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CB/Cellulose/HDES/PLA electrode in a concentration range of 10 to 35 puM.
SWYV parameters: a = 20 mV, f = 25 Hz, AE = 5 mV. Inset: calibration curve
obtained by the standard addition method. ...........ccoeeiiiiiiiii 156
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Abstract

DEEP EUTECTIC SOLVENT AND ADDITIVE MANUFACTURING:
SUSTAINABLE APPROACHES FOR THE DEVELOPMENT OF
ELECTROCHEMICAL SENSORS. The thesis investigated the use of
hydrophobic deep eutectic solvents and additive manufacturing to develop
sustainable electrochemical sensors, aligning with the principles of green
chemistry. To do this, an HDES composed of decanoic acid and
tetrabutylammonium bromide was studied and synthesised, characterised using
techniques such as differential scanning calorimetry, infrared spectroscopy, and
nuclear magnetic resonance. For the first time, the synthesis of HDES was
optimised using in sifu infrared spectroscopy, reducing the preparation time to less
than five minutes at 80 °C, thereby contributing to energy savings and the
environmental feasibility of the process. The application of HDES was explored
in the modification of electrodes for electrochemical sensors aimed at detecting
compounds of environmental and medical interest. One of the key studies
involved modifying glassy carbon electrodes with HDES and carbon nanohorns
for serotonin detection. The modified electrode (DecA(5mg)-CNH/GCE)
exhibited significant improvements in electrochemical performance due to the
synergistic effect between HDES and CNH, promoting greater coverage of carbon
nanoparticles and a homogeneous surface, facilitating electron transfer in
serotonin oxidation. Another study employed HDES in the modification of carbon
paste electrodes for the detection of diuron, a widely used herbicide. The
voltammetric method developed demonstrated good reproducibility and effective
recovery of diuron in water samples, highlighting the sensor's applicability for
environmental monitoring. Beyond conventional electrodes, the research
explored additive manufacturing to develop sustainable conductive filaments.
One of the filaments was composed of carbon black, graphite functionalised with
silver nanoparticles (AgNPs), castor oil, and recycled PLA. The AgNPs were
synthesised in an eco-friendly manner without reducing agents, using the graphite
itself as the forming material, and characterised by SEM/EDX, XRD, and XPS.
Electrodes printed from this material demonstrated high efficiency in cadmium
detection in water, with a detection limit below the global regulatory threshold of
5 ug L', making them viable for environmental analyses. Another innovative
approach was the pioneering development of a filament containing HDES. In this
study, the HDES was combined with carbon black, cellulose, recycled PLA, and
castor oil. Electrodes printed from this filament exhibited electrochemical
improvements compared to filaments developed without HDES and a commercial
filament. As proof of functionality, the electrodes were applied in the detection of
acetaminophen in water, demonstrating their analytical efficiency and
sustainability. This work highlighted the potential of combining HDES and
additive manufacturing to create environmentally friendly electrochemical
sensors, driving advancements in sustainable analytical chemistry. Additionally,
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it reinforces the feasibility of using simple and green materials in the development
of new sensors, aligning with the principles of green chemistry and the United
Nations’ Sustainable Development Goals.

Keywords: sustainability, hydrophobic deep eutectic solvent, additive

manufacturing, 3D-printing, green chemistry, electrochemical sensors,
sustainable development.
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Resumo
SOLVENTE EUTETICO PROFUNDO E MANUFATURA ADITIVA:
ABORDAGENS SUSTENTAVEIS PARA O DESENVOLVIMENTO DE
SENSORES ELETROQUIMICOS. A tese investigou o uso de solventes eutéticos
profundos hidrofobicos e manufatura aditiva para desenvolver sensores
eletroquimicos sustentaveis, alinhando-se aos principios da quimica verde. Para
isso, foi estudado e sintetizado um HDES composto por acido decandico e
brometo de tetrabutilamoénio, caracterizado por técnicas como calorimetria
diferencial de varredura, espectroscopia de infravermelho e ressonancia
magnética nuclear. Pela primeira vez, foi otimizada a sintese do HDES utilizando
espectroscopia de infravermelho iz situ, reduzindo o tempo de preparo para menos
de cinco minutos a 80 °C, o que contribuiu para a economia de energia ¢ a
viabilidade ambiental do processo. A aplicagdo do HDES foi explorada na
modificacdo de eletrodos para sensores eletroquimicos voltados a deteccao de
compostos de interesse ambiental e médico. Um dos estudos centrais envolveu a
modificacao de eletrodos de carbono vitreo com HDES e nanochifres de carbono
para a deteccdo de serotonina. O eletrodo modificado (DecA(5mg)-CNH/GCE)
apresentou melhorias significativas no desempenho eletroquimico devido ao
efeito sinérgico entre HDES e CNH, promovendo maior recobrimento das
nanoparticulas de carbono e uma superficie homogénea, facilitando a
transferéncia de elétrons na oxidagdo da serotonina. Outro estudo empregou o
HDES na modificagdo de eletrodos de pasta de carbono para a detec¢ao de diuron,
um herbicida amplamente utilizado. O método voltamétrico desenvolvido
demonstrou boa reprodutibilidade e recuperacao eficaz do diuron em amostras de
agua, destacando a aplicabilidade do sensor para monitoramento ambiental. Além
dos eletrodos convencionais, a pesquisa explorou a manufatura aditiva para
desenvolver filamentos condutores sustentaveis. Um dos filamentos foi composto
por negro de fumo, grafite funcionalizado com nanoparticulas de prata (AgNPs),
6leo de ricino e PLA reciclado. As AgNPs foram sintetizadas de forma ecoldgica,
sem agentes redutores, utilizando o proprio grafite como material formador, e
caracterizadas por MEV/EDX, DRX e XPS. Os eletrodos impressos a partir desse
material mostraram alta eficiéncia na detec¢ao de cadmio em agua, com limite de
deteccdo inferior ao regulatorio global de 5 pg L', tornando-os vidveis para
analises ambientais. Outra abordagem inovadora foi o desenvolvimento pioneiro
de um filamento contendo HDES. Neste estudo, o HDES foi combinado com
negro de fumo, celulose, PLA reciclado e 6leo de ricino. Os eletrodos impressos
a partir desse filamento apresentaram melhorias eletroquimicas em comparagao a
filamentos desenvolvidos sem HDES e a um filamento comercial. Como prova de
funcionalidade, os eletrodos foram aplicados na detec¢dao de paracetamol em
agua, demonstrando sua eficiéncia analitica e sustentabilidade. Este trabalho
evidenciou o potencial da combinagdo entre HDES e manufatura aditiva para a
criagdo de sensores eletroquimicos ecologicamente corretos, promovendo

xXx1



avangos na quimica analitica sustentavel. Além disso, reforca a viabilidade do uso
de materiais simples e verdes no desenvolvimento de novos sensores, alinhando-
se aos principios da quimica verde e aos Objetivos de Desenvolvimento
Sustentavel da ONU.

Palavras-chave: sustentabilidade, solvente eutético profundo hidrofobico,
manufatura aditiva, impressao 3D, quimica verde, sensores eletroquimicos,
desenvolvimento sustentavel.
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1- INTRODUCTION

Sustainable development has emerged as a global priority to address
environmental, social, and economic challenges. The United Nations Sustainable
Development Goals (SDGs), adopted in 2015, emphasize the need for innovative
solutions to ensure a sustainable future for the planet. The SDGs are designed to
balance the global challenges of sustainable development, providing a roadmap
for governments, organizations, and individuals to work together toward a

sustainable future (FIGURE 1.1)!.
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FIGURE 1.1 - Sustainable Development Goals. Adapted from The United Nations
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Sustainable Development Goals'.

Key goals include ensuring clean water and sanitation (Goal 6),
affordable and clean energy (Goal 7), responsible consumption and production
(Goal 12), and climate action (Goal 13). These goals emphasize innovation,
sustainable practices, and international cooperation to tackle global challenges
such as inequality, environmental degradation, and economic instability. The
SDGs also highlights the role of science, technology, and innovation in achieving

sustainable development!.



In this regard, green chemistry has potential as a transformative
approach that can contribute to the SDGs. By designing processes and materials
that minimise hazardous substances and environmental impacts, green chemistry
aligns with the principles of sustainability and paves the way for a more resilient
future?.

In the context of green chemistry, the development of analytical
detection systems focused on safe and environmentally sustainable analyses has
become a priority’. Reflecting this growing interest, different electrochemical
sensors are being continuously developed, with applications ranging from
clinical, food, and environmental sectors. These sensors offer sustainable
characteristics that require only small volumes of reagents and samples, thereby
generating less waste and using low-toxicity reagents, such as aqueous buffer
solutions or diluted acids. Furthermore, the selection of suitable materials enables
the development of sensors that are sensitive, selective, cost-effective, and simple
to operate*.

In reference to the development of electrochemical sensors, deep
eutectic solvents (DES), a class of environmentally friendly solvents, have
attracted significant attention for their low toxicity, biodegradability, and versatile
properties that have enabled advancements in various fields, including in
electrochemistry!®!!, In parallel, additive manufacturing (AM), also known as 3D
printing, has revolutionised material fabrication by 3D-printing objects layer by
layer from digital models, significantly reducing waste, enhancing precision, and
enabling fabrication of complex geometries'>!3.

In this sense, hydrophobic DES was integrated with various
carbonaceous materials, including multiwalled carbon nanotubes, carbon black,
and carbon nanohorns, to develop novel electrochemical sensors. The electrodes
utilized were glassy carbon, carbon paste, and 3D-printed electrodes, highlighting

the adaptability and effectiveness of DES in improving sensor performance.
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Moreover, given the promising sustainable attributes of additive manufacturing,
one of the objectives of this doctoral thesis was to take advantage of the unique
properties of AM to create conductive filaments and, subsequently, develop

electrochemical sensors for detecting specific target analytes.

1.1-  Green Chemistry

Green chemistry, often referred to as sustainable chemistry, is a field
dedicated to creating chemical processes and products that minimize or
completely remove the use and production of hazardous materials. Its goal is to
enhance the safety, environmental sustainability, and efficiency of chemical
manufacturing by considering environmental impacts from the start of the
process’. To achieve this, green chemistry is divided into 12 principles,

summarized in TABLE /.1.



TABLE 1.1 - Key principles of green chemistry?

Item  Principle

Description

1
Prevention

2
Atom Economy

3 Less Hazardous
Chemical Synthesis

4 Designing Safer
Chemicals

5 Safer Solvents and
Auxiliaries

6 .
Energy Efficiency

7 Use of Renewable
Feedstocks

8 .
Reduce Derivatives

9

Catalysis

10 Design for
Degradation

11 Real-time Pollution
Prevention

12 Safer Chemistry for
Accident

Prevention

Avoiding waste generation is better than cleaning it
up.

Maximizing the incorporation of all materials used
in the process into the final product.

Designing methods that minimize toxicity to human
health and the environment.

Creating products that are effective while
minimizing toxicity.

Using benign or no solvents in processes whenever
possible.

Conducting chemical processes at ambient
temperature and pressure to reduce energy use.
Preferring renewable raw materials over depleting
resources.

Minimizing the use of unnecessary derivatives to
avoid additional steps and waste.

Using catalytic reactions to enhance efficiency and
reduce waste.

Ensuring that products break down into non-toxic
substances after use.

Monitoring processes to minimize hazardous by-
products.

Designing processes to minimize the risk of
accidents, including explosions, fires, and toxic

releases.




Several research groups are actively working to develop innovative
materials and processes aligned with the principles of green chemistry. For
instance, significant progress has been made in designing DES as eco-friendly
alternatives to conventional organic solvents in processes including synthesis and
extraction of analytes!#22. Other notable advancements include the creation of
biodegradable plastics and sustainable polymers for applications such as
functional materials in the fields of shape memory, degradable, and self-healing
materials, which address the global challenge of plastic pollution>* %, Moreover,
green chemistry has driven breakthroughs in renewable energy technologies, such

30-32

as the development of efficient hydrogen production catalysts® =<, as well as

pharmaceuticals synthesized via less toxic methods®*—°

. Additionally, eco-
friendly pesticides and fertilizers are being engineered to promote sustainable
agricultural practices while minimizing environmental impact>®°.

Among the green solvents, DES stand out, gaining significant
attention for their ability to replace highly toxic organic solvents in processes such
as extraction, synthesis, and metal processing!>*’. DES are distinguished by their
properties, which are closely aligned with the principles of green chemistry, such
as low volatility, reduced toxicity, biocompatibility, biodegradability, and ease of
preparation. Their synthesis process is straightforward, involving the mixing of
components at a controlled temperature under constant agitation** 2,

Regarding novel materials, this research explores the application of
additive manufacturing using the fused deposition modelling (FDM) technique.
FDM is a widely used AM technique that builds objects layer by layer by
extruding melted thermoplastic filament through a heated nozzle. It is popular due
to its affordability, material versatility, and ease of use, making it ideal for
prototyping, medical devices, electronics, and aerospace applications. Moreover,
it supports the use of renewable and recycled materials, reinforcing its relevance

within the context of green chemistry*7.



Both DES!>1048-55 and AM!24547:56-65 have been widely applied in
areas such as electrochemistry and analytical chemistry in the development of
electrochemical sensors, demonstrating the potential of these approaches to drive

sustainable advancements across various scientific and industrial fields.

1.2 -  Green Solvents

With the introduction of the green chemistry concept, concerns
regarding using organic solvents—often deemed highly toxic, volatile, reactive,
and flammable—have emerged. These solvents negatively impact human health
and the environment, highlighting the need for sustainable alternatives®®®’,
Various research groups have focused on developing green solvents as promising
substitutes for these traditional organic solvents. These green solvents are crucial
for enhancing the environmental and economic performance of chemical
manufacturing and other industries. The goal is not only to minimize the
environmental impact of chemical processes but also to improve efficiency by
allowing for lower temperatures and pressures, thus reducing energy consumption
and promoting catalyst stability®”°.

Several works have explored new materials and reagents that ensure
maximum atomic efficiency, protect the environment and the analyst, and
minimize waste production at the end of the process. In addition to replacing
conventional organic solvents, when combined with other materials, these new
solvents can exhibit significant characteristics that enhance and modify
procedures and products®’%°72, In a 2013 study focused on the development of
environmentally friendly solvents, a set of twelve criteria was proposed that a
solvent must satisfy to be classified as “green”®®. These criteria were inspired by

the twelve principles of green chemistry. A summary of these principles can be

found in TABLE 1.2.



TABLE 1.2 - The 12 criteria for a solvent to be considered green®

Item  Criteria Description
1 Availability Available on a large scale.
2 b Attractive prices to ensure the sustainability of the
rice
chemical process.
3 Recyclability Recycled through sustainable procedures.
4 Pure solvents are recommended, thus avoiding
Grade extra purification steps and ensuring energy
savings.
5 . Easy to prepare, avoiding high energy consumption
Synthesis . . . .
and reagents, and presenting high atomic efficiency.
6 Toxicity Negligible toxicity.
7 . » Biodegradable and do not produce toxic by-
Biodegradability
products.
8 Like or even better performance compared to
Performance _
traditional solvents.
9 Stability Thermally and chemically stable.
10 Flammability Not be flammable.
11 Simple to store and comply with regulations for
Storage '
safe transport by road, train, boat or plane.
12 . Use of renewable raw materials to produce green
Renewability

solvents.

Developing an ideal sustainable solvent remains a significant

challenge due to the complex criteria it must fulfil. A green solvent must exceed

in various aspects, including low toxicity, high efficiency, biodegradability, and

minimal environmental impact. Achieving this balance requires a comprehensive

evaluation of the solvent's life cycle — from synthesis and application to final
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disposal. It is essential to assess the sustainability of new solvents by comparing
them to traditional solvents in terms of environmental, economic, and safety
metrics. This approach ensures that the proposed solvent contributes to long-term
environmental goals®®’.

Among the most studied green solvents are Ionic Liquids,
Supercritical and Subcritical Fluids, deep eutectic solvents, and Bio-Based

Solvents®’-6%-73

. These alternatives are gaining adoption in areas such as
pharmaceuticals, biotechnology, food processing, chemistry and materials
science. Their benefits include reducing hazardous waste, enhancing process
efficiency, and supporting the shift toward more sustainable industrial practices.
This doctoral thesis will emphasize the utilization of deep eutectic
solvents as a new class of green solvents, with a particular focus on their
applications in electrochemistry. The study aims to explore how deep eutectic
solvents can enhance electrochemical processes, offering advantages in terms of

sustainability, conductivity, and compatibility with various electrochemical

systems.

1.2.1 - Deep Eutectic Solvents

Deep eutectic solvents were first introduced due to their similarity to
ionic liquids. They are created by combining two or more components that interact
through hydrogen bonding, resulting in a eutectic mixture with a melting point
that is lower than that of any of the individual components’™. The concept of DES
emerged from a study by Abbott ef al. (2001)”°, which aimed to overcome some
of the limitations associated with traditional 1onic liquids.

Abbott et al. focused on developing moisture-stable room-
temperature ionic liquids (RTILs) by combining quaternary ammonium salts with

Lewis’s acids. The researchers explored how different side chain substituents in
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the ammonium salts and the choice of Lewis acid influenced the properties of the
resulting liquids. Their goal was to find a substitute for ILs formed with
imidazolium and aluminium by introducing new solvents made from ammonium
salts, which are generally less expensive than imidazolium cations, and to use
metal chlorides, such as zinc chloride (ZnCl,) and tin chloride (SnCl,), that are
more stable in humid conditions”.

