electrode showed the best performance in
terms of OEP, background current, electron transfer kinetics, and energy consumption, but
far shorter service life than Si/BDD, Ta/BDD, and Nb/BDD. In terms of tetracycline removal
and current efficiency, the performance of the electrodes followed: Si/BDD > Ti/BDD >
Nb/BDD > Ta/BDD. Yang et al. indicated that the type of substrate does not significantly
affect the boron doping level and diamond quality of BDD electrodes. However, they
suggest that the degradation performance of BDD electrodes is affected by the intermediate

carbide interlayers formed in the interface between the substrate and the BDD film during
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CVD deposition. These interlayers are closely related to the substrate material and affect
film thickness, grain size, and electron transfer resistance, thus the surface state of BDD
films and, consequently, their organics electrooxidation capability.

Laboratory and pilot tests on wastewaters have been successful in showing the feasibility
of BDD electrodes (82-94), but the absence of a universally appropriate and accepted
substrate with a defined size and established durability are a tremendous challenge for large
scale application of such anodes. Furthermore, practical long-term application of BDD
electrodes (highly stable under anodic polarization) in the degradation of pollutants is still
subjected to failure at high applied current densities (e.g., 1 A.cm), mainly due to poor film
adhesion with consequent film delamination (95).

The above literature analysis demonstrates that evaluation of the substrate effect on the
BDD electrode final performance is not straightforward. It depends on numerous factors
leading to very different conclusions. Hence, a further detailed and systematic research is
required, and it should also include the complete analysis of the microstructure and
physicochemical properties of BDD films like grain size, surface roughness, growth rate,
conductivity, sp®/sp? ratio, residual stress, adhesion strength, electron transfer rate, OEP,
electrochemical potential window, background current, and boron doping level, deposited
under the same CVD deposition conditions over several different substrate materials. Then,
possible guidelines may be provided for adequate selection of substrate material for the

deposition of BDD thin films for specific water treatment applications.

1.2.4.2. The chemical vapor deposition process

CVD diamond thin films are usually carried out by activating a mixture of a carbon-
containing gas (usually methane in low concentration) with molecular hydrogen. During its
course, carbon radicals are generated and react with dissociated hydrogen in high
concentration to give the diamond growth precursors (96). Chemical vapor deposition
techniques include hot-flament (HFCVD), RF-plasma (RFCVD), microwave plasma
(MPCVD), and related DC plasma, DC arc-jet, or oxy-acetylene flame (97). Regarding BDD
film deposition, SLR detailed analysis indicates that 71.2% of the articles employed hot-
filament (HFCVD) and 28.8% microwave plasma (MPCVD), as illustrated in Figure 1.2.7.
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Figure 1.2.7. Number of publications per year on commercial and in-house BDD anodes,
employing HF or MPCVD deposition methods, based on the bibliometric analysis search.
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In HFCVD deposition, an appropriate filament temperature will guarantee molecular
hydrogen dissociation, usually obtained at temperatures above 2000°C. The melting point
and purity of the metallic filaments (e.g., W, Ta, and Re) are always considered to avoid or
minimize their degradation, which causes film contamination (98). Suitable diamond growth
kinetics is also dependent on the distance between each of the filaments and that between
them and the substrate’s surface. In MPCVD, the microwave power and frequency are the
important parameters that require careful control and optimization. Microwave frequency
can vary from 300 MHz to 300 GHz, with most depositions performed in commercial
reactors (e.g., Seki-ASTeX reactors) typically at 2.45 GHz (99). MPCVD depositions using
higher microwave powers exhibit increased feed gas temperature and dissociation
efficiency, resulting in larger grain sizes and improved growth rates (100).