Following that, the term "eutectic mixtures" was cited by the same
research group in a 2003 study’®. In this work, the authors prepared several
eutectic mixtures using a molar ratio of 1:2 of choline chloride (ChCl) and an
amide. The focus of the study was to analyse the reduction in the freezing point
of these mixtures compared to their individual components. They observed that
the mixtures remained liquid at room temperature and exhibited remarkable
solvent properties. Key findings included a significant decrease in melting points
due to hydrogen bonding, particularly observed in the mixture of ChCl with urea,
which had a freezing point of 12 °C. Additionally, the researchers emphasised the
high solubility of salts, organic acids, and amino acids in this eutectic mixture.
These solvents demonstrated high conductivity and the ability to dissolve metal
oxides, making them versatile for various applications.

Although DES emerged as an alternative to ionic liquids, they
possess significant properties that make them more environmentally friendly. Key
characteristics highlighted in the literature include non-volatility, ease of
preparation, and non-flammability. DES are often synthesised from natural
components, which enhances their biodegradability. Additionally, the preparation
of these solvents requires only small quantities of reagents, and nearly all the
materials used are incorporated into the final product, achieving 100% atomic
efficiency. This contrasts with ionic liquids, which typically involve excess

reagents and require multiple steps and longer synthesis time*’.



Overall, the number of publications with the term deep eutectic
solvents has increased significantly throughout the years. Bibliographic research
conducted on the Web of Science in November 2024, using the term deep eutectic
solvent*, revealed a remarkable increase in publications on this topic, counting
over 14,000 articles and review papers between 2004 and 2025, as illustrated in
FIGURE 1.2. This substantial growth can be attributed to the unique
characteristics of these solvents, which render them suitable for a wide range of

applications across various fields.
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FIGURE 1.2 - Number of publications on deep eutectic solvents according to the

Web of Science database (term: deep eutectic solvent™).

DES are being widely investigated and applied across various fields,
as described, due to their unique characteristics’”’. In organic synthesis, these
solvents are used as a green alternative to traditional solvents, while in catalysis,
they facilitate diverse chemical reactions with improved yields and selectivity '®7%.

In the field of electrochemistry, the use of DES has grown significantly, as their
10



electrical conductive properties, wide potential range using electrodes such as
glassy carbon, gold, and platinum electrodes, and ability to dissolve metal ions
make them suitable for applications such as electrodeposition,
electropolymerisation, supporting electrolytes, electroanalysis, and metal
extraction and refining!%-11:49-50.79.80,

In pharmaceutical and biotechnological applications, DES are
effective in solubilising poorly soluble drugs, making them suitable for more
efficient drug delivery systems. Moreover, they are used to stabilise sensitive
biomolecules, such as enzymes and proteins, preserving their activity over time.
They are also valuable for the extraction of bioactive compounds, such as
antioxidants, flavonoids, and other phytochemicals®!:2,

In polymer production, DES act, for example, as plasticisers,
enhancing flexibility. They are also employed in processing biopolymers, such as
cellulose, contributing to the creation of sustainable materials and the controlled
synthesis of nanomaterials®>*. Furthermore, DES are effective in functionalising
and/ or as a medium for creating nanomaterials, such as surface modification of
carbonaceous materials and synthesis of metallic nanoparticles, which enhances
their stability, dispersibility, and reactivity®'%>%7. An example is using DES to
introduce specific functional groups to carbon materials, making them more
compatible with different matrices'**°.

The use of deep eutectic solvents in electrochemistry has grown
significantly over the years. A search conducted on the Web of Science using the
terms deep eutectic solvent* and electrochem™® revealed more than 1,600
publications on this topic, as illustrated in FIGURE 1.3. This increase can be
attributed to the ability of DES to dissolve a variety of ionic and molecular
compounds, as well as their acceptable ionic conductivity, thermal stability, and

broad electrochemical window!?. These properties often enable DES to

outperform traditional solvents and ionic liquids in many applications.
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FIGURE 1.3 - Number of publications on deep eutectic solvents in
electrochemistry according to the Web of Science database (terms: deep eutectic

solvent® and electrochem™).

A significant application of deep eutectic solvents in
electrochemistry is in the electropolymerisation and electrodeposition of
conductive materials'®!1-2288 Researchers have found that utilizing DES improves
the morphology of the resulting polymers. The controlled ionic environment that
DES provides facilitates the formation of uniform, conductive, and stable
polymeric films® 2. Additionally, in the electrodeposition of metals and alloys,
DES has been shown to enhance the deposition of nanoparticles, nanowires, and
thin films that have a high surface area and controlled morphology?2-5480:93-96

In addition to electrodeposition, DES have been explored for
synthesizing nanomaterials through various approaches. These include the
solvothermal method, anhydrous DES-based techniques, and the synthesis of

nanoparticles in a DES medium followed by calcination in a muffle

furnace’!#>7%%. Overall, the results in the literature indicate that DES effectively
12



stabilizes nanoparticles during synthesis, preventing agglomeration and ensuring
uniform size distribution?*>!96,

Our research group has successfully demonstrated the synthesis of
different nanoparticles, such as platinum and cerium oxides, in a eutectic medium
using the solvothermal method’!*°. These results indicate the capability to create
ultrasmall nanoparticles in DES media, which can be linked to the thermal
stability offered by DES, assisting in uniform nucleation and growth throughout
the synthesis process. This might account for the notable decrease in the size of
the nanoparticles that were synthesized. In both studies, the synthesized
nanoparticles were used to develop novel electrochemical sensors. These sensors
demonstrated remarkable improvements in catalytic effect and electroanalytical
response toward target analytes when utilizing nanoparticles synthesized in DES
compared to conventional synthesis methods. Additionally, the performance was
notably superior when compared to electrodes that did not incorporate these DES-
based nanoparticles.

In the development of electrochemical sensors, several studies have
explored the use of eutectic solvents as electrode modifiers. These works highlight
the enhanced electrical conductivity and stability of electrodes after modification
with deep eutectic solvents. Additionally, the synergistic effect between DES and
other components of the electrodes, such as carbonaceous materials,
nanoparticles, and polymers, has been shown to improve analytical parameters,
including the limit of detection and sensitivity4*->%799-104,

In previous research conducted by our group*, we demonstrated that
using a deep eutectic solvent composed of choline chloride and glycerol alongside
a carbon black and a crosslinked chitosan film improved the kinetic parameters of
the glassy carbon electrode when evaluated with the well-known redox probe,

hexacyanoferrate(I/III) ([Fe(CN)s]*/*"). However, there was no increase in

surface area observed. Similar enhancements were noted when assessing the
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target analytes, diclofenac and acetaminophen. The authors concluded that the
increases in current were related to a kinetic factor, suggesting that the analytes
accumulate on the electrode surface. This was supported by scanning electron
microscopy results, which indicated that the addition of DES coat the carbon black
nanoparticles, thereby facilitating the adsorption of the analytes, as confirmed by
differential pulse adsorptive stripping voltammetry results.

As demonstrated, DES plays a crucial role in electrochemistry,
particularly as a modifier for developing novel electrodes. The effect of DES
varies depending on the type of carbonaceous material and other particles used in
the electrode, as well as the specific DES composition. This variability comes

from how DES interacts with these materials to enhance the electrode's properties.

1.2.1.1 - Classification of Deep Eutectic Solvents

Initially, DES were categorized based on the following general

formula:
Cat" X zY

Cat* can be any ammonium, phosphonium, or sulfonium cation.
Among these, quaternary ammonium salts are the most used (e.g., choline
chloride and tetrabutylammonium salts). The species X is typically a Lewis base,
often a halide anion, while Y represents a Bronsted or Lewis acid, with z indicating
the number of Y molecules present’”-1%,

Based on the general formula provided, these solvents were

categorized into four main types, as summarised in TABLE 1.3:

14



TABLE 1.3 - General classification of deep eutectic solvents

Type General Formula Example

I Cat" X~ +zY Y (metal salt) = ZnCl,
Y =Cr, Co, Cu, Ni

II Cat" X~ +zY+zH,0
(hydrated metal salt)
HBD = amide, fatty

1 Cat” X~ +zHBD

acid, alcohol

1A Y + HBD Y (metal salt) = ZnCl,
HBD: hydrogen bond donor.

Types I, II, and IV are frequently compared to ionic liquids,
especially when involving imidazolium salts combined with metal halides or
chloroaluminate”’.

Type 1II deep eutectic solvents are the most researched in literature.
They mainly consist of quaternary ammonium salts as the Cat™ X, known as
hydrogen bond acceptors (HBAs), combined with various hydrogen bond donors
(HBDs). The most used HBAs include choline chloride and tetrabutylammonium
salts, such as tetrabutylammonium chloride and tetrabutylammonium bromide.
Among the hydrogen bond donors, fatty acids, amides, and alcohols are
particularly notable. Examples include octanoic acid, decanoic acid, urea,
glycerol, and ethylene glycol””!%, FIGURE [.4 shows some of the main HBDs
used in combination with quaternary ammonium salts for the formation of Type

III DES.
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FIGURE 1.4 - Main hydrogen bond donors used for the formation of Type III
DES.

Additionally, in 2019, Abranches et al. introduced a new category of
DES known as type V%, which consists solely of molecular substances that
function as HBA and HBD. Their study explored mixtures of non-ionic
compounds like the thymol-menthol system and identified a strong interaction
from the contrasting acidity between phenolic and aliphatic hydroxyl groups. This
interaction is key to forming stable non-ionic DES, expanding potential
applications due to their favourable properties.

Following, types III, IV, and V DES are further categorized based on
the origin of their components. Common classifications in the literature
include!?”-1%8:

1. Natural Deep Eutectic Solvents (NADES)

ii.  Hydrophobic Deep Eutectic Solvents (HDES)
Therapeutic Deep Eutectic Solvents (THEDES)
iv.  Amino Acid Deep Eutectic Solvents (AADES)
v. Magnetic Deep Eutectic Solvents (MDES)

vi.  Water-based Deep Eutectic Solvents (WDES)

1il.
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vii.  Polymerized Deep Eutectic Solvents (PDES)
viil.  Supramolecular Deep Eutectic Solvents (SUPRADES)
ix. Acidic or Basic Deep Eutectic Solvents (ADES or BDES)

Natural deep eutectic solvents are a subclass of DES derived from
natural, bio-based compounds like sugars, amino acids, organic acids, and other
plant-derived substances. These solvents are of particular interest due to their
biocompatibility, non-toxicity, and biodegradability, making them ideal for
applications in the food, pharmaceutical, and cosmetic industries. They often
mimic the natural microenvironment found in living organisms, facilitating the
extraction, stabilization, and delivery of bioactive compounds. NADES are also
valued for their ability to dissolve a wide range of polar and non-polar substances,
offering a green alternative to conventional organic solvents**!%,

Hydrophobic deep eutectic solvents are a category of DES
characterized by their water-repelling properties. HDES are formed using

hydrophobic components, including long-chain fatty acids or alcohols, which
result in a non-polar solvent medium. This makes them suitable for non-aqueous
applications, such as extraction and separation processes and catalytic reactions
in organic media. HDES are gaining attention as sustainable alternatives to
conventional organic solvents, presenting features such as low volatility and
adjustable solubility?!!10,

Therapeutic deep eutectic solvents are a specialised subclass of deep
eutectic solvents designed for biomedical and pharmaceutical applications.
Unlike traditional DES, THEDES incorporate Active Pharmaceutical Ingredients
(APIs) as one of their core components, making them an integral part of drug
formulation and delivery. These solvents are designed to emphasise therapeutic
activity, stability, and safety, often using naturally derived compounds such as

amino acids, organic acids, sugars, or other bioactive substances!*!!,
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The main advantages of THEDES include improved solubility,
enhanced drug stability, controlled drug release, biocompatibility, and minimal
toxicity. These features make them ideal for diverse medical applications, such as
advanced drug delivery systems, topical formulations, and the stabilisation and
delivery of natural bioactive compounds!!!!!2,

Amino Acid deep eutectic solvents are a subgroup of DES that
incorporate amino acids as key components. These solvents are gaining attention
toward developing biocompatible and sustainable alternatives to conventional
solvents, with applications comprising pharmaceuticals, biotechnology, and green
chemistry. Using amino acids in AADES ensures several desirable properties,
including biocompatibility, non-toxicity, versatility, and sustainability. Overall,
AADES aims to offer a promising platform for creating safe, adaptable, and
environmentally friendly solvents that meet the demands of pharmaceutical,
biotechnological, and industrial applications!!3-!14,

Magnetic deep eutectic solvents are a type of deep eutectic solvent
that includes magnetic components, such as metal salts, metal nanoparticles, or
magnetic ionic liquids, which give magnetic properties to the solvent. This
category of solvents is gaining attention for its potential applications in separation
processes, catalysis, environmental remediation, and other fields that can benefit
from magnetic responsiveness. MDES combine the versatility of traditional DES
with the advantages of magnetic materials, offering a unique solution to various
scientific and industrial challenges''>!'6,

Water-based deep eutectic solvents combine water with traditional
DES components to improve solubility, reduce viscosity, and enhance
sustainability. Water in DES has been studied in various roles, such as a precursor,

impurity, or intentionally added component to modify the solvent’s

physicochemical properties. These solvents benefit applications including
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extraction, catalysis, and electrochemistry due to their tuneable properties,
biocompatibility, and low toxicity!*!7-118,

Research has shown that the presence of water leads to the
weakening of hydrogen bonds between DES components, especially at higher
water concentrations. As water is added, the viscosity and density of the mixture
decrease, suggesting a reduction in the interaction strength between the
components. Even small amounts of water can significantly alter the molecular
dynamics of DES, impacting their overall behaviour and properties'*.

Polymerized deep eutectic solvents are a subclass of DES where the
solvent system is chemically polymerized to create a more stable, solid, or gel-
like material. The polymerization of DES is achieved by crosslinking one or more
components, which alters the original liquid state into a solid or semi-solid form.
PDES combine the benefits of DES, such as biocompatibility, low toxicity, and
sustainability, with enhanced mechanical properties, such as higher viscosity and
stability. These properties make PDES attractive for applications as
environmentally friendly polymer materials''®120,

Supramolecular deep eutectic solvents are a class of DES that rely on
supramolecular interactions, such as host-guest interactions, to stabilize their
structure. Components such as cyclodextrins are essential in facilitating these
interactions. SUPRADES offer additional functionalities compared to traditional
DES, including the potential for dynamic reactivity and improved solubility for
various substrates. They are being investigated for a wide range of applications,
including catalysis, extraction, encapsulation, and the delivery of functional
components, as well as food analysis and sensing. Their tunability and selective
interaction with target molecules makes SUPRADES a promising area of
researcthS,lZl,lZZ.

Acidic or Basic deep eutectic solvents are categories of deep eutectic

solvents characterized by their acidic and basic components, respectively!'%s,
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ADES consists of components like organic acids or acidic salts, resulting in a
medium with a low pH. They are particularly useful for applications such as
dissolution, extraction, organic reactions, and metal electrodeposition'?.

On the other hand, BDES contain basic compounds such as urea or
amines, leading to a high pH environment. BDES are advantageous for base-
catalysed reactions, biomass processing, and deprotonation processes. Both
ADES and BDES offer the ability to adjust pH levels to optimize reaction
conditions, which enhances their use in various fields, including catalysis,
separation, and material synthesis!?*. The unique properties of ADES and BDES
enable the targeted solubilization of specific compounds, making them valuable
for a range of applications.

Overall, most of the cited classes of deep eutectic solvents fall under
the categories of NADES and HDES. This is mainly because the precursors in
these categories are often derived from natural sources and include hydrophobic
components, making them suitable for several applications. Hence, the next
section will focus on hydrophobic deep eutectic solvents, which was the focus of

this doctoral research.

1.2.1.1.1 - Hydrophobic Deep Eutectic Solvents

Hydrophobic deep eutectic solvents were first studied by van Osch
et al. (2015)'%. In this study, the authors explored the development and
application of HDES composed of decanoic acid and various quaternary
ammonium salts. These solvents are designed to be immiscible with water,
allowing for efficient extraction of volatile fatty acids from aqueous solutions.
The research highlighted that the extraction efficiency is influenced by the alkyl
chain length of the components, with longer chains enhancing hydrophobicity.

HDES were shown to be a sustainable and green alternative to traditional solvents,
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offering high selectivity and efficiency for separation processes, emphasizing
their potential in environmentally friendly chemical applications.

In relation to the types, the HDES can be classified into two main
categories based on their ionic or neutral nature: ionic HDES and neutral HDES.
Both types share the fundamental characteristics of being eutectic mixtures but
differ in their overall charge properties and behaviour. lonic HDES contain at least
one 1onic component, typically a quaternary ammonium salt, that provides charge
carriers within the solvent alongside a fatty acid such as decanoic acid. These
systems have similar characteristics to 1onic liquids but with the added benefit of
being less expensive and more environmentally friendly. In contrast, neutral
HDES are made from non-ionic components, where neither of the components is
1onic. A typical example would be a combination of menthol with fatty acids, such
as octanoic acid. These solvents rely on hydrogen bonding between the
components for their functionality, and they are typically more hydrophobic fluids
than ionic HDES!2%127,

Since their development, HDES have found widespread use,
particularly in separation and extraction, for isolating non-polar and water-
insoluble compounds like phenolics and fatty acids from aqueous solutions 28131,
They are also effective in environmental remediation, removing pollutants—such
as heavy metals, dyes, and oils—from water!*>"137. Additionally, HDES are
employed to extract target analytes across various samples, such as bioactive

compounds from plants!3-14

, and nutraceuticals, dyes and fatty acids from
food*® 14197 = Apart from these primary applications, HDES are utilized in
catalysis as a medium for water-sensitive organic reactions'”® and in
electrochemistry for applications such as supporting electrolyte and
electroanalysis®®!4-153,

In the field of electrochemistry, it is important to mention that the use

of HDES has been somewhat limited. However, the studies conducted so far

21



demonstrate remarkable features of HDES in electrochemical properties in
different applications, such as electrode modifiers and supporting electrolytes.

Ruggeri ef al. (2019)'* investigated the electrochemical behaviour
of HDES based on tetrabutylammonium chloride and decanoic acid in a 1:2 molar
ratio. The authors examined characteristics such as density, viscosity, and ionic
conductivity of various HDES prepared with different water contents. These
included anhydrous conditions, equilibrium with the atmosphere, equilibrium
with water vapour saturated at 30 °C, and equilibrium with water vapour saturated
at 60 °C. According to the authors, the HDES in equilibrium with water-vapour
saturated at 60 °C exhibited higher conductivity and lower viscosity levels,
effectively reducing solution resistance to acceptable values, thus enabling
efficient mass transfer to and from the electrode surface. They proposed that water
disrupts hydrogen bond interactions between the components in the hydrophobic
eutectic solvent, which increases ionic mobility within the medium. Furthermore,
the research highlights the applicability of these solvents in electrochemical
processes, noting their wide electrochemical potential window and suitability for
reversible redox systems. The study also evaluates the potential of HDES in
liquid-liquid extraction of metal ions, illustrating their versatility in separation
processes.

In a previous report by our research group (2022)%°, we investigated
the use of different hydrophobic deep eutectic solvents synthesised from fatty
acids in combination with tetrabutylammonium bromide or 1-octanol. Our focus
was on modifying carbon paste electrodes to develop a novel electrode for
detecting hydroquinone. The results indicated that incorporating HDES into the
carbon paste electrode significantly enhanced its electroanalytical properties. This
improvement was attributed to the improved interactions between the graphite
particles, which, in turn, enhanced the kinetic parameters of the electrode.

Consequently, the electrode exhibited a wide linear range for hydroquinone
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detection and a low detection limit, making it effective for analysing real-world
samples, such as dermatological creams.

In a study published by Chaabene et al. (2020)"°, the authors
proposed using an HDES made from menthol, ethanolamine, and acetic acid as a
supporting electrolyte. They evaluated the electrochemical behaviour of
hydroxymethyl ferrocene in this eutectic medium, determining the diffusion
coefficient and comparing it to the same experiment conducted in an ionic liquid
medium. The results indicated that the HDES developed in this study was suitable
for electrochemical experiments.

The main limitations of hydrophobic deep eutectic solvents are their
low conductivity and high viscosity, which slow charge transfer and mass
transport. These issues are often linked to low water content. Increasing water
content can improve conductivity and reduce viscosity, enhancing mass transfer

149,154

and electrode efficiency . However, excessive water can compromise DES

154,155

stability . Despite these challenges, the examples above highlight the

successful application of HDES in electrochemical procedures.

1.2.1.2 - Synthesis of Deep Eutectic Solvents

Deep eutectic solvents are prepared by mixing at least two
components to form the eutectic mixture. The literature reports various synthesis
methods, including microwave-assisted, mechanical mixing and grinding,
ultrasonic, vacuum evaporation, freeze-drying, and heating and stirring
methods®3 136,

Microwave-assisted synthesis provides several advantages over
conventional heating methods, such as faster reaction times, reduced energy
consumption, and potentially higher yields. In this synthesis process, precursors
are irradiated in a closed system at controlled power and temperature. According

to the literature, the radiation interacts with the material, causing dipole rotation
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that leads to molecular collisions among the precursors. These results are in
dielectric heating, which shortens the synthesis time!*¢-13®, For instance, a study
by Gomes et al. (2018)'°® reported a synthesis time of just 20 seconds using a
microwave. However, the authors noted that further research is necessary to
evaluate the use of microwaves for preparing DES with different components. In
fact, Santana et al. (2019)"7 observed that, when using microwaves, the energy
consumption was higher compared to other methods, and the synthesis time was
not as quick as indicated, for example, in the previous study. However, the authors
still emphasized the speed and effectiveness of microwaves in preparing DES.
The grinding method involves mixing the compounds at room
temperature and grinding them in a mortar with a pestle until a clear liquid is
formed®®. In a 2014 study'>’, the authors examined two synthetic methodologies,
heating and grinding, to prepare DES. Nuclear Magnetic Resonance studies
indicated that the DES obtained through the grinding method was purer than those
synthesized using the heating method, which showed impurities. Furthermore, to
effectively use the grinding methodology, it is important to consider the
compatibility between the components, as not all combinations are suitable for
grinding. Some mixtures may require heating to enhance interaction. Additionally,
the molar ratio must be carefully determined to achieve the desired properties,
since incorrect ratios can impact the formation of the eutectic mixture.
Ultrasound-assisted synthesis is a technique that uses ultrasonic
waves to improve the mixing and interaction of components in order to form a
deep eutectic solvent. Like the microwave method, ultrasound-assisted synthesis
offers several advantages, including shorter reaction times, lower energy
consumption, and potentially enhanced yields or properties of the resulting
DES'"5%157_ A study has shown that ultrasound-assisted synthesis is one of the most
energy-efficient methods, using approximately 130% less energy (0.006 kWh
mL~') than traditional heating and stirring methods (0.014 kWh mL™")"".
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However, this technique requires a semi-fluid environment for the sound waves
to propagate effectively, which means that at least one of the components must be
in liquid form!>,

In the evaporation method, the components of the DES are initially
dissolved in an additional solvent, typically water, to ensure uniform mixing.
Once a homogeneous solution is achieved, the solvent is evaporated under
reduced pressure—often using a rotary evaporator—to prevent thermal
degradation of the components. The remaining viscous liquid is then placed in a
desiccator until it reaches a constant weight, indicating that all residual solvent
has been removed.

For the freeze-drying method, a small amount of water (about 5 %
by mass) is added to dissolve the components. The solution is frozen to
immobilize the mixture and then subjected to freeze-drying (lyophilization) to
remove the water under vacuum, resulting in a clear and homogeneous liquid
DES!56160 Gutiérrez et al. (2009)'°! demonstrated the preparation of DES using
lyophilization. They first prepared aqueous solutions of the DES precursors,
choline chloride and urea, in the desired molar ratio. The resulting solutions were
mixed, frozen, and then lyophilized, yielding a viscous liquid. According to the
researchers, this technique 1is advantageous for incorporating additional
components into the eutectic mixture, allowing for a broader range of tailored
properties in the final DES.

Although the methods described above significantly present
characteristics such as reduced synthesis time and energy consumption, the most
used method remains the heating and stirring technique. This approach is one of
the simplest and most popular ways to synthesise deep eutectic solvents. It
primarily utilises a magnetic stirring plate, allowing for the preparation of large
quantities of DES. In this method, a glass vessel is used to heat the components

of the DES while stirring them. This facilitates the formation of a homogeneous
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eutectic mixture. Typically, the temperatures employed for preparing DES are
below 100 °C, and the synthesis time usually ranges from 1 to 2 hours. These
parameters can vary depending on the characteristics, such as melting point and
stability of the precursors used!®7-102,

Despite some studies promoting 'green synthesis' methods, such as
microwave-assisted synthesis, due to their rapid preparation and low energy
consumption, it’s important to note that many laboratories lack this type of
equipment to prepare DES using these methods. A comparative study has shown
that the electricity consumption for synthesising DES was 0.014 kWh mL ! when
using heating and stirring (2 hours of synthesis), compared to 0.106 kWh mL!
for microwave-assisted synthesis (45 minutes of synthesis). Additionally, the

EcoScale scores '3

for the DES synthesized by these methods were 97 for heating
and stirring and 94 for microwave. According to the authors, scores above 75
indicate an excellent green procedure according to the EcoScale criteria'>”-1%°, On
the other hand, another study showed that using a microwave allowed a decrease
in synthesis time from 60 minutes to 20 seconds and an energy consumption 650
times lower than the heating and stirring method'>%.

The literature also indicates that the ultrasound method is the most
effective when comparing these synthesis techniques, with most cases showing
high energy consumption for microwave-assisted synthesis, while ultrasound and
heating and stirring are somewhat comparable!>7:160:164,

Overall, these results suggest that several factors must be considered
when choosing a synthesis method, including the characteristics of the precursors
used, the available laboratory equipment, the scalability of the method, and,
primarily, the analysis of preparation time and temperature. It is worth noting that
there is a significant lack of studies in the literature addressing and optimising

these parameters, as many proposed synthesis times are unnecessarily long and

may lead to wrong estimated energy consumption. In this doctoral thesis, the
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heating and stirring method was applied and thoroughly investigated the
temperature and synthesis time for a HDES to address this gap in the literature

and provide insights into faster preparation times aimed at energy saving.

1.2.1.3 - Characterization of Deep Eutectic Solvents

Characterising deep eutectic solvents is crucial for understanding
their physicochemical properties, interactions, and potential applications**”’. The
primary characteristics examined include the physicochemical and thermal
properties of DES. Techniques used to assess these properties include density,
viscosity and conductivity measurement, water content analysis, as well as
thermal analysis methods such as Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC)*0:41:165,

Electrochemical characterization is also important, employing
methods such as cyclic voltammetry and electrochemical impedance spectroscopy
to gather information on conductivity and the behaviour of interfaces with
electrodes*°. All these characterization methods are essential for gaining
insights into molecular packing, intermolecular interactions, composition, mass
transport, diffusion rates, and the suitability of DES for electrochemical and
extraction applications. They also help in understanding the effect of moisture on
DES performance, thermal stability, decomposition temperatures, phase
behaviour, and crystallinity*!. Furthermore, computational methods have been
widely used, such as molecular dynamics simulations, which investigate
hydrogen bonding networks and dynamic behaviour. These simulations also
analyse the electronic structure and energy interactions within DES'¢-168,

Some of the properties mentioned will be discussed in more detail

below.
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1.2.1.1.1 - Physicochemical Properties

Understanding the physicochemical properties of DES is crucial for
optimising their applications in fields such as electrochemistry, pharmaceuticals,
biotechnology, and green chemistry. These properties are determined by the nature
of the components and their interactions. As previously discussed, water plays a
significant role in the physicochemical properties, stability, and functionality of
DES. Its impact can be either beneficial or detrimental, depending on the
concentration and the specific application of the DES. Additionally, water can
affect key properties such as viscosity and conductivity*!->%16°,

Density is one of the most important factors that influences the
solvation ability of DES. It is affected by how molecules are organized and
packed, as well as the presence of holes and vacancies within the liquid DES*!16,
Typically, DES have densities ranging from 1.0 to 1.6 g cm> at room
temperature!®®, while hydrophobic deep eutectic solvents can have densities lower
than that of water*®!?°, Additionally, the density of DES shows temperature-
dependent behaviour, decreasing linearly as the temperature increases'®.

Most reported deep eutectic solvents to date have high viscosities at
room temperature, typically greater than 100 mPa s. This is primarily due to the
extensive hydrogen bonding network and the van der Waals and electrostatic
forces between the components of the DES, which lead to increased viscosity and
decreased ionic mobility*!!%. A notable exception is the mixture of choline
chloride and ethylene glycol in a 1:2 ratio, which has a viscosity of 37 mPa:'s at
25 °C. In contrast, deep eutectic solvents based on sugars exhibit significantly
higher viscosities. For instance, a 1:1 mixture of choline chloride and sorbitol has
a viscosity of 12,730 mPa s at 30 °C, while a 1:1 combination of choline chloride
and glucose reaches 34,400 mPa s at 50 °C. Even higher viscosities have been

recorded for deep eutectic solvents that include metal salts; for example, a 1:2
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combination of choline chloride and zinc chloride has a viscosity of 85,000 mPa
s at 25 °C*,

For hydrophobic deep eutectic solvents, Florindo et al.'?®
demonstrated that the viscosity of hydrophobic DES follows this tendency: fatty
acids = thymol < menthol < quaternary ammonium salts, with quaternary
ammonium salts being the most viscous due to strong coulombic forces. In these
salts, viscosity decreases as the alkyl chain length increases, such as from
tetrabutylammonium chloride to tetraheptylammonium chloride, as better charge
shielding occurs on the nitrogen atom because of the bulky alkyl side chains.

In general, deep eutectic solvents exhibit low ionic conductivity at
ambient temperature because of their elevated viscosities, highlighting a
significant connection between viscosity and conductivity. The ionic conductivity
of DES is influenced by the molar ratio of hydrogen bond donors to hydrogen
bond acceptors, the length of the alkyl chain in the cation, and the

temperature*!-'%,

1.2.1.1.2 - Thermal Properties and Thermodynamic Characterization

The thermal behaviour of deep eutectic solvents is an essential
property for understanding their stability, performance, and potential applications.
It 1s typically characterized using thermogravimetric analysis. TGA enable the
determination of the onset temperature (7onset), Which is the temperature at which
a material begins to experience a thermal event, such as decomposition, phase
transition, or evaporation. A significant weight loss in the TGA measurements
indicates this onset temperature'®.

Deep eutectic solvents typically exhibit good thermal stability,
although their decomposition temperatures can vary depending on their
components. Generally, DES first decompose into its components, hydrogen bond

donor and hydrogen bond acceptor, at elevated temperatures due to the weakening
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of hydrogen bond interactions. Following this, HBDs, especially those with
relatively low boiling points or poor stabilities, may undergo volatilization or
further decomposition!”’,

The thermodynamics of DES revolves around understanding their
phase behaviour, melting point depression, and the negative deviations from
thermodynamic ideality. These deviations are driven by strong hydrogen bonding
or other enthalpic interactions between components. Thermodynamic analysis
focuses on properties like enthalpy and entropy, and Gibbs free energy, which
explain the stability of the liquid phase, low vapour pressures, and the enhanced
solvation abilities of DES.

It is possible to assess the phase behaviour of DES by studying their
solid-liquid equilibrium (SLE) using DSC, which can provide melting

171 "Understanding this data is crucial

temperature data for any system composition
for gaining a comprehensive insight into the eutectic nature of the proposed
mixture and for determining the temperature at which the eutectic point occurs.

Furthermore, recent studies have shown that the classification of a
solvent as a 'deep' eutectic solvent depends on how the mixture deviates from ideal
behaviour when compared to an ideal system. Specifically, negative deviations
characterise the system as a deep eutectic solvent, while positive deviations
indicate that it is merely a eutectic solvent!’>!”3, This behaviour can be quantified
using the activity coefficient (y), in which a y value of 1 suggests an ideal system,
while a y value less than 1 indicates a deep eutectic system!”2,

Overall, accessing the thermodynamic data of DES is essential for
understanding their stability, phase behaviour, and component interactions. This
data facilitates the prediction of temperature-dependent properties, including

viscosity, conductivity, and solubility. Moreover, thermodynamic insights are

crucial for determining operational temperature ranges and ensuring thermal
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stability in various processes, making DES design more efficient and

reliable!”1173,

1.3-  Design of New Materials Towards Sustainability

New materials are continually being developed to tackle emerging
challenges in sustainability, performance, and innovation, with green chemistry
principles at their core. These materials are designed to minimize environmental
impact while optimizing functionality, efficiency, and economic viability. By
prioritizing sustainability and resource efficiency, they aim to reduce dependence
on non-renewable resources and promote energy-efficient production processes.
This approach emphasises the use of renewable resources and promotes
environmentally conscious manufacturing techniques to create materials that are
both innovative and sustainable. In this way, the use of natural resource feedstocks
such as cellulose, starch, vegetable oils, polylactic acid (PLA), and similar
materials is a preferred choice for designing materials such as packaging, 3D
printing components, textiles, and disposable items**!74176,

In relation to the design of new materials, AM is transforming the
design and development of new materials by offering opportunities for
customisation, resource optimisation, and innovation in material properties. This
technology facilitates the creation of complex geometries, reduces waste, and
allows for the integration of advanced functionalities in a wide range of
applications'?. Given that, the second part of this doctoral thesis was to apply AM

to develop new electrochemical sensors using as many sustainable methods and

materials as possible.
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1.4 -  Additive Manufacturing

Additive manufacturing is a technology that fabricates objects by
building them layer upon layer using computer-aided design (CAD). This process
differs fundamentally from traditional subtractive methods, which design parts
from a larger block of material, FIGURE 1.5 shows a representation of the
additive manufacturing process. By selectively adding material, AM minimizes
waste, enhances design flexibility, and opens unprecedented possibilities in
manufacturing. Furthermore, additive manufacturing offers a sustainable
alternative to conventional processes. By using only the required material, it
significantly reduces waste. Furthermore, its capacity for local production reduces
transportation needs, contributing to lower carbon emissions!246-7,

AM's versatility has led to its widespread use across various sectors.
In aerospace, it allows for the creation of lightweight and complex components.
In healthcare, it helps produce personalised prosthetics and implants. The
automotive sector takes advantage of quick prototyping and the production of
specialised parts, while the consumer goods and construction sectors utilize AM

for customised, on-demand products®.
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Design of an object
(CAD)

Use of a specific software for

— conversion to the printer
NS _
l

3D printing of
the object

FIGURE 1.5 - Representation of a 3D printing schematic, starting from the CAD
(Computer-Aided Design) model of a specific object, followed by conversion
using specialised software for compatibility with the 3D printer, leading to the

fabrication of the desired object.