Manufacturers of commercial diamond films tend to adopt the HFCVD method due to the
possibility of growing films over large surface areas, similarly to some authors who
implemented such method to deposit BDD films over areas as large as 0.5 m? (101). In
contrast, MPCVD enables higher growth rates, higher phase purity, and better
reproducibility since HFCVD temperatures are limited to the filaments' melting point,
restricting the concentration of dissociated hydrogen atoms (102). The latter is the main
reason for using MPCVD in free-standing diamond deposition (99). In addition, the

degradation of the filaments used in HFCVD can promote metal contamination of the films
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(99), interfering with the quality of the final films and, for example, hindering the film
adhesion to the substrate or inducing graphitization points (98, 103, 104). On the other
hand, the plasma area is limited by the wavelength of the microwave radiation in the
MPCVD method (102), greatly restricting industrial-scale production of BDD electrodes for
pollutant degradation. The preference for HFCVD is also explained by the simplicity of its
apparatus and lower cost compared to MPCVD (43).

As demonstrated in the previous section, a comparison between the distinct deposition
parameters used in the production of commercial and in-house electrodes constitutes a
challenge. Each CVD reactor has specific dimensions and characteristics, as well as
optimized deposition parameters (52). For example, two different reactors using the same
deposition conditions will not necessarily yield similar BDD films with the very same
characteristics due to geometric constraints within the reactor that directly affect the
deposition kinetics (105). Table 1.2.1 and Table 1.2.2 summarize some of the HFCVD and
MPCVD deposition parameters respectively, found in the articles within the SLR.
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Table 1.2.1. HFCVD deposition conditions present in the literature based on the bibliometric analysis search.

University, research center, or Substrate CH4/H: Boron Filament Substrate Pressure [BYIC] Ref.
commercial manufacturer (%) source temperature Temperature (mbar) (ppm)
(°C) (°C)

Adamant Technologies (Switzerland) p-Si; Ti 1.0% Trimethylborane 2440-2560 830 - 100-8000 (106)
Condias GmbH (Germany) Nb 0.5%-2.5 % Diborane 2200-2600 700-925 10-50 500-8000 (107)
CSEM, Swiss Center for Electronics and p-Si 1.0% Trimethylborane  2440-2560 830 - 800-8000 (108)
Microtechnology (Switzerland)
Central South University, China Si; Ta; Nb; 1%-4% Diborane 2200-2400 650-850 30 2000-20000 (109)

Ti (110)

Si 3.0% Diborane - 850 20 - (111)
Ecole Polytechnique Fédérale de Lausanne p-Si 1.0% Trimethylborane 2440-2560 830 - 2500-10000 (112)
(EPFL), Switzerland

- 1.0% Trimethylborane - 760-870 10-100 600 (113)
Instituto Nacional de Pesquisas Espaciais Ti 0.5%-5.0% B20s3 - 650 53-67 100-30000 (114)
(INPE), Brazil
Jilin University, China Ti 1.0% Trimethylborate 2000 - 70 8000 (115)
Slovak University of Technology in n-Si 1.0% Trimethylborane - 650 + 20 30 10000 (116)
Bratislava, Slovak Republic

Si 2.0% Trimethylborane 2100 650 30 10000 (117)
Tianjin University of Technology, China Ta 2.0% Trimethylborate - 950 50 - (118)

Ta 0.7% B203 - 800-1000 ~67 - (119)

Ta 0.7% B203 2000 800 25 - (120)
Zhejiang University, China Ta 2.0% Diborane 2500 800 50 - (121)

*TMD: trimethylborane
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Table 1.2.2. MPCVD deposition conditions present in the literature based on the bibliometric analysis search.

University, research center, or commercial Substrate CHaJ/H> Boron Substrate Temperature Pressure Power [BYIC] Ref.
manufacturer (%) source (°C) (mbar) (kW) (ppm)

Keio University, Japan p-Si - Trimethylborate - - 5 2000-10000 (122)

Si - Trimethylborane - ~113 5 - (123)

Michigan State University, USA p-Si 0.5%-1% B203 850 ~47 1.0-1.3 100-1000 (124)

Peking University, China Ti 1%-2% Diborane 800 ~53 1.2 1000-5000 (125)

University of Technology, Poland p-Si 1.0% Diborane 1000 ~67 1.3  1000-10000 (126)

University of Tokyo, Japan n-Si 0.5% B203 800-900 ~153 1.5 8000 (113)

p-Si 3.0% Diborane 880 40 - 6000 (113)

n-Si; p-Si 3% £ 1% B20s 800-900 ~153 5 10000 (127)