This technology comprises various advanced techniques, including
FDM (or Fused Filament Fabrication, FFF), stereolithography (SLA), selective
laser sintering (SLS), and electron beam melting (EBM), each tailored to different
needs. These methods utilize diverse materials such as plastics, metals, ceramics,
and composites, enabling the creation of products with specific and customized
properties®.

With a focus on FDM techniques, this is one of the most widely used
additive manufacturing. It involves the layer-by-layer deposition of a
thermoplastic material to create 3D objects. FDM operates by feeding a
thermoplastic filament through a heated nozzle, where it is melted and then
deposited onto a build platform. The nozzle moves in a precise pattern, following

the digital design, and lays down material in thin layers. As each layer cools, it
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solidifies, and the next layer is added on top. This process is repeated until the
entire object is completed®”’.

FDM printers use a variety of thermoplastics, including popular
materials like PLA, acrylonitrile butadiene styrene (ABS), polypropylene (PP),
and polyethylene terephthalate glycol (PETG). One of the main advantages of
FDM is its cost-effectiveness. The materials and equipment are relatively
inexpensive compared to other 3D printing methods. FDM printers are widely
accessible and used in various fields. Moreover, the process is straightforward and
user-friendly, making it an ideal choice for quick prototyping®”!"’,

With the advancements enabled by additive manufacturing, its
application in electrochemistry has seen significant growth. AM is increasingly
being explored for its potential to enhance electrochemical and electroanalytical
applications, offering new possibilities for the development of customised, high-

performance electrodes, sensors, and devices for various applications, such as

energy storage and sensing!?.

1.4.1- Additive Manufacturing and the Development of

Electrodes

Additive manufacturing has become promising in the development
of electrochemical devices. The ability to control geometry, integrate different
materials, and rapidly prototype devices makes AM a powerful tool for
electrochemical technologies. Researchers are increasingly turning to FDM, as it
utilizes thermoplastic filaments and benefits from the availability of electrically
conductive filaments as effective electrode materials. The most used filament is
Protopasta®, one of the first commercially available conductive printing

materials. This filament consists of PLA (over 65 wt%) as the primary component,
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an unidentified polymer (less than 12.7 wt%) serving as a plasticiser, and carbon
black (under 21.43 wt%) as the conductive material'>>’.

Various studies have harnessed the conductive properties of
Protopasta® to develop novel electrochemical devices for a wide range of
analytical applications. Silva et al. (2024) developed a fully 3D-printed
electrochemical sensor for detecting gallic acid in complex samples. The authors
used additive manufacturing to fabricate the entire sensing platform, including the
electrodes, which were made of Protopasta® conductive filament. The sensor's
performance was evaluated through electrochemical measurements,
demonstrating high sensitivity and selectivity for gallic acid, even in complex
sample matrices!”®. Also, Veloso et al. (2024) proposed a novel method to enhance
the electrochemical performance of 3D-printed electrodes for glucose detection.
The authors improved the conductivity of 3D-printed electrodes from
Protopasta® conductive filament by depositing a nanostructured gold film
directly onto the electrode surface using infrared laser photothermal treatment.
The modified electrodes demonstrated a 44-fold increase in current response for
glucose oxidation compared to a standard gold disc electrode, indicating
significantly improved electrochemical performance!”.

Although conductive filament from Protopasta® has found extensive
applications, the literature highlights certain limitations, particularly the high

t46’64

electrical resistance of this filament*>**, which negatively affects its performance

in analytical applications. To address this challenge, researchers have developed

new conductive filaments incorporating various carbon-based materials, such as

graphite, graphene, and multi-walled carbon nanotubes (MWCNTs)*7:64180,

Additionally, alternative polymers like Poly(ethylene terephthalate glycol

63

(PETg)* and polypropylene®® have been explored, as well as different

46,181

plasticisers and metallic nanoparticles'®? to further enhance the properties and

versatility of these conductive filaments.
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In addition, Bernalte et al. (2025) introduced an innovative strategy
to enhance the electrochemical performance of 3D-printed electrodes by
integrating gold nanoparticles into conductive filaments. In their approach,
graphite flakes served a dual purpose as a natural reducing agent for forming
AuNPs and as a contributor to the filament's conductivity. The AuNP-graphite
was combined with recycled PLA, carbon black, and castor oil, as a plasticiser, to
produce a conductive filament. Electrodes fabricated from this novel filament
demonstrated notable improvements in their electrochemical performance. As a
proof of concept, these electrodes were effectively employed for lead(Il)
detection, achieving a sensitivity of 37 nA ppb ! and a detection limit of 0.89 ppb.
The method was successfully validated for the analysis of lead(II) in river water

samples, highlighting its practical applicability®.

1.5- Conducting Carbonaceous Materials in the

Development of Electrodes

Carbonaceous materials play an important role in the development of
electrodes due to their remarkable properties. Overall, these materials are known
for their high electrical conductivity, large surface area, chemical stability, and
versatility in functionalization. Their application covers various technologies,
such as batteries, supercapacitors, fuel cells, and electrochemical sensors!3*-186,
The unique structural features of carbonaceous materials enable enhanced
electron transfer, improved electrochemical performance, and tailored surface
interactions with target analytes'8®!1%7,

This thesis shows the use of carbonaceous materials in the
development of electrochemical sensors, focusing on the properties they impart
to electrode performance. Specifically, it highlights the application of carbon

black, MWCNT, graphite, glassy carbon (GC), and carbon nanohorns (CNH). A
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selection of each material was based on previously reported studies in the
literature and research conducted in our laboratory, specifically focused on
optimisations using DES#>-47:49-51.62.188

Carbon black was chosen as the carbonaceous base material for
filament development. According to the literature, CB is widely used for this
purpose due to its properties and compatibility with PLA. As demonstrated by
Hussain et al. (2023)'%8, CB/PLA composites enabled the printing of complex
shapes with high definition and reproducibility, outperforming other
thermoplastic materials based on carbon materials, such as graphite, graphene,
and MWCNTs. Graphite was chosen as a complementary material to CB in
filament development, primarily because it is a natural material, supporting the
sustainable aspect of the study, and it is considered a low-cost material*’%2. This
enables the production of a low-cost filament, as evidenced in a previous study
(2024), contributing to more sustainable practices*’. Finally, the selection of
materials such as CNH, MWCNT, and the GCE, used as a base for modifications,
was based on compatibility studies with DES conducted by our research group.

Additionally, these materials were chosen due to their unique
properties. For example, CB is one of the most used carbon materials in
electrochemical applications'®*!°. It is a fine, black powder composed primarily
of elemental carbon in the form of tiny, spherical particles, characterized by its
amorphous structure, high surface area, and greater thermal and chemical stability.
Produced through the partial combustion or thermal decomposition of
hydrocarbons, it exhibits unique properties that make it an important material in
a wide range of applications!8”-18%191.192 "Ttg small particle size (ranging from 3 to
100 nm) and ability to form aggregates provide a significant surface area, ideal
for applications requiring enhanced reactivity or conductivity. Its high electrical
conductivity and strong dispersibility in various media further broaden its utility

in the development of electrochemical sensors!87-193:194,
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Similarly, MWCNT, a type of carbon nanotube consisting of multiple
concentric layers of graphene sheets composed of sp? carbon, are widely used in
the development of electrodes due to their high surface area, excellent electrical
conductivity, mechanical strength, and chemical stability. These properties
enhance electron transfer, improve reaction efficiency, and increase the active
surface area for electrochemical reactions. Additionallyy, MWCNTs can be
functionalized to tailor their properties, making them versatile for a range of
applications requiring improved sensitivity electrodes!®>~1%7.

Following, graphite is a naturally occurring form of crystalline
carbon known for its unique structure and diverse applications. It is a crystalline
form of carbon characterized by its layered structure. Each layer consists of
carbon atoms arranged in a hexagonal lattice, forming strong covalent bonds
within the plane, while weaker van der Waals forces hold the layers together. This
unique structure imparts graphite with excellent electrical conductivity, as the
delocalized electrons within its layers facilitate efficient electron flow!®s.
Additionally, its chemical stability and ease of functionalization make it a
versatile material, particularly in the development of electrochemical sensors.
These sensors are important in detecting a wide range of analytes in fields such as
environmental monitoring, medical diagnostics, and food safety®!%2!,

Likewise, GC 1s a different form of carbon that combines the
properties of graphite and glass. Its structure can be described as a hybrid between
the graphitic and amorphous states. Unlike graphite, GC lacks a well-defined
layered structure. It consists of randomly oriented carbon planes, forming a three-
dimensional network. Also, GC does not convert to graphite, even at very high

202203 Tn electrochemical

temperatures, due to its structural arrangemen
applications, especially in the development of electrochemical sensors, GC is
widely applied as GC electrodes. Glassy carbon electrodes are indispensable tools

in electrochemical research and applied science. Their properties, including
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chemical inertness, a wide potential window, and ease of modification, make them
ideal for diverse applications. The modification of GCE enhances their
performance by improving sensitivity, selectivity, and catalytic properties for
specific applications*+2%,

Finally, carbon nanohorns are a class of nanomaterials that belong to
the family of carbon nanotubes. They are essentially cone-shaped aggregates of
graphene sheets, forming hollow, horn-like structures that simulate the shape of a
horn. Also, the CNHs can form spherical aggregates known as dahlia, bud, and
seed aggregates based on their appearances?’’?%, CNHs have attracted significant
attention due to their properties, including high surface area, electrical
conductivity, and chemical stability, which make them ideal candidates for
various applications in fields such as energy applications and electrochemical

sensors?-210,

1.6 -  Analytical Applications

Electroanalytical techniques are promising for monitoring target
analytes due to their short analysis times and the production of results
characterised by high precision and sensitivity. This prominence is attributed
mainly to the ability to employ various materials in the preparation and/or
modification of sensors and biosensors, which enables significant improvements
in lowering detection limits and enhancing selectivity®.

These techniques comprise the use of an electrochemical cell, which
is the fundamental setup to study redox reactions, electrode processes, and
material properties. The most used configuration is the three-electrode system,
which consists of a working electrode (WE), which is the electrode where the
electrochemical reaction of interest occurs (e.g., glassy carbon, 3D-printed

electrodes). Also, it comprises a reference electrode (RE), that maintains a stable
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potential and serves as a reference for measuring the working electrode’s potential
(e.g., Ag/AgCl or saturated calomel electrode), and a counter (auxiliary) electrode
(CE), that completes the circuit by allowing current to flow (e.g., platinum wire
or graphite)?!:12,

Moreover, electroanalytical techniques include voltammetric,
amperometric, and other techniques, each offering distinct advantages depending
on the application. The voltammetric techniques involve sweeping or pulsing the
potential of the working electrode while measuring the resulting current. They are
widely used for studying redox reactions, electrode modifications, and sensor
development. Examples include cyclic voltammetry (CV), differential pulse
voltammetry (DPV), and square wave voltammetry (SWV). The amperometric
techniques measure the current response over time at a fixed or stepped potential.
They are commonly used in sensors and kinetic studies. An example includes
chronoamperometry (CA), in which a potential is applied to the working
electrode, and the resulting current response is recorded over time?!2,

Overall, electroanalytical techniques help minimise issues related to
interferents, due to the possibility of adding materials to improve selectivity, for
example, the use of enzymes to construct biosensors and the use of antigen-
antibody in immunosensors?'32!4, Furthermore, using techniques such as additive
manufacturing facilitates the development of portable devices for in situ
analyses?!>?1%. Another advantage is cost reduction, as low-cost materials can be
used to construct these devices. All these attributes make electroanalytical
techniques a promising tool, particularly in the preparation and application of
more accessible and efficient electrochemical devices”2!".

Regarding applications for diagnosis, several researchers have been
exploring different approaches to develop new electrochemical sensors that can

enhance the detection of important substances, such as biomarkers and

neurotransmitters, as these compounds play a crucial role in diagnostic
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applications®®!8, In this context, serotonin (5-HT) (FIGURE [.6A) plays a
significant role in the human body, regulating emotions, mood, appetite, and
sleep. Monitoring 5—HT levels in the body is vital, as abnormal concentrations
can be linked to various diseases and disorders®'’. Therefore, it is essential to
invest in sensitive methods capable of detecting 5—HT in a straightforward and
rapid manner. Numerous studies in the literature have aimed to create
electrochemical sensors modified with various materials, such as metallic
nanoparticles, conductive polymers, and carbon materials for this purpose?® 224,

especially considering the well-known electrochemical behaviour of this analyte,

facilitating its analysis using electroanalytical techniques (FIGURE /.6B).
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FIGURE 1.6 — (A) Serotonin molecule and (B) Electrochemical oxidation of

serotonin.

Equally important are electrochemical sensors developed for
environmental monitoring. The literature has shown several electrochemical
sensors that offer promising solutions for enhancing environmental monitoring,
allowing more effective detection of trace levels of pollutants, such as heavy
metals, pesticides, and organic contaminants*>47-225,

In this sense, heavy metals have been one of the major environmental

pollutants due to industrial use and release. Cadmium (Cd(II)) concentrations
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have increased in environmental water due to the industrial development and
agriculture. Exposure to Cd(Il) is concerning as it binds to protein sites, displaces
essential metals, accumulates in the body, and causes harm, leading to health
issues like cancer, kidney dysfunction, hypertension, and damage to the immune
and nervous systems??®, The World Health Organization (WHO) has established a
maximum allowable concentration of 5 ppb for Cd (II)**’. In this way, various
methodologies using different carbonaceous materials as well as enzymes,
bismuth, and ionic liquids, among other materials, aim for Cd (II) detection to
meet WHO standards®*®23!,

Moreover, in relation to pesticide use, the herbicide diuron (DIU)
(FIGURE 1.7) 1s widely used in agriculture for controlling a broad range of weeds
and is also recognized as a biologically active pollutant with significant health and
environmental risks?*2. Consequently, developing effective methodologies for
monitoring this pesticide in the environment is extremely important. In this
context, researchers have proposed novel electrochemical approaches based on
polymers?®, 3D printing?®*, and different composites**> ¥’ to enhance the
detection and quantification of this pollutant, based on its electrochemical
behaviour, which undergoes irreversible oxidation at the electrode surface and can
involve electron transfer in the urea group. This process may generate reactive
radical intermediates that can subsequently undergo coupling reactions, leading

to the formation of dimers®*® (FIGURE 1.7).
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FIGURE 1.7 - Diuron electrochemical behaviour involving the formation of a

dimer. Adapted from Foukmeniok et al. (2022)*%.

Finally, the presence of pharmaceuticals in water has emerged as a
significant environmental concern due to their persistence and potential adverse
effects on ecosystems and human health. Among these, acetaminophen (ACP,
FIGURE 1.8), or paracetamol, a widely used over-the-counter analgesic and
antipyretic, has gained attention as a pollutant in water sources, primarily
attributed to its extensive usage and improper disposal practices>*24,
Furthermore, ACP was selected because of its widely recognised electrochemical
behaviour (FIGURE 1.8) that is extensively reported in the literature?*!. One can
239,240,242

highlight approaches such as composites of carbonaceous materials

nanoparticles®®, and paper*** to enhance the detection of ACP in water matrices.
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FIGURE 1.8 - Acetaminophen electrochemical oxidation.
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2 -

2.1 -

OBJECTIVES

General Objectives

This doctoral research aimed to combine hydrophobic deep eutectic

solvents and 3D printing to develop novel electrochemical sensors with the goals

of enhancing electrochemical conductivity, optimising analytical performance,

and promoting sustainability.

2.2 -

Specific Objectives

Prepare and characterize a hydrophobic deep eutectic solvent based on
decanoic acid and tetrabutylammonium bromide.

Investigate the effect of the proposed HDES as an electrode modifier for
glassy carbon electrodes and carbon paste electrodes.

Prepare and characterize a novel sustainable silver nanoparticle-enhanced
graphite filament.

Develop an electrochemical sensor for cadmium detection in water using
the modified filament.

Utilize the proposed HDES to create a new sustainable, electrically
conductive filament.

Apply this material to develop a 3D-printed electrode for detecting

acetaminophen in water.
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3 - EXPERIMENTAL SECTION

This chapter details the experimental procedures employed in this
study. For clarity, it is structured according to the proposed work:
1) HDES characterization;
2) Development of an electrochemical sensor for serotonin detection;
3) Development of an electrochemical sensor for diuron detection;
4) Modification of a filament with silver nanoparticles for cadmium detection

and Fabrication of a novel HDES-based filament.

3.1 - Hydrophobic Deep Eutectic Solvent Characterization

I. Chemicals
Tetrabutylammonium bromide (TBAB, >99.0 %) and decanoic acid
(DecA, > 98.0 %) were acquired from Sigma-Aldrich (St. Louis, USA) and Neon
(Sao Paulo, Brazil), respectively. Dimethyl sulfoxide-d¢ (DMSO-ds >99.9 %) was
purchased from Cambridge Isotope Laboratories, Inc. (Massachusetts, USA).

II. Apparatus

DSC curves were obtained in a Q10 Differential Scanning
Calorimetric module, controlled by the Thermal Advantage Series® software
(v.5.5.24), both from TA Instruments (New Castle, USA). Analyses were carried
out using sample mass of 5.0 + 0.1 mg, at a heating rate of 10 °C min! and under
dynamic N, atmosphere flowing at 50 mL min~'. Closed aluminium sample
holders with a pin hole in the centre of the lid (o = 0.7 mm) were utilized in all
experiments. The measurements were performed in the temperature range of
223.15 t0 393.15 K (=50 °C to 120 °C). The endothermic peak temperatures were

used to characterize the melting event.
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TG/DTA curves were obtained in a simultaneous TG/DTA SDT-
Q600 module controlled by the Thermal Advantage software® for Q Series
v.5.5.24 from TA Instruments (New Castle, USA). The measurements were
performed under a dynamic nitrogen atmosphere flowing at 50 mL min™! in
temperatures ranging from the ambient to 873.15 K (600 °C). After that, the
atmosphere was changed to dynamic dry air (flow 50 mL min™") until 1273.15 K
(1000 °C). Sample mass of (10.0 + 0.2) mg, heating rate of 20 °C min ! and open
a-alumina sample holders were used in all experiments.

The physicochemical properties of the proposed HDES were
determined by viscosity, electrical conductivity, and water content assays.
Viscosity measurements were performed using IKA Rotavisc viscometer model
lo-vi (Staufen, Germany). Electrical conductivity was determined using a CA 150
Marconi conductivity meter (Piracicaba, Sdo Paulo). The conductivity cell was
calibrated with standard KCI aqueous solutions. The degree of uncertainty of
these measurements was 2 %. The water content in the mixture was determined
by the Karl-Fischer method, which was performed using an 899 KF Coulometer
(Metrohm; Utrecht, Netherlands) with a generator electrode in the absence of
diaphragm. A pyridine-free solvent was used in all measurements (Hydranal,
Coulometer AG, Honeywell, Brazil). All measurements were carried out in
triplicate at 298.15 K (25 °C).

NMR measurements were performed on a Bruker ULTRASHIELD
(Billerica, USA) operating at 400 MHz at the hydrogen frequency. The sample
temperature was set at 298.15 K (25 °C). Chemical shifts were referenced to the
DMSO-ds solvent signal. "H NMR spectra were recorded with a spectral width of
16 ppm and with 16 scans acquired for each spectrum.

A Fourier transform infrared spectrometer model IR Prestige-21

(Shimadzu Instrument, Kyoto, Japan) was used to characterize the eutectic

mixtures. The FTIR spectra were obtained in the range of 400 to 4000 cm™'. An
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ATR accessory was coupled to the instrument to measure HDES sample and KBr
pellets were used for solids samples.

In situ mid-infrared monitoring was used to assess the formation of
the HDES and estimate the optimum synthesis temperature. The experiments were
performed on ReactIR™ 15 equipment (Mettler Toledo, Columbus, USA) using
a DSTFP-9 AgX Fiber Conduit probe. Spectra were acquired using IC IR™ 7.0

software.

III. Hydrophobic Mixtures Preparation
Hydrophobic mixtures (HM) with different molar ratios of the fatty
acid (DecA) and TBAB were prepared (TABLE 3.1), using a similar procedure as
reported by Augusto ef al. (2022)*°. Thus, the fatty acid was melted before adding
TBAB. The synthesis was conducted in closed glass vessel by controlling the
temperature at 353.15 K (80 °C) and stirring at 500 rpm until a homogeneous
liquid was formed. The melting point obtained for each HM was used to plot a
phase diagram aiming at finding the eutectic compositions and the eutectic point
for DecA: TBAB.
The selection of the fractions described in TABLE 3.1 was based on
the results obtained from DSC analysis. Initially, common ratios such as 1:1, 2:1,
3:1, and 9:1 were analysed. Based on the DSC curves, additional fractions were

evaluated to confirm the eutectic point.
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TABLE 3.1 - Molar ratio of the obtained hydrophobic mixtures based on decanoic

acid and tetrabutylammonium bromide.

Molar Ratio Components

(DecA:TBAB) DecA TBAB
1:0 1.000 0.000
9:1 0.900 0.100
3:1 0.750 0.250
2.6:1 0.725 0.275
2.5:1 0.715 0.285
2.3:1 0.700 0.300
2:1 0.667 0.333
1.85:1 0.650 0.350
1.67:1 0.625 0.375
1.5:1 0.600 0.400
1.22:1 0.550 0.450
1.1:1 0.525 0.475
1:1 0.500 0.500
0:1 0.000 1.000

3.2 - Development of an Electrochemical Sensor for Serotonin Detection

I. Chemicals and Solutions

All chemicals were of analytical grade and used as received without
any further purification. All solutions were prepared with ultrapure water
(resistivity > 18.0 MQ cm) obtained from a Millipore Milli-Q system (Billerica,
USA). Serotonin hydrochloride (< 100 %), bovine calf serum (sterile-filtered,
hemoglobin < 35 mg/dL), and carbon nanohorns were purchased from Sigma-
Aldrich (St. Louis, USA). Potassium phosphate monobasic (> 99%) and
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potassium phosphate dibasic (> 99%) were acquired from Synth (Diadema, Sao
Paulo). A phosphate buffer solution (PB) of 0.20 mol L' pH 7.0 was used as a
supporting electrolyte. A 1.0x1072 mol L' 5-HT standard stock solution was
prepared by dissolution in PB solution. Dilution processes were adopted to obtain

different concentrations of standard solutions.

II. Apparatus

Morphological characterization of the composite films was carried
out on a field-emission gun scanning electron microscopy (FEG/SEM, FEI
Magellan 400 L). Also, an atomic force microscopy (Bruker Nanoscope 6
Multimode 8) was used to acquire the film topography and for roughness
characterization.

Electrochemical measurements were conducted using an Autolab
(Metrohm) potentiostat/galvanostat model PGSTAT101, and data was collected
using NOVA 2.1.6 software. EIS measurements were performed in the frequency
range from 65 kHz to 0.1 Hz, with 10 points per decade and an amplitude of 10
mV on a Sensit Smart potentiostat (PalmSens, the Netherlands) using the PStrace
5.9 software for data acquisition. The half-wave potential (E;») determined via
CV was used as the applied potential.

A conventional three-electrode system was used, with a platinum
plate as a counter electrode (area 1.0 cm?), the reference electrode used was
Ag|AgCI/KCl (3.0 mol L), and a glassy carbon electrode (with or without
modification) as the working electrode (d = 3.0 mm). The catalytic rate constant
(keat) of 5-HT oxidation in the proposed film was carried out using

chronoamperometry, applying a potential of 0.35 V and an interval time of 0.01 s.
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III. Preparation of Glassy Carbon Electrodes Modified with

DecA:TBAB

The GCE was modified using a suspension containing DecA:TBAB
and carbon nanohorns. The effect of DecA:TBAB amount (0, 3, 5, 8, and 10 mg)
in the suspension was carefully studied by CV and EIS. Prior to the modification,
the GCE surface was polished with 0.5 pm alumina slurry and washed with
deionized water. The modifying dispersions containing DecA:TBAB and CNH
were prepared as follows: 1.0 mg of CNH was suspended in 980 uL of N,N-
dimethylformamide (DMF) with 20 pL of Nafion™, and DecA:TBAB. The
suspensions were sonicated for 30 min in an ultrasonic bath for complete
dispersion of the materials. Then, 10.0 puL of these suspensions were dropped on
the GCE surface and allowed to dry in a desiccator for roughly 2 hours until the
film was formed. The HDES DecA:TBAB was prepared following the procedure

described in section 3.1-I11.

IV. Synthetic Urine and Bovine Serum Preparation

Synthetic urine samples were prepared using the method previously
described by Laube et al. **, with 0.20 mmol L™! KCI, 0.18 mmol L' NH,CI,
0.10 mmol L' NaCl, 0.10 mmol L' CaCl,, 0.15 mmol L™! KH,POy,, and 0.18
mmol L™! urea in a 25 mL volumetric flask. This sample was spiked with three
concentrations of 5-HT (2.0, 5.0 and 5.0 umol L™, respectively) and recovery
percentages were calculated accordingly. Similarly, the serum (bovine serum)
sample was diluted 10 times with ultrapure water, spiked with three known
concentrations of 5-HT (2.0, 3.0, and 5.0 umol L™!, respectively), and analysed

by calculating the recovery percentage.
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V. Analytical Procedure

Studies were conducted to establish the optimal conditions for
determining serotonin. The optimized parameters included the pH of the
supporting electrolyte as well as parameters influencing the SWV technique
(TABLE 3.2) technique, namely frequency (f), amplitude (a), and potential
increment (AE). The parameters using the DPV technique were also evaluated;
however, the results for 5-HT determination were less favourable (data not

shown). Therefore, SWV was selected as the optimal technique.

TABLE 3.2 - SWV optimization using 100 umol L™! 5-HT

Parameters Studied interval
Amplitude, a (mV) 10-100
Frequency, f (Hz) 5-40

Potential increment, AE (mV) 1-10

The electrochemical characterization of the modified working
electrode was performed using a 5-HT solution (100 pmol L) in 0.2 mol L' PB
solution at pH 7.0 as the supporting electrolyte, employing CV. Initially, the
voltammetric profile of the analyte was evaluated using various electrodes: GCE,
CNH/GCE, and electrodes modified with different HDES compositions (3, 5, 8,
and 10 mg). The CV measurements were conducted in a potential window ranging
from —0.1 to +0.9 V, at a scan rate of 50 mV s~.

To construct the analytical curves, successive additions of small
volumes of standard solution of the analyte were performed. The limits of
detection (LOD) and quantification (LOQ) were calculated using EQUATION 1
and EQUATION 2%, respectively, where s is the standard deviation of 10 blank

measurements (n = 10), and the slope of the analytical curve.
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LOD=3xs/slope EQUATION 1
LOQ=10xs/slope EQUATION 2

The catalytic rate constant of the oxidation of 5—HT was calculated
based on data obtained from a chronoamperometry study using 100 umol L™ of
5—HT at a fixed potential of 0.35 V. This study compared the influence of adding
HDES to modify the electrodes. The k..: values were calculated using the slope of

the plot of L./l vs t'> with the EQUATION 3247,

Ij_af = nl/z (kcatct)l/z EQUATION 3

L

where /. and I;. are the catalytic and limited current (A) responses in
the presence and absence of 5-HT, c is the concentration of 5-HT (mol L), and
t is the time (s).

The reproducibility of the voltammetric signals and the interference
study in the presence of other compounds commonly found in the samples of
biological fluids for 5-HT determination was studied. The inter-day and intra-day
repeatability studies were performed to evaluate the sensor precision. In the intra-
day repeatability, the voltammetric responses of 5-HT were measured five times
in one day at three different concentrations (10, 20, and 30 umol L!) at the same
electrode. For the inter-day repeatability, SWV measurements were conducted for
three days at three electrodes. In addition, the stability of the analyte's

voltammetric response was assessed using CV through 100 consecutive cycles.
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3.3 - Development of an Electrochemical Sensor for Diuron Detection;

I. Chemicals and Solutions

All chemicals were of analytical grade and used as received without
any further purification. All solutions were prepared with ultrapure water (electric
resistivity >18.0 MQ cm) obtained from a Millipore Milli-Q system (Billerica,
USA). Diuron (PESTANAL®, analytical standard), multiwalled carbon nanotube
(O.D. X L 6-9 nm X 5 um, > 95 % carbon), and mineral oil (< 100 %) were
acquired from Sigma-Aldrich (St. Louis, USA). Hydroquinone (H,Q, 99.0 %) was
acquired from Vetec Ltd (Rio de Janeiro, Brazil). Boric acid (> 99.5 %). Potassium
phosphate monobasic (> 99 %) and potassium phosphate dibasic (= 99 %) were
acquired from Synth (Diadema, Sdo Paulo).

A 1.0x1072 mol L' standard stock solution of the diuron was
prepared in 0.01 mol L' PB solution (pH 3.0). Dilution processes were adopted
to obtain different concentrations of standard solutions. Tap water samples were
obtained from the laboratory LABBES, Federal University of Sao Carlos, Sdo

Carlos, Brazil.

II. Apparatus

Morphological characterization of the carbon paste was carried out
on a field-emission gun scanning electron microscopy (FEG/SEM, FEI Magellan
400 L).

For the analysis of diuron, electrochemical measurements were
conducted wusing an Autolab (Metrohm) potentiostat/galvanostat model
PGSTAT101, and data was collected using NOVA 2.1.6 software. Electrochemical
Impedance Spectroscopy (EIS) measurements were performed in the frequency
range from 65 kHz to 0.1 Hz, applying a potential of +1.1 V and 0.010 V of signal

amplitude to perturb the system on a Sensit Smart potentiostat (PalmSens, the
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Netherlands) using the PStrace 5.9 software for data acquisition. ZView 2
software was used to fit Nyquist plots obtained to adequate equivalent circuit.

A conventional three-electrode system was used, with a platinum
plate as a counter electrode (area 1.0 cm?), the reference electrode used was
Ag|AgCI/KCl (3.0 mol L"), and a carbon paste electrode (4 = 3.0 mm). The
catalytic rate constant (k) of diuron oxidation in the proposed electrode was
carried out using chronoamperometry, applying a potential of +1.1 V and at an

interval time of 0.01 s.

III. Preparation of Carbon Paste Electrodes Modified with
Deca:TBAB

The bare carbon paste electrode was prepared by mixing 70% w/w

MWCNT and 30 % w/w mineral oil. The components were blended using a mortar

and pestle until a homogeneous paste was achieved, which was then placed into a

Teflon tube to hold the carbon paste (FIGURE 3.1).

- ‘Carbon Paste

o

FIGURE 3.1 - Illustration of a carbon paste electrode and Teflon tubes used for

electrode preparation.
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The HDES-based CPEs were formulated by partially substituting
mineral oil with HDES (DecA:TBAB) while maintaining fixed the MWCNT at
70% (w/w). The effect of DecA: TBAB amount (from 0 to 15 mg, TABLE 3.3) in
the paste was carefully studied by CV and EIS. These studies were carried out
using both hydroquinone and diuron as the redox probe. The HDES DecA:TBAB

was prepared following the procedure described in section 3.1-I11.

TABLE 3.3 - Mass percentage composition of binders in the carbon paste

electrode.
Carbon Paste Electrode Binder (% wiw)
Mineral oil HDES

bare/CPE 30 0
HDES(3)/CPE 27 3
HDES(5)/CPE 25 5
HDES(8)/CPE 22 8
HDES(10)/CPE 20 10
HDES(15)/CPE 15 15

IV. Analytical Procedure

Studies were conducted to establish the optimal conditions for the
determination of diuron. The optimized parameters included the pH of the
supporting electrolyte as well as parameters influencing the DPV technique
(TABLE 3.4), the optimized parameters were time modulation (¢), amplitude (a),
potential increment (AFE), and interval time (A¢). The parameters using the SWV
technique were also evaluated; however, the results for diuron determination were
less favourable (data not shown). Therefore, DPV was selected as the optimal

technique.

58



TABLE 3.4 -DPV optimization using 100 umol L™! Diuron

Parameters Studied interval
Amplitude, a (mV) 10-75
Modulation time, t (ms) 10-30
Potential increment, AE(mV) 1-6

Interval time, At, (ms) 100 — 300

For the diuron sensor, first, different proportions of HDES used in
the construction of the CPE were studied (TABLE 3.3), as these can influence the
voltammetric response. CV and SWV was performed using H,Q (1.0x107 mol
L 1) in 0.1 mol L ! acetate buffer at pH 4.74 as the redox probe. CV measurements
were conducted within a potential range of —0.6 to +0.9 V at a scan rate of 25
mV s !. Additionally, SWV was carried out in the potential range of —0.3 to
+0.9 V under the following optimized conditions: /=30 Hz, 4E = 5.0 mV, and a
=70 mV. This procedure was carried out as established in a previous study by our
research group, where H>Q was used as an electrochemical probe to characterise
a carbon paste electrode.

After determining the optimal composition of materials for CPE
development, the same HDES proportions were tested with diuron (100 umol L™ 1)
in 0.01 mol L™! PB pH 3.0 to validate the chosen composition. CV was applied in
the potential range of +0.8 to +1.6 V at a scan rate of 10 mV s™'. DPV was
performed within the +0.9 to +1.4 potential range using the following conditions:
modulation time (z) = 10 ms, 4E = 4.0 mV, a = 60 mV, and interval time (A¢) =
100 s.

To construct the analytical curves, successive additions of small
volumes of standard solution of the analyte were performed. The LOD and LOQ
were calculated using EQUATIONS 1 and 2, respectively.
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The ke for the oxidation of diuron was calculated based on data
obtained from a chronoamperometry study using 100 pmol L' diuron, at a fixed
potential of +1.1 V and using EQUATION 3. This study compared the influence
of adding HDES to modify the electrodes.

The reproducibility and repeatability of the voltammetric signals at
the proposed electrode were evaluated to assess sensor precision. Inter-electrode
and intra-day studies were conducted by measuring the voltammetric response of
the analyte three times at three different electrodes within a single day.
Additionally, the stability of the analyte’s voltammetric response was examined

using cyclic voltammetry over 50 consecutive cycles.

3.4 - Modification of a Filament with Silver Nanoparticles for Cadmium
Detection and Fabrication of a novel HDES-based filament

I. Chemicals and Solutions

All chemicals used throughout this work were used as received
without any further purification. All aqueous solutions were prepared with
deionised water of a measured electric resistivity not less than 18.2 MQ cm,
sourced from a Milli-Q Integral 3 system from Millipore UK (Watford, UK).
Hexaammineruthenium (III) chloride (98 %), castor oil, potassium ferricyanide
(99 %), potassium ferrocyanide (98.5 — 102 %), sodium hydroxide (> 98 %),
potassium chloride (99.0 — 100.5 %), graphite powder (< 20 um), boric acid (>
99.5 %), phosphoric acid (> 85 %), acetic acid (= 99 %), nitric acid (70 %),
microcrystalline cellulose (20 um, 99 %), acetaminophen (= 99.0 %), and
cadmium standard for AAS were purchased from Merck (Gillingham, UK). Silver
nitrate (> 99 %) was purchased from Alfa Aesar (Massachusetts, USA). Carbon
black was purchased from PI-KEM (Tamworth, UK). Recycled poly(lactic acid)

(rPLA) was purchased from Gianeco (Turin, Italy). River water samples were
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obtained in accordance with EPA guidelines from the River Irwell, Greater
Manchester, UK (approx. location: 53.517464, -2.302739). Tap water samples
were obtained from laboratory 5.39, John Dalton Tower, Manchester, UK.