(128)

Utsunomiya University, Japan p-Si - B203 540 ~93 14 10000 (129)

*TMD: trimethylborane
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CVD polycrystalline diamond deposition is generally performed using a CH4/H2 gas mixture,
with microcrystalline (MCD) and nanocrystalline diamond (NCD) being typically grown
under hydrogen-rich gas mixtures. The introduction of argon into the gas mixture increases
the diamond re-nucleation rate, preventing enlargement of the crystallites, and ultra-
nanocrystalline diamond (UNCD) is usually grown under argon-rich CVD environments (43).
According to the van der Drift regime (43, 130), MCD and NCD grain size and thickness are
determined by the deposition time, while UNCD presents a nodular morphology with
negligible crystal faceting, disobeying the standard regime (96, 130). Some researchers
also add small amounts (<2%) of O to the gas mixture to limit impurity incorporation and
non-epitaxial defect formation (131). The gas mixture influences the grain size, diamond
quality, and the surface finish of the diamond film (132). The temperature of the substrate
plays a significant role in the film growth kinetics. MPCVD diamond growth was evaluated
over HPHT diamond substrates in a broad range of substrate temperatures (750-1150 °C)
and CH4/H2 gas mixture ratios (1-13%) (56). Results showed that an appropriate substrate
temperature could significantly improve growth rate, and higher CH4/H. ratios favor
enhanced growth rates. Increasing CH4 content leads to enhanced non-diamond carbon
incorporation. Competitive etching by atomic hydrogen showed a strong effect at low
CHa4/H2 ratios (1%), and a transition from growth to etching was observed at substrate
temperatures higher than 1000°C and low CH4 concentrations (1-4%).

Application of a direct bias current between the filaments and the substrate is not
mandatory, but doing so can enhance nucleation density during the deposition and improve
diamond quality (133). The gas pressure may change the mean free path of particles
(primarily hydrocarbons radicals) and, in consequence, their activity due to the absorption
of energy from electrons provided by the filaments (134). In addition, pressure has been
shown to affect film quality, boron-doping concentration, and diamond crystallographic
plane growth direction (134). During the CVD diamond deposition process, the crystal
morphology and orientation are directly related to the growth parameter, which specifies the
ratio of the growth rates on different grain orientations (namely, between the (100) and (111)
crystallographic planes for CVD diamond) (72). The growth parameter is mainly determined
by different deposition parameters such as pressure, gas composition, and the temperature
of the substrate (135-138).

The choice of boron doping source and its concentration in the gas mixture significantly
affect the BDD’s molecular structure, electronic properties, composition, impurities, and
direction of crystallographic diamond facets (21). The most used sources of boron in CVD

diamond growth are gases such as trimethylborane (B(CHs)s), trimethylborate (B(OCHj3)s),
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or diborane (B2Hs). Solid-state sources such as boron oxide (B2Os3) diluted in ethanol or
methanol have also been successfully used (8, 132). Controlling the [B]/[C] ratio in the feed
gas inside the reactor is established by determining appropriate mixing ratios based on
Raoult’s law (139). Different boron sources may require different CVD growth conditions
since boron incorporation depends on its source type. Gaseous boron precursors enable
more precise control of the boron doping level over a wide concentration range (140).

In addition to the commonly reported parameters, other factors related to the CVD reactor
design and operation also affect the final characteristics of the BDD electrode. For example,
the temperature measurement instruments and their position (thermocouple, pyrometer),
the gas inlet point(s) in the reactor chamber, the direction of the gases’ extraction, the
chamber volume, or residence time of the gas mixture (depends on the chamber volume
and gas flow/pressure). Slow cooling rates favor film adhesion due to lower residual stress
caused by the CTE mismatch between the substrate material and the diamond film (141).
The cooling atmosphere will also affect diamond surface chemical termination (142).

Both in-house and commercially made BDD electrodes show strong heterogeneities in their
final characteristics due to the diverse deposition conditions and methods applied. The
development of new technology or modified CVD reactors delivering homogeneous power
into the diamond growth surface, together with selective BDD surface modifications, would

be possible solutions to help minimize the currently found heterogeneities of BDD films (21).

1.2.5. Characterization of boron-doped diamond coatings

The microstructure, growth rate, sp®sp? ratio, boron doping level, and surface termination
are key factors that determine the electrochemical properties of BDD. These characteristics
significantly control their conductivity, OEP, electrochemical potential window, molecular
adsorption, and electron transfer kinetics. Thus, a detailed characterization of a BDD film is
also an important point when comparing BDD electrodes from different sources.

In this section, the properties that most influence the electrochemical performance of the
BDD electrodes will be discussed to better understand the efficiency of pollutants removal.
The difficulty in comparing the diamond quality and boron doping levels in BDD thin films
when determined by different characterization methods will also be addressed. One should
bear in mind that the following considerations refer to BDD electrodes with planar geometry
since distinct diamond-based architectures (e.g., BDD particles, nanostructured BDD,

diamond-nanocarbon structures) may exhibit different behaviors (21, 143).

98



Chapter I: Fundamentals and State of the Art

1.2.5.1. Presence of non-diamond carbon

Raman spectroscopy is the most accepted and used technique for diamond quality
assessment. It enables the detection of non-diamond carbon (NDC), allowing the
determination of the carbon sp® (diamond-like)/sp?(graphite-like) ratio, which is the
commonly adopted diamond quality indicator. The presence of NDC in the BDD films
significantly influences their electrocatalytic properties, particularly the voltametric
background current, potential window, molecular adsorption, and electron transfer kinetics
(102). High NDC content affects the electrocatalytic inertia of the electrode (102) and
modifies its adsorption characteristics, decreasing the potential window (10) and increasing
fouling susceptibility (144). Relevant presence of sp? carbon in the BDD films may induce
voltametric responses like glassy carbon and graphite (9). The substantial presence of NDC
in the grain boundaries of the diamond film causes lower electrode stability when under
anodic polarization and, ultimately, the disintegration of the electrode (145). The NDC
content is also related to higher background current and double-layer capacitance (146).
For water treatment applications, a lower level of sp? carbon favors the ability for the
mineralization of organics, and electrochemical combustion over conversion, thus avoiding
the generation of hazardous byproducts (10).

Different laser wavelengths ranging from 257 to 1064 nm have been used in Raman
spectroscopy to evaluate the quality of the diamond thin films (147). The determination of
the sp®/sp? ratio strongly depends on the excitation wavelength, and it increases with the
increasing energy of the used laser (147, 148). Typically, the peaks used for sp®/sp?
calculations are the first-order diamond band (sp®) at 1332 cm"; the G-band between 1500-
1600 cm™' (related to the C=C sp? bond stretching mode); and the D-band usually located
at 1345 cm-1 (represents most sp? structures) (149, 150). In the case of nanocrystalline
diamond films, the first-order diamond peak is only detected under UV excitation (147).
The comparison of different sp3/sp? ratios is only accurate if the same excitation energy is
used to acquire the spectra and if determined by the same method and mathematical
expression. Several authors have used the ratio between the integral intensity of the
diamond band (lsamond) @nd the integral intensity of the G-band (lg) (151). Others divide
lsiamond DY the total integrated intensity of the Raman spectrum (liotal) (45, 152). The full width
at half maximum (FWHM) of the first-order peak for diamond has also often been used to
estimate its crystalline quality and dopant concentration since lower FWHM values indicate
lesser structural defects and/or grain boundaries, hence higher diamond quality (147, 153-
155). Different expressions for the calculation of the diamond quality are found in the

literature, depending on the applied excitation wavelength. For example, if the 514 nm
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excitation line is used, authors usually determine the diamond quality by Eq. 1.2.1 (156), Eq.
1.2.2 (157), or Eq. 1.2.3 (158).