II. Apparatus

SEM micrographs were obtained using a Crossbeam 350 Focussed
Ion Beam — Scanning Electron Microscope (FIB-SEM) (Carl Zeiss Ltd.,
Cambridge, UK) fitted with a field emission electron gun. Secondary electron
imaging was completed using a Secondary Electron Secondary lon (SESI)
detector. Also, Energy Dispersive X-ray Spectroscopy (EDX) analysis was
performed using an Ultim Max 170 detector (Oxford Instruments plc, Abingdon,
UK.) installed on the FIB-SEM. An acceleration voltage of 20kV was used to
image the samples for EDX analysis experiments. Samples were mounted on the
aluminium SEM pin stubs (12 mm diameter, Agar Scientific, Essex, UK) using
adhesive carbon tabs (12 mm diameter, Agar Scientific, Essex, UK) and coated
with a 5 nm layer of Au/Pd metal using a Leica EM ACE200 coating system
before imaging. Quantification of EDX spectra was carried out using a
standardless quantification procedure developed by Oxford Instruments and
integrated into the AZtec 6.1 (Oxford Instruments, Abingdon, UK).

X-ray diffraction (XRD) measurements were performed on the
powder of AgNPs on graphite samples to obtain the structural information using
PANalytical X Pert Powder X-ray diffractometer with Cu (A = 1.54 A) as the
source with 45 kV voltage and 40 mA current settings. The data were collected in
a continuous mode over the 20 scan range of 5° — 90°, with a step size of 0.01°
for 108 seconds per step at room temperature under ambient conditions. The
samples were spinning at 16 rpm during the measurements for uniform data
collection. PreFIX module on the incident beam side with the automatic

divergence and fixed anti-scatter slit of 4° along with PreFIX module on the
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diffracted side with PIXcel 1D detector in scanning line mode with programmable
anti-scatter slit were used to collect the diffraction patterns from a constant
irradiated length of 0.5 mm.

X-ray Photoelectron Spectroscopy (XPS) data were acquired using
an AXIS Supra (Kratos, UK), equipped with a monochromatic Al X-ray source
(1486.6 eV) operating at 225 W and a hemispherical sector analyser. It was
operated in fixed transmission mode with a pass energy of 160 eV for survey scans
and 20 eV for region scans with the collimator operating in slot mode for an
analysis area of approximately 700x300 um, the FWHM of the Ag 3ds, peak
using a pass energy of 20 eV was 0.613 eV. The binding energy scale was
calibrated by setting the graphitic sp> C 1s peak to 284.5 eV; this calibration is
acknowledged to be flawed?*® but was nonetheless used in the absence of
reasonable alternatives, and because only limited information was to be inferred
from absolute peak positions.

For the analysis of ACP and cadmium, all electrochemical
experiments were performed on an Autolab 100N potentiostat controlled by
NOVA 2.1.7 (Utrecht, The Netherlands). Identical additive manufactured
electrodes were used throughout this work for all filaments, printed in a lollipop
shape (@ 5 mm disc with 8 mm connection length and 2x1 mm thickness®*)
alongside an external commercial Ag|AgCI/KCI (3.0 mol L™) reference electrode
with a nichrome wire counter electrode (FIGURE 3.2). All solutions of
[Ru(NHs)s]** were purged of O, thoroughly using N, prior to any electrochemical

]+ were prepared in the same way without

experiments. Solutions of [Fe(CN)g
the need of further degassing.

The electrochemical cells and additional glassware used in the
cadmium work has been pre-treated accordingly for trace heavy metals analysis
prior to use, which involved a 24 h immersion in 10 %v/v nitric acid solution,

rinse with deionised water and keep in sealed bags to avoid further contamination.
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EIS was recorded in the frequency range 0.1 Hz to 100 kHz applying 10 mV of
signal amplitude to perturb the system under quiescent conditions. NOVA 2.1.7

software was used to fit Nyquist plots obtained to adequate equivalent circuit.

nichrome
wire counter
electrode

3D-printed
working
electrode

Reference
electrode

FIGURE 3.2 — Representation of a typical electrochemical cell system used
consisted of a 3D-printed reference electrode in a lollipop shape, an external
commercial Ag|AgCI/KCI (3.0 mol L) reference electrode, and a nichrome wire

counter electrode.

Activation of the AMEs was performed before electrochemical
experiments for CB/Cellulose/HDES/PLA. This was achieved electrochemically
in NaOH (0.5 M), as described in the literature>®. Briefly, the AMEs were
connected as the working electrode in conjunction with a nichrome wire coil
counter and Ag|AgCI/KCl (3.0 mol L) reference electrode and placed in a
solution of 0.5 M NaOH. Chronoamperometry was used to activate the additive
manufactured electrodes by applying a set voltage of +1.4 V for 200 s, followed
by applying —1.0 V for 200 s. The additive manufactured electrodes were then
thoroughly rinsed with deionised water and dried under compressed air before

further use.
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III. Silver Nanoparticles Synthesis on Graphite

The AgNPs were synthesised directly onto graphite flakes based on
the procedure reported by Pandey et al.?>° performed on graphite sheet. Briefly, a
50 mL solution of AgNO; (20 mg mL™!/ ~6.0x10° mol L) was prepared, to
which 20 g of graphite powder was added. This was placed on a stirrer plate at
room temperature and left to stir overnight, after which the solution was removed
through vacuum filtration on a standard filter paper and dried in the oven at 60 °C
overnight. This powder was then ready for use within filament production.
FIGURE 3.3 presents a schematic representation of the preparation of AgNPs on
graphite (AgNP-G). This powder was then ready for use within filament

production.

Graphite
AgNO,
solution

stirring overnight

(" AgNPG )
AgNPs
graphite ) 0
solution ’/ ‘-\

vacuum hltered

L2,

FIGURE 3.3 - Schematic illustration of the process for preparing AgNPs on
graphite.

IV. Recycled filament production

All commercially acquired recycled PLA was dried in an oven at 60
°C for at least 2.5 hours to eliminate residual moisture. The polymer composition
was prepared by incorporating, in a 63 ¢cm® chamber, appropriate amounts of
rPLA, castor oil, carbon black (CB), and functionalized graphite for developing

an electrochemical sensor for cadmium detection. Additionally, a separate
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composition was prepared with rPLA, castor oil, CB, cellulose, and HDES for
fabricating a 3D-printed electrode used in ACP determination.

All filaments made throughout this work utilised 10 wt% castor oil
as a plasticiser®®. The PLA content was optimised at 60 wt% for the cadmium
study and 55 wt% for the HDES-based filament. The CB content in the HDES
filament was 20 wt%. For the cadmium study, the total carbon loading was 30
wt%, consisting of 12 wt% AgNP-G and 18 wt% CB, as previously optimised*’,
The concentrations of cellulose and HDES were carefully investigated as part of
a study that will soon be submitted to a relevant journal. The compounds were
mixed using a Thermo Haake Polydrive dynameter fitted with a Thermo Haake
Rheomix 600 (Thermo-Haake, Germany) at 190 °C with Banbury rotors at 70 rpm
for 5 min. The resulting polymer composites were allowed to cool to room
temperature before being granulated to create a finer particle size using a Rapid
Granulator 1528 (Rapid, Sweden). The polymer composites were collected and
processed through the hopper of a EX2 extrusion line (Filabot, VA, United States).
The EX2 was set up with a single screw with two set heat zones of 60, and 195
°C, respectively.

The molten polymer was extruded from a 1.75 mm die head, pulled
along an airpath cooling line (Filabot, VA, United States) and collected on a spool.
After which the filament was then ready to use for additive manufacturing,
FIGURE 3.4 presents an illustration representing the filament production process,

followed by the 3D printing of electrodes.

65



Carbon Black

Castor Oil rPLA

») u Bespoke filament
single screw extruder
rheomixer ‘

3D-printer

3D-printed
electrode

AN S

o 4

FIGURE 3.4 - [llustration of the filament production process and development of
the 3D-printed electrodes.

V. Additive Manufacturing of the Electrodes

All computer designs and 3MF files were produced using Fusion
360® Software (Autodesk®, CA, United States). Then, these files were sliced and
converted to GCODE files in PrusaSlicer Software (Prusa Research, Prague,
Czech Republic) to prepare them for 3D printing. The AMEs were produced using
fused filament fabrication technology on a 3D printer Prusa i3 MK3S+ (Prusa
Research, Prague, Czech Republic). All additive manufactured electrodes were
printed using identical printing parameters, namely a 0.6 mm nozzle with a nozzle
temperature of 215 °C, 100 % rectilinear infill**!, 0.15 mm layer height, and print

speed of 35 mm s

VI. Analytical Procedures

The AMEs were electrochemically characterised against both the
near-ideal outer-sphere redox probe [Ru(NH3)s]** (1.0x107° mol L™! in 0.1 mol
L~ ' KCl) and the commonly used inner-sphere probe [Fe(CN)s]*"*~ (1.0x 107> mol
L' in 0.1 mol L™ KCI). Initially, scan rate studies (5 — 500 mV s') were
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performed against [Ru(NH;)¢]*" as this allowed for the determination of the
heterogeneous electron charge transfer rate constant (k%) and the real

electrochemical surface area (4e)*>

. For the EIS experiments, the 3D-printed
electrodes were tested using the [Fe(CN)s]*”*~ probe, in the frequency range 0.1
Hz to 100 kHz applying 10 mV of signal amplitude to perturb the system under
quiescent conditions.

To test the CB/Cellulose/HDES/PLA electrode, the SWV values
were based on previous research®33:234,

To test the CB/Ag-G/PLA electrodes towards the detection of Cd (II)
the Britton Robinson (BR) buffer was optimised in pH = 5.0 for the detection of
100 ug L' (100 ppb/ 8.9x 107 mol L™!). Following this, the deposition potentials
and deposition times were optimised for both the DPV and SWV techniques
(TABLE 3.5). Unlike the optimisation for 5-HT and diuron determination, where
only a single technique optimisation is shown (sections 3.2 - and 3.3 - ), the
analysis of Cd(II) presents the optimisation of both techniques, as both produced

favourable results for the determination of this analyte.
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TABLE 3.5 - DPV and SWV optimization using 100 ppb (8.9x1077 mol L") of
Cd(1)

Technique parameter

Studied range

DPV

Step potential (V) 0.001 -0.010
Amplitude (V) 0.010-0.100
Modulation time (s) 0.010-0.100
Deposition potential (V) -0.8--1.2
Deposition time (s) 0-120

SWV

Step potential (V) 0.001-0.010
Amplitude (V) 0.010-0.100
Frequency (Hz) 5-45
Deposition potential (V) —08--1.2
Deposition time (s) 0-120

LOD and LOQ were calculated using EQUATIONS 1 and 2,
respectively. The repeatability of 3D-printed electrodes was evaluated using SWV

through ten consecutive measurements (n=10) using three electrodes (n=3).
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4 - RESULTS AND DISCUSSION

This section presents the results on the preparation, characterisation,
and application of the HDES based on DecA and TBAB. This HDES was selected
based on previous research conducted in our laboratory. First, the preparation
and characterization of HDES are detailed, including spectroscopic and thermal
data to assess interactions leading to its formation, the eutectic point, and
physicochemical properties. Subsequently, the efficacy of HDES as a modifier for
developing electrochemical sensors is discussed.

Next, the focus shifts to the development of additive-manufactured
conductive filaments and their application in creating 3D-printed electrodes. The
results highlight the feasibility and performance of these electrodes.

Finally, this section reports on the application of the proposed HDES
in developing novel conductive filaments and their subsequent use in fabricating

advanced electrochemical sensors using 3D printing technology.

4.1 - Optimisation of Hydrophobic Deep Eutectic Solvent
Preparation: In Situ FTIR Study and NMR Characterisation

The approach based on controlling the temperature and stirring is the
most used to synthesise deep eutectic solvents?>. In this way, the initial approach
started with an in situ FTIR study to monitor the preparation of the HDES. The
aim was to optimise the temperature, and the time required for the synthesis.

FIGURE 4.1 presents FTIR spectra obtained for the studied HDES
(DecA:TBAB) and for the respective precursors. Clear spectral shifts in the region
between 930 and 880 cm™! compared to the fatty acid precursor could be observed
in the HDES spectra. Bands in the 930 and 880 cm™' region were attributed to the

out-of-plane bending of O—H from the fatty acid carboxyl groups. It is well
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known that the HDES preparation involves the non-covalent chemical interaction
between carboxyl groups and the bromide ion of the TBAB?®. Therefore, this
region was first selected for the in situ FTIR study. It is worth to point that shifts
in the stretching of C—O (1300 — 1200 cm ™! range) and of O—H (near 3000 cm™ ')
are commonly used to evidence the formation of this class of HDES*7-2%,
However, monitoring these regions was not possible due to spectral overlap in the

C—O band region and equipment limitations for regions near 3000 cm .
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FIGURE 4.1 - FTIR spectra obtained for the studied HDES (DecA:TBAB) and
its precursors: TBAB and DecA.

The in situ FTIR study was then performed by recording infrared
spectra at every 30 seconds of reaction. The synthesis of DecA:TBAB in a molar
ratio of 1.85:1 was evaluated. As it will be presented in the following sections, the
molar ratio of 1.85:1 corresponds to the eutectic point of the proposed HDES.
FIGURE 4.2A present the changes in the IR bands intensities (in the 930 — 880
cm™ ! range) as a function of the synthesis time and FIGURE 4.2B present the
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spectra recorded during the synthesis, that were carried out at a temperature of
353.15 K (80.0 °C). The results for all the temperatures analysed are provided in
the Appendix / at the end of this thesis.
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FIGURE 4.2 - In situ FTIR study for monitoring the preparation of the HDES.
(A) evaluation of the intensity of specific peaks for DecA:TBAB synthesis as a
function of the time of synthesis. (B) Infrared spectra for DecA: TBAB synthesis.
The data correspond to the preparation of DecA:TBAB in a molar ratio of 1.85:1
at the temperature of 353.15 K (80.0 °C).

The temperature study for the HDES preparation was performed by
primarily considering the fatty acid melting point temperature (7). As it will be
demonstrated in the following section, this temperature was determined by
thermal analysis, with the results showing 73, 305.5 K (32.3 °C) for DecA. Thus,
the temperature range studied was from 323.15 to 353.15 K (50.0 to 80.0 °C) for
DecA:TBAB. TABLE 4.1 shows the total time of synthesis for each studied
temperature. The initial time was defined as the moment of adding the second
component (TBAB), while the final time was when no further changes in the
infrared spectrum were observed. The optimal reaction temperature for preparing

the eutectic solvent was 353.15 K, taking 4 minutes and 50 seconds. These results
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demonstrate for the first time that longer synthesis times, as adopted in some
works previously presented in the literature®?*26!  are unnecessary.
Furthermore, they highlight the importance of evaluating synthesis duration, as it
significantly impacts the sustainability of the process, particularly in terms of

energy consumption, as discussed further in section 4.5 - .

TABLE 4.1 - Synthesis time of the HDES (DecA:TBAB)

Temperature (K) Time (minutes)
323.15 17°40”
333.15 07°00”
343.15 07°23”
353.15 04°50”

It is worth to notice that working at temperatures higher than 353.15
K would not have a significant impact on the preparation time. Few variations
were observed in the reaction time when increasing the temperature from 333.15
to 353.15 K (TABLE 4.7). Additionally, the synthesis of eutectic solvents involves
the fusion of the component with the lowest melting point before adding the
component with the highest melting point!'!. As TBAB melts at around 376 K (103
°C), the synthesis temperature would be closer to the TBAB melting point.
Therefore, this study only considered temperatures up to 353.15 K.

During the synthesis, it was observed that at temperature of 323.15
K, the TBAB have not fully interact with the fatty acid even after one hour of
reaction. Probably, it did not provide sufficient thermal energy to form a
homogeneous liquid. As a result, an 'excess' of TBAB remains in the system.

Further examination in the FTIR spectra of DecA:TBAB (FIGURE
4.1) reveals some characteristic bands, such as stretching (v) bands of sp® C—H
bonds in the interval 2925 — 2854 ¢cm™'. Bands of bending (8) of CH, near 1460

73



cm™' similar to the precursor' spectra can also be observed. Moreover,
characteristic bands of in-plane 3O0—H and vC—O vibrations for carboxylic acids
are present in 1381 and 1163 cm, respectively. These bands are shifted when
compared to the fatty acid: SO—H: 1431 cm™' and vC—O: 1296 cm™! for DecA.
The same can be observed for the out-of-plane §0—H present in 931 cm™!, for
DecA, shifted to 889 cm™' to DecA:TBAB. These results suggest the interactions
to form the HDES, in agreement with the in sifu infrared experiments.
Furthermore, the stretching of C=0 of decanoic acid changed from 1693 to 1730
cm'. This shift to higher frequencies of carboxyl stretching vibrations can be
attributed to the cationic complex formed between the carboxyl and the
tetrabutylammonium cation®’.

The HDES and the precursors were also characterized by 'H NMR
(FIGURE 4.3, FIGURE 4.4, and FIGURE 4.5). The '"H NMR spectra obtained for
DecA:TBAB, (FIGURE 4.5) presented a broad singlet at 6 = 11.98 ppm, which
were attributed to carboxyl hydrogens. No variation in the chemical shifts of the
carboxyl hydrogens were observed in the HDES spectrum when compared to the
pure components’ spectra. This i1s mainly due to the low strength of the hydrogen
bond, indicating that the site of interaction is located mainly at the carboxyl group.

"H NMR of the fatty acid revealed sharp and well-defined signal for
the hydrogen of the carboxyl group. In contrast, this signal was broader and with
low intensity in the HDES spectrum. This may be attributed to the high viscosity
(about 723 mPa s for DecA:TBAB at 293.15 K, TABLE 4.3) of the HDES. As a
result, inter- and intra-dipolar interactions are expected to cause an effect of
baseline magnification on that signal in the '"H NMR spectrum?®>2%3, These data
indicate that hydrogen bonds are formed between the carboxyl group and the
bromide ion, involving the formation of complex anions (formed between the acid

and the bromide anion), which interact with the tetrabutylammonium cation®®2,
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FIGURE 4.3 - "H NMR spectrum of decanoic acid (400 MHz, DMSO-dp).
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4.2 - Hydrophobic Mixtures: Thermal analysis

After the optimisation of the HDES synthesis, the next step was using
differential scanning calorimetry to acquire the melting temperature of several
DecA:TBAB-based mixtures (TABLE 3.1) to construct a phase diagram and
establish the eutectic point. FIGURE 4.6 shows the DSC curves for TBAB, DecA,
and 1.85:1 (mol/mol) DecA:TBAB mixture, which exhibited the lowest melting
temperature among the mixtures studied. Appendix II present all DSC curves
obtained and Ttrans: temperature of phase transition; Tm: melting temperature;

T*: temperature of the free fraction of the precursors (DecA or TBAB).
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TABLE 4.2 summarizes the temperatures of all thermic events and

thermodynamic data (AHn and ASy) for the compositions studied in this work.
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FIGURE 4.6 - DSC curves with the thermal events of the pure components: TBAB
and DecA, and for the mixture of DecA:TBAB at the eutectic point. Tiwans:
temperature of phase transition; 7},: melting temperature; 7*: temperature of the

free fraction of the precursors (DecA or TBAB).

77



TABLE 4.2 - Thermodynamic data acquired from the experiments by differential scanning calorimetry

XDecA Tirans | K T /K Tm/ K AHm (JgY) ASm(JgtK?) YDecA
0.500 263.9/ 274.3 344.4 b — — —
0.525 260.0/ 275.3 340.6 b — — —
0.550 263.8 307.0 b — — —
0.600 235.8/ 255.4/ — b — — —
265.5°
0.625 253.3/ 264.0/ — 274.9 15.53 0.056 0.26
270.4
0.650 250.0/ 258.7 281.9 271.8% 39.95 0.15 0.23
0.667 252.71 260.3 283.8 272.9 18.57 0.068 0.24
0.700 255.9/ 264.6 288.2 275.5 5.023/9.37 0.018/ 0.27
0.033
0.715 264.2/ 276.5 — 290.4 17.14 0.059 0.54
0.725 260.7/ 276.7 — 2914 18.48 0.063 0.56
0.750 251.2/ 275.2 — 291.5 19.41 0.067 0.56
0.900 276.1 — 302.1 76.28 0.25 0.87
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XDecA Tirans / K T /K Tn/ K AHn (3 g?) ASn (JgtKY YDecA
1.000 — — 305.5 176.7 0.58 —
XTBAB Tirans | K T /K T/ K AHn (3 g?) ASn (JgtK

1.000 362.8 — 376.2 79.5 0.21 —

“Eutectic point; °No melting event was detected; “Probably the beginning of melting for a free precursor (DecA). Tm: melting temperature; Tians:

temperature of phase transition; 7*: temperature of the free fraction of the precursors (DecA or TBAB); AHm: melting enthalpy; ASm: melting entropy;

y: activity coefficient of component i (DecA).
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From FIGURE 4.6, one can see the curve for TBAB, where two
endothermic peaks are presented. The first peak at 362.8 K (89.7 °C) could be

264 In contrast, the

attributed to crystal readjustment and conformational disorder
second peak at 376.2 K (103.0 °C) is relative to its melting point, in agreement
with the melting temperature of the pure compound declared by the supplier. The
decanoic acid (FIGURE 4.6) showed a sharp melting peak at 305.5 K (32.3 °C),
which agrees with the reported melting temperature of the pure compounds!”!.
The DSC curve for HDES DecA:TBAB (FIGURE 4.6) show that
HDES had a melting temperature below 273.15 K (0 °C). The DSC curve for
DecA:TBAB highlights four thermal events during the heating step. The first two
events, occurring at 250.0 K (-23.15 °C) and 258.7 K (—14.45 °C), precede the
melting process and can be attributed to a solid-solid phase transition'®. This
behavior has been reported in the literature for fatty acid-based eutectic systems,
which generally present a transition from an amorphous solid to a crystalline solid,
characterizing a phase transformation?%-2¢7. This transition was also observed for
the other fractions of the mixtures studied (see Appendix // and TABLE 4.2).
The third thermal event, at 271.8 K (—1.35 °C), can be attributed to
the melting temperature of the crystalline phase, which refers to the eutectic point
for the DecA:TBAB system. The fractions' experimental enthalpy values (TABLE
4.2) were not linear with the compositions approaching the eutectic temperature,
probably associated with other events that precede or follow the eutectic region.
Regarding the last thermal event, an endothermic peak close to 281.9
K (8.75 °C) was observed, and its occurrence may be related to the increase in
acid or TBAB fractions that may not have been incorporated into the hydrophobic
mixture. Similar results were observed by Shishov et al.**” when characterizing
eutectic mixtures based on nonanoic acid and tetrabutylammonium bromide,

where the free acid fraction was responsible for the appearance of a peak with a

temperature close to 277 K (3.85 °C).
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Additionally, one can highlight that the 1.50:1 composition for
DecA:TBAB (Appendix //D) showed a broad endothermic event at 265.5 K (—
7.65 °C). Nevertheless, this event should not be interpreted as the eutectic point
once in all mixtures studied based on DecA, it was observed the phase
transformation phenomenon for fatty acids at temperatures close to 260 K (—13.15
°C) as previously discussed.

It is worth noting that the first peak of DSC curves for DecA:TBAB,
nearly 225 K (-48.15 °C) (FIGURE 4.6), is related to the thermal inertia effect,
which could be attributed to a gradient of temperature created between the end of

266 associated

the cooling process and the beginning of the heating of the sample
with the experiment process, in which an isotherm was applied for 5 minutes
during the cooling process prior the heating of the sample. Also, it occurred for
other mixtures studied in this work (see Appendix /7).

Then, the thermal behaviour of the DecA:TBAB at the eutectic point
(1.85:1) and its precursors were investigated by their thermogravimetric curves
under a nitrogen atmosphere (FIGURE 4.7). The changes in thermal profiles
observed in the TG/DTA curves for the DecA:TBAB HDES, regarding the
profiles of the precursors suggest that there is an interaction between the
precursors in the composition of the eutectic point. Moreover, thermal events at
376 and 305 K (103 and 32 °C) for TBAB and DecA, respectively, confirm the
melting temperature of these precursors (temperatures confirmed by DSC).

However, this thermal event was not observed for the HDES because it melts

below room temperature.
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FIGURE 4.7 - TG curves (solid lines) of DecA:TBAB (1.85:1), decanoic acid
(DecA) and tetrabutylammonium bromide (TBAB). DTA curves (dotted lines) of
the eutectic mixture and its precursors (TBAB and DecA). Conditions: N, at 50

ml min~!, sample mass of (10.0+0.2) mg in open a-alumina sample holders.

In short, all pure compounds exhibited similar decomposition
behavior, proving to be suitable for applications at temperatures close to 450 K
(177 °C). As presented in FIGURE 4.7, the mass loss for decanoic acid was 98.6
% at 492 K (219 °C), which correspond to the decomposition of this acid. The
mass loss for tetrabutylammonium bromide was at 499 K (226 °C), corresponding
to 98.8 %. Furthermore, another thermal event at approximately 540 K (267 °C)
was also observed, possibly due to some impurities presented by TBAB.

Regarding the mixture at the eutectic point, the decomposition of
DecA:TBAB was at 506 K (233 °C), with 99.4 % mass loss. Based on this thermal
behaviour, this hydrophobic solvent in the eutectic point composition showed
slightly higher thermal stability than their precursors. This probably occurred due
to the interaction between the two precursors to form eutectic mixtures, which

was observed in NMR and FTIR studies.
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4.3 - Phase Behaviour of the Hydrophobic Mixtures

Recent studies suggest that the term 'deep' in DES is defined by
deviations from ideal mixing behaviour. These deviations arise from the specific
interactions between the components of the eutectic system. In the case of DecA
and TBAB, the "deep" nature of the system depends on the strength of DecA—
TBAB interactions relative to DecA—DecA and TBAB—TBAB interactions.
When DecA—TBAB interactions are favoured over self-interactions, the system
exhibits deep eutectic characteristics. Conversely, if DecA—DecA and
TBAB— TBAB interactions dominate, the mixture behaves as a conventional
eutectic solvent!”?. This behavior can be measured in terms of activity coefficient
(7) according to EQUATION 4!7, where y = 1 indicates an ideal system and y <

1 a deep eutectic system.

AmHj

InCxyyy) = =2 (L - l) EQUATION 4

Tm,i T

Following EQUATION 4, x;, 7;, AnH; (J mol™), and Tp,; (K) are,
respectively, the molar ratio, activity coefficient, melting enthalpy, and melting
temperature of component i. R (8.314 J mol™! K™') and T (K) are the ideal gas
constant and the temperature of the system, respectively.

The results obtained in the thermal analysis study (section 4.2 - ) and
EQUATION 4 used to elaborate a phase diagram aim to evaluate the
thermodynamic behaviour of the studied mixtures. FIGURE 4.8 represents the
phase diagram for the mixture based on DecA:TBAB as a function of the molar

ratio of DecA.
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FIGURE 4.8 - Phase diagram of the DecA:TBAB eutectic system as a function of

the fatty acid molar ratio.

The y values for the DecA:TBAB mixtures were calculated based on
DecA enthalpy and melting temperature data obtained experimentally applied to

EQUATION 4, TABLE 4.2 shows the y results for all studied eutectic mixtures,

when applicable.

For the studied system, all compositions exhibiting a well-defined
melting temperature were classified as deep eutectic mixtures. These

compositions displayed melting temperatures lower than those of the precursors
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(TBAB and DecA), which aligns with the y results (see TABLE 4.2). In addition,
a linear increase in y is observed with the increase in the decanoic acid fraction
approaching the pure acid composition (y — 1) in the mixtures from the
composition of the eutectic point. Furthermore, values of y < 1 suggest that the
DecA:TBAB system presents a negative deviation from ideality, classifying it as

a deep eutectic solvent.

4.4 - Physicochemical Characterization of the HDES: Viscosity,
Conductivity, and Water Content

Physical and chemical properties such as viscosity, conductivity, and
water content significantly influence the HDES applications. Thus, these
parameters were quantified to better characterize the studied HDES. TABLE 4.3

shows the results obtained in this study.

TABLE 4.3 - Physicochemical properties of the hydrophobic deep eutectic solvent

prepared in this work

Viscosity?/ mPa s Conductivity® / pS cm™  Water content?® / %

723421 35+1 0.15+0.04

in=23.

The water content of eutectic solvents has a significant impact on
their viscosity and conductivity. Higher water content results in lower viscosity
and increased conductivity. Various studies have explored the synthesis of DES
by adding water to modify these properties depending on the intended
application'>>, For instance, Ruggeri et al. (2019)'* investigated the formation
of HDES using decanoic acid and tetrabutylammonium chloride with different

water contents. Their primary objective was to enhance the electrical conductivity
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of the proposed HDES by incorporating small amounts of water. The results
showed that a small water content is advantageous, as it significantly affects the
electrical conductivity and viscosity of the solvent, thereby enhancing its
electrochemical properties.

It is well known that HDES based on quaternary ammonium salts
commonly present high viscosities (higher than 200 mPa s)!*1?7 In fact, the
HDES DecA:TBAB has a viscosity equal to 723 mPa s. This is mainly due to
these salts' coulomb force and other interactions forces between the components
that limit the solvent mobility*>!?®. Studies reported in the literature have found

similar results for viscosity, conductivity, and water content for the same class of

HDES studied®*!12>:127.149,

4.5 - HDES: Green Synthesis

To better assess the environmental sustainability of the HDES
synthesis, we quantified its greenness by calculating the Environmental Factor (E-
factor)®®, the electrical energy consumption during the synthesis'®’, and the

EcoScale'®

for producing approximately 10 mL of HDES over a 5-minutes
process.

The E-factor is a metric used to evaluate the environmental impact
of'a chemical process. It is calculated as the ratio of the total waste mass-generated
to the desired product's mass®®. For DES, the E-factor calculation is generally
straightforward because these solvents are typically synthesized through simple
mixing without producing significant byproducts. As a result, waste is often
negligible, with the components almost entirely incorporated into the final
product (100 % atomic efficiency)*.

In this work, the HDES synthesised was based on 1 mol of DecA

(172.26 g) to 0.541 mol of TBAB (174.25 g), yielding 346.51 g of HDES. The
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waste was negligible since the components were fully incorporated into the
product, so this resulted in an E-factor of 0, reflecting a waste-free process. The
E-factor may increase slightly during synthesis in cases of minor losses, such as
spillage or non-recoverable residues. Nevertheless, it remains low, highlighting
DES synthesis's inherently environmentally friendly nature.

Furthermore, the electric energy consumption for the synthesis of

HDES was assessed through EQUATION 557,

Pt
Consumption = @ EQUATION 5

where consumption (kWh) represents the electrical energy used during synthesis,
P is the equipment power (415 W), ¢ (h) is the time of synthesis, and V' (mL)
corresponds to the volume of HDES prepared. The electric energy consumption
calculated for the HDES was 0.0035 kWh mL"!. This value is lower than those
reported in the literature. For instance, Gomez et al. (2018)'*® documented an
energy consumption of 0.650 kW per sample for the synthesis of NADES using
the same method. It is worth noting that the authors utilised a preparation time of
one hour and did not mention any optimisation of the synthesis duration. In
another study, Santana et al. (2019)"7 demonstrated that the electric energy
consumption for the synthesis of eutectic solvents using the heating and stirring
method for 2 hours was 0.014 kWh mL™!. Interestingly, both Gomez et al.
(2018)'* and Santana et al. (2019)'%7 showed that alternative methods, such as
microwave- and ultrasound-assisted synthesis, significantly reduced energy
consumption. For instance, microwave-assisted synthesis required just 0.001 kW
sample™! (20 seconds), while ultrasound-assisted synthesis consumed 0.006 kWh
mL! (45 minutes). However, neither study showed optimisation of the synthesis

time for the heating and stirring method, as presented in this thesis. These results
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demonstrate the importance of optimising the synthesis time as it presents a great
influence on energy consumption.

Moreover, the EcoScale for preparing the proposed HDES was
accessed. EcoScale is a tool designed to assess the sustainability of chemical
reactions by assigning a score based on various factors such as energy
consumption, reaction time, waste production, use of hazardous chemicals, and
the overall environmental impact. It provides a simple method to evaluate the
"green" credentials of a reaction, encouraging more sustainable practices in
chemistry!%.

The EcoScale score ranges from 0 to 100, where 100 represents an
ideal, sustainable process. Points are subtracted for factors such as low yield,
excessive energy consumption, the use of non-renewable or toxic reagents, and
poor waste management'®®. Key parameters include:

1. Yield: Higher yields result in fewer subtractions.
1.  Energy efficiency: Minimal energy consumption is ideal.
1. Safety: Safer, non-toxic reagents and solvents are preferred.
iv.  Waste generation: Less waste improves the score.
v. Reagent availability: Renewable and readily available reagents score
higher.

Considering that the HDES synthesis involves simple mixing of
components with low energy consumption, no byproducts, and a yield of ~100 %,
the EcoScale score calculated is 95.8, which is in accordance with previous works
in the literature for DES synthesis and application in different processes!'>’-"°,

TABLE 4.4 shows the results for each calculated parameter of the EcoScale score.
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TABLE 4.4 - EcoScale Score for the proposed HDES

Criterion Score

Yield (~100%) 10/10

Energy Efficiency 9.5/10!

Reagent Safety 8/107

Waste Production 10/10

Synthesis Time 10/10

Process Optimisation 10/10

Total Score 57.5/60 — 95.8/100

'Minimal deduction for energy use in comparison to completely passive processes. 2Decanoic
Acid: A natural, biodegradable, and relatively safe reagent. Deduction: None. TBAB: Synthetic,
limited biodegradability, and potential aquatic toxicity. Deduction: Moderate deduction for
environmental and safety concerns. Score: Decanoic Acid (10/10), TBAB (6/10): Weighted
average: 8/10.