laiamona Eq' 1.2.1
250 x Zlnon—diamond

sp3/sp? ratio =

Ig Eq. 1.2.2
75 X Idiamond + IG

sp3/sp? ratio = 100 X

lgiamona Eq. 1.2.3

B

Idiamond + Itotal

In Eq. 1.2.1, Inon-diamond is the integral intensity of non-diamond bands of the Raman
spectrum, and 250 is the factor related to the Raman scattering efficiencies between the
sp® band and other forms of non-diamond carbon. In Eq. 1.2.3, B is the figure-of-merit or the
Raman quality fraction (158). If the 488 nm excitation wavelength is used to acquire the
Raman spectra, then the purity of the CVD diamond can be expressed by Cdiamond, as
seen in equation Eq. 1.2.4, where 50 is a correction factor for the substantial resonant

Raman scattering effect of sp? bonded carbons (154, 159).

lgiamona Eq. .2.4

Caiamona = 100 X Ic
Idiamond + /50

It is important to emphasize that all the above equations for diamond quality assessment
should be used with caution since several other factors influence the sp®/sp? ratio. For
instance, the polarization changes if micro or macro-Raman measurements are employed
or if measurements are carried out over grains with different orientations (especially in

micro-Raman) (147).

1.2.5.2. Surface morphology and roughness

Scanning electron microscopy (SEM), atomic force microscopy (AFM), and 3D optical
profilometry easily provide surface morphology and roughness analysis information. In
polycrystalline BDD, the crystal defects are usually linked to NDC, mainly located in the
grain boundaries. Therefore, higher surface roughness arises from large grain sizes and

low grain boundary density, indicating a reduced amount of NDC present at the BDD surface
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(160, 161). Except in the case of UNCD films, CVD diamond films usually grow according
to the van der Drift regime, in which the average grain size increases with the increasing
film thickness (130). Therefore, grain size, roughness, and film thickness are closely related
to the BDD surface's electrochemical properties, which, in their turn, are highly influenced
by variation in the amount of NDC. Consequently, the overpotential for oxygen evolution is
lower for thinner films (and finer grains), and the capacitance of BDD electrodes is also

related to surface roughness (162).

1.2.5.3. Boron doping level

The conversion of insulator diamond to metal-like conductivity is required for effective
practical electrochemical applications and attained at certain doping levels (96). The
evolution of resistivity in diamond as a function of boron concentration ([B]) in BDD thin films
has been studied (163). For [B] bellow 10 cm, the conduction in diamond is dominated
by free electrons within the valence band. Up to 3 x 10?° cm, the conduction is of the
hopping type, diamond behaves as a semiconductor, and the resistivity decreases strongly
with the increase of boron content. Diamond reaches metal-like conductivity when [B] is
above 3 x 10%° cm™.

Nevertheless, effective doping is not linear since boron does not homogeneously
incorporate diamond, being simultaneously substitutional and interstitially distributed within
the crystalline framework. Thus, effective boron doping does not linearly increase with the
boost of boron concentration in the CVD feed gas (46). Boron preferentially incorporates
the (111) diamond facets compared to (100) facets (78, 164). Electric conductivity in (111)
planes is estimated to be approximately 10* times higher than that in (100) planes (78), with
consequent faster electron transfer kinetics in (111) planes (21). Furthermore, boron atoms
are not electrically active when incorporated within the grain boundaries (165), which means
that the measured doping level is usually higher than the effective carrier concentration
(holes) (96). Several techniques have been used for quantitative and/or semiquantitative
determination of the boron doping level in BDD films. It includes secondary ion mass
spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS), electron energy-loss
spectroscopy (EELS), and neutron depth profile (NDP). However, these methods are time-
consuming, expensive, and difficult to apply, especially when a full depth analysis of boron
distribution within the diamond lattice is desired (46). Recently, pulsed RF glow discharge
optical emission spectroscopy (GDOES) has been used to semi-quantify boron doping
levels, and it was demonstrated that the technique provides high-speed depth profiles (46).

In the case of heavily doped BDD films, many authors use a non-destructive and contactless
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measurement using Raman spectroscopy data to estimate the boron doping concentration.
The following equation (Eq. 1.2.5) was proposed, and it is valid for boron doping

concentration within the 2 x 102°~10%2 cm™ range (166):
[B] cm™3 = 8.44 x 103%exp (—0.048w) Eq. 1.2.5

where w is the wavenumber (cm™") of the Lorentzian component of the Raman peak at about
500 cm™. Care must be taken when usi