Finally, considering all the results discussed above and the principles
of green chemistry (TABLE /.7), we can identify which concepts of green
chemistry are adhered to by the proposed HDES. The adherence to the green
chemistry principles is summarised in TABLE 4.5. Overall, one can see the
proposed HDES synthesis adheres strongly to several green chemistry principles,
particularly in the prevention of waste, atom economy, energy efficiency, and the
use of renewable feedstocks (DecA). However, the use of TBAB reduces the
adherence to principles such as designing safer chemicals, safer solvents and
auxiliaries, and design for degradation, due to TBAB's potential toxicity and

environmental impact.
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TABLE 4.5 - Adherence to the Green Chemistry Principles

Green Chemistry Principle Adherence

Description

Prevention Full adherence

Atom Economy Full adherence

Less Hazardous Chemical Partial adherence

Syntheses

Designing Safer Partial adherence

Chemicals

The proposed HDES
synthesis generates minimal
or no waste, with all reagents
being fully incorporated into
the final product. There is no
need for waste disposal,
aligning with this principle.
The synthesis of HDES has a
high atom economy, as both
components (decanoic acid
and TBAB) react without the
formation of by-products.
Pro: DecA 1is a natural,
relatively  safe  reagent,
reducing toxicity concerns.
Con: TBAB is a synthetic,
potentially toxic quaternary
ammonium salt, which could
pose hazards to aquatic
environments and human
health’”!. This limits full
adherence to the principle.
Pro: DecA

Con: TBAB
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Green Chemistry Principle Adherence Description

Safer Solvents and Partial adherence Pro: DecA

Auxiliaries Con: TBAB

Design for Energy Full adherence The synthesis 1is highly

Efficiency energy-efficient, with a low
energy consumption of 0.0035
kWh mL' and a rapid
synthesis time of just 5
minutes.

Use of Renewable Partial adherence Pro: DecA

Feedstocks Con: TBAB

Reduce Derivatives

Catalysis

Design for Degradation

Full adherence

Not applicable

Partial adherence

The synthesis does not require

additional steps or
derivatives. The process is
direct and simple, reducing
unnecessary chemical
modifications.

The HDES synthesis does not
involve catalytic processes.
Therefore, this principle is not
relevant to the specific
reaction.

Pro: DecA is biodegradable.
Con: TBAB is not readily
its

biodegradable, limiting

environmental  degradation,
which reduces adherence to

this principle.
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Green Chemistry Principle Adherence Description

Pollution Prevention Not applicable This principle focuses on real-
time monitoring of processes
to minimise waste and
pollution. It is not directly

relevant to the synthesis of

this HDES.
Inherently Safer Partial adherence The process 1is relatively
Chemistry for Accident simple and uses no hazardous
Prevention chemicals, but the presence of

TBAB, a potentially toxic
substance, lowers the level of
safety compared to other
processes that avoid toxic

reagents entirely.

4.6 - Development of Electrochemical Sensors: Modified Glassy

Carbon Electrode and Carbon Paste Electrode

This section will demonstrate the application of the proposed HDES
in the development of new electrochemical sensors, focusing on their
electrochemical properties. The first type of electrochemical sensor involves a
film made from HDES and carbonaceous material, which is used to modify the
surface of a GCE. This work is part of a paper published in the journal
Electrochimica Acta, vol 520, 2025 by Karen Kenlderi de Lima Augusto, Paulo
Cardoso Gomes-Junior, Gustavo Patelli Longatto, Evandro Piccin, Eder Tadeu

Gomes Cavalheiro, Elena Bernalte, Craig E. Banks, and Orlando Fatibello-
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Filho?”%. A second application of HDES as a conductive binder in combination

with mineral oil will be discussed.
4.6.1 - Electrochemical Sensor Based on Carbon Nanohorns and

HDES for the Determination of Serotonin?2

In this study, we evaluated the impact of adding increasing amounts
of HDES within the suspension with CNH on the GCE surface. The investigation
sought to examine the effectiveness of this approach in enhancing the
performance of the GCE. Different amounts of DecA: TBAB were studied: 0, 3,
5, 8, and 10 mg. The study was conducted using CV and EIS, and 100 umol L
5-HT in 0.2 mol L' PB pH 7.0. FIGURE 4.9 shows the CV results for all

electrodes.
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FIGURE 4.9 — CV results (A) and (B) obtained for the oxidation of 100 umol L~!
5-HT in 0.2 mol L! PB pH 7.0 using (—) GCE and electrodes with different
amounts of DecA:TBAB HDES: (—) CNH/GCE (0 mg), (—) 3mg, (—) 5 mg,
(—) 8 mg, and (—) 10 mg. Scan rate: 50 mV s™'. Plots of (C) L, and (D) E,, versus
the amount of HDES.

It can be observed that the analytical signal improved as the
DecA:TBAB content in the film increased up to a concentration of 5 mg. From 8
mg of DecA:TBAB, the oxidation peak for 5-HT slightly decreased. This
phenomenon is more apparent when evaluating the peak currents and potentials
shown in FIGURE 4.9C and D. The GCE electrode did not exhibit a well-defined
oxidation peak to 5—-HT, as demonstrated in FIGURE 4.9B (inset). Compared to
the CNH/GCE electrode (which had 0 mg of DecA:TBAB), the 5 mg electrode

improved the analytical current by 5-fold. Furthermore, even the electrodes with
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concentrations of 3 and 10 mg enhanced the peak current by approximately 3-fold
despite presenting lower peak currents among the electrodes modified with
HDES.

It is important to note that all concentrations of DecA: TBAB caused
a shift in the peak potential towards more negative values. This suggests that
modifying the electrode with HDES may have a catalytic effect. The electrodes
with 3 and 5 mg of HDES showed a decrease of 36 mV compared to CNH/GCE
and an increase of current of 8 pA for the 5 mg HDES modified electrode.

Furthermore, as shown in the EIS results, FIGURE 4.10 and TABLE
4.6 the presence of 5 mg HDES decreased the resistance of charger transfer (R)
in 127 and 2-folds compared with GCE and CNH/GCE, respectively. Also, the
higher value of the Ry (34.75 kQ) for GCE explains why it was not possible to
observe a defined oxidation peak for the 5S—HT at this electrode, indicating that
the bare electrode is not suitable for 5-HT determination. By modifying the
electrode with CNH, the reactions that occur in the interface between the electrode
and the solution have been improved. The 5-mg electrode has shown better results
compared to GCE and CNH/GCE, with a significant improvement in the apparent
heterogeneous electron-transfer rate constant (k.,p) by 255 and 1.7-folds,
respectively. Furthermore, it performed better compared to all the electrodes in

this study.
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FIGURE 4.10 - Nyquist plots (65,000-0.1 Hz) (A) using 100 umol L' 5-HT in
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CNH/GCE,
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circuit. In (B) The Bode plot of impedance magnitude versus frequency.

TABLE 4.6 - EIS data for 100 umol L™! 5-HT in 0.2 mol L' PB pH 7.0

CPE/ Kapp
Electrode Rs/Q Rui/Q o
UF /cms?
GCE 4985 347530 0.348 0.85  (3.8+1.2)x10°
CNH/GCE 3496 4685 55 0.70  (5.7+0.9)x10°3
DecA:TBAB(3mg)-
2389 5026 233 071  (5.3+0.4)x10°3
CNH/GCE
DecA:TBAB(5mg)-
158.0 2741 131 0.81  (9.7+0.7)x10°3
CNH/GCE
DecA: TBAB(8mg)-
2284 7611 279 0.72  (3.5+1.7)x10°
CNH/GCE
DecA: TBAB(10mg)
276.5 4565 432 0.75  (5.8+1.4)x1073
-CNH/GCE
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The enhancement observed with HDES-modified electrodes may be
attributed to the ability of HDES to create a more uniform suspension by coating
the CNH particles, as discussed further. This could be observed by the a value,
which was 0.81 for the electrode modified with 5 mg of DecA:TBAB. This value
was close to the GCE value of 0.85. The a represents the roughness associated
with capacitance measurements in the EIS, where a = 1 represents a smooth

surface?”

. As mentioned in 4.6.2 - , it was observed that the surface of the
CNH/GCE electrode is irregular. The o value obtained for this electrode is
consistent with this observation. It is possible that such unevenness may have also
occurred in the other electrodes that were modified with different amounts of
HDES. This is evident as these electrodes exhibit a similar a value to the
CNH/GCE electrode. Additionally, the decrease in the analytical signal, observed
using amounts of HDES greater than 5 mg, could be attributed to the higher
viscosity of the HDES (723421 mPa s). The viscosity of the HDES influences the
electrical conductivity and ionic mobility within the film, potentially reducing
redox reactions at the electrode surface and increasing its resistivity, as
demonstrated in our previous work>.

Additionally, using EIS allows for the impedance magnitude to be
used as a comparison parameter, which results from the resistive and capacitive
behaviours of the electrode at a specific frequency?’*. The Bode plot in FIGURE
4.10B shows a graph of impedance magnitude (|Z]) versus frequency for all
modified electrodes. As expected, at low frequencies (between 10! and 10! Hz),
the graph displays a linear decrease in the response of |Z|. However, as the
frequency increases, the |Z| reaches a plateau. This pattern can be observed from
around 10?> Hz to higher frequencies*”*. In general, all the modified electrodes
demonstrated lower impedance values compared to the GCE and CNH/GCE
electrodes, indicating that the resistance of the material has decreased, leading to

an improved flow of electrons through the electrode film. This can be attributed

97



to the inclusion of HDES, which coated the CNH particles, thereby facilitating

electron transfer’®!4.

4.6.2 - Physical Characterization of the Electrode

In this study, we used SEM analysis to examine the surface
morphology of the carbon nanohorns in the film without and with HDES. The
SEM image in FIGURE 4./7/A and B displays spherical aggregates of the carbon
nanohorns for both films. This is consistent with previous literature, which has
shown that carbon nanohorns can form spherical aggregates known as dahlia, bud,

and seed aggregates based on their appearances®’.

FIGURE 4.11 - SEM images at 100,000x magnification for (A) CNH suspension
and (B) CNH-+HDES suspension. 3D AFM topography images for (C) CNH
suspension and (D) DecA:TBAB+CNH suspension.
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Based on the SEM image, it seems that the presence of HDES did
not alter the morphology of the carbon material. However, in the film containing
HDES, the CNH particles appear more interconnected, forming agglomerates.
This observation is further supported by the 3D topography images obtained via
atomic force microscopy (FIGURE 4.7/C and D), which indicate that the presence
of HDES coated the carbon nanomaterial, resulting in a more uniform surface
compared to the rough surface without HDES. These results align with those
discussed previously, where the electrode with HDES exhibited a higher o value
than the electrode without HDES (CNH/GCE), indicating a smoother surface. To
confirm this, we calculated the root mean square (RMS) roughness (R,) for both
surfaces modified with and without the HDES-containing film. The results
showed an R, value of 34.93 nm for the surface without HDES and a lower value
for the film with HDES, 6.32 nm. These findings support the idea that adding
HDES to the suspension generated a more uniform and thin film, which facilitates

electron transfer in the electrode-solution interface.

4.6.3- Catalytic Rate Constant for Serotonin Oxidation and

Electroactive Surface Area

The catalytic rate constant of the oxidation of serotonin was
calculated based on data obtained from a chronoamperometry study using 100
umol L™ serotonin (FIGURE 4.12). This study compared the influence of adding
HDES in the film to modify the electrode, and it was carried out using the GCE,
CNH/GCE, and DecA:TBAB(5mg)-CNH/GCE. The k.. value of 5-HT oxidation
was calculated using the slope of the plot of I../I1 vs 1> (FIGURE 4.12 inset) with
the EQUATION 3.
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FIGURE 4.12 - Chronoamperogram produced at (A) GCE, (B) CNH/GCE, and
(C) DecA:TBAB(5mg)-CNH/GCE with 100 pmol L™ 5-HT in 0.2 mol L' PBS
(pH 7.0) at a potential of 0.35 V. Inset plot of I,/ vs 2.

The obtained k.. values were 2.7x10%,4.1x10%, and 9.0x10° L mol™!
s! for GCE, CNH/GCE, and DecA:TBAB(5mg)-CNH/GCE, respectively. These
values showed an increase of 2.4 and 34—fold in the k. value compared to
CNH/GCE and GCE, respectively. The values obtained for the k. using the
CNH/GCE and DecA:TBAB(5mg)-CNH/GCE electrodes presented the same
magnitude as a report in the literature for 5-HT?’°. This supports the results
observed in EIS and CV regarding the catalytic performance of the proposed

modified electrode towards oxidizing serotonin.
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Furthermore, cyclic voltammetry experiments were conducted to
assess the electroactive areas of bare GCE, CNH/GCE, and DecA: TBAB(5mg)-
CNH/GCE electrodes. A 100 pmol L™ 5-HT solution was prepared in a
supporting electrolyte, consisting of 0.2 mol L™! phosphate buffer at pH 7.0, and
cycled at potential scan rates from 15 to 100 mV s ! (FIGURE 4./3). The
electroactive area was calculated using the modified Randles—Sev¢&ik equation for

irreversible systems EQUATION 6276
I, = (2.99 x 105a?/2cD/2 Av?/?) EQUATION 6

Following EQUATION 6, I, 1s the anodic peak current (A), D is the
diffusion coefficient of 5—HT (9.0154x10°° cm? s 1277), 4 is the electroactive area
(cm?), ¢ is the concentration of 5—HT (1.0x10~7 mol cm?), v is the potential scan
rate (V s, and « is the transfer coefficient, a measure of the symmetry of the
energy barrier for a single electron transfer step. For an irreversible reaction, a
can be calculated from the relation |E,—E,»| = 47.7/a%"°. The electroactive areas
for bare GCE, CNH/GCE, and DecA:TBAB(5mg)-CNH/GCE electrodes are
0.012, 0.10, and 0.75 cm?, respectively. These results suggest that adding the
HDES into the film increased the electroactive area by 62 and 7.5-fold, compared
to the bare GCE and CNH/GCE. This increase in the electroactive area is likely
attributed to the synergistic interaction between HDES and CNH. The results
indicate that the enhanced electroactive surface area also plays a crucial role in

facilitating serotonin oxidation.
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FIGURE 4.13 - Potential scan rate study (15 to

100 mV s ') with 100 umol L

5-HT in 0.2 mol L' PBS pH 7.0 performed at (A) GCE, (B) CNH/GCE, and (C)

DecA:TBAB(5mg)-CNH/GCE electrodes. Inset:

Randles—Sev¢ik plot.

4.6.4 - pH and Potential Scan Rate Studies

To study the dependence of serotonin oxidation on the pH, a study

was carried out using SWV for 100 umol L' 5-HT in 0.1 mol L™! BR buffers in

the pH range of 2.0 to 12.0 (FIGURE 4.14).
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FIGURE 4.14 - (A) SW voltammograms for the pH study (2.0 to 12.0) in 0.1 mol
L' BR buffer for the detection of 100 pmol L' 5-HT performed at
DecA:TBAB(5mg)-CNH/GCE electrodes. Inset plot of the peak potential versus
the pH. In (B) the effect of pH in the current of the anodic peak. SWV parameters:
a=10mV, f=5 Hz, and AE =8 mV.

The results in the inset of FIGURE 4./4A show a linear correlation
between the peak potential and pH. As pH increased, the £, shifted towards more
negative values. The slope of E,, vs pH was 47 mV pH™, indicating that only one
proton was involved in the two-electron oxidation process of 5—HT. This
behaviour has also been reported in other studies®***”®. In addition, the I, vs pH
plot (FIGURE 4./4B) shows that the peak current reaches its maximum at pHs
6.0 and 7.0 and decreased in more basic mediums. Considering this result and the
lower standard deviation of the measurements, pH 7.0 was selected for further
experiments. Moreover, in a study of supporting electrolytes, a 0.2 mol L™' PB
solution at pH 7.0 was compared with BR buffer (data not shown). Due to
improvements in peak current, PB was chosen as the supporting electrolyte.

A potential scan rate effect on the electrode response was performed
to determine which process controls the oxidation reaction of serotonin in the

interface electrode solution. CV was carried out in 100 pmol L™! 5-HT in 0.2 mol
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L' PB pH 7.0 at potential scan rate from 15 to 100 mV s™', FIGURE 4.13 shows
the voltammograms with the plots for 7, vs v!** inset. TABLE 4.7 shows the data
obtained in the plots for L, vs v!2, log (I.p) vs log (v), and I, vs v.

TABLE 4.7 - Figures of merit for plots from scan rate study obtained for 100 pmol
L !'5-HT

Electrode
Parameters Plot GCE CNH/GCE DecA:TBAB(5mg)-
CNH/GCE

Slope 1.06 8.73 94.41
Intercept I VS V2 0.065 —0.074 ~7.56

R2 0.984 0.987 0.993
Slope 0.37 0.50 0.80
Intercept log I vslogv —6.04 —5.08 -3.84

R2 0.988 0.987 0.998
Slope 243 1951 210.18
Intercept lap VS V 0.17 0.84 2.33

R2 0.996 0.999 0.997

The logarithm of current versus the logarithm of the potential scan
rate plot can help determine whether a process is diffusion-controlled or
adsorption-controlled. A slope closer to 0.5 indicates a diffusion-controlled
process, while a value closer to 1 indicates an adsorption-controlled process®¥. In
this experiment, the logarithm of 7, and v showed a linear relationship for all the
electrodes (TABLE 4.7). The slopes for GCE and CNH/GCE were 0.37 and 0.50,
respectively. This means that the reaction for 5—HT is diffusion-controlled in both
electrodes. On the other hand, the slope of the logarithmic curve for
DecA:TBAB(5mg)-CNH/GCE was 0.80. This indicates that the oxidation of
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serotonin may be controlled by both adsorption and diffusion. However, it can be

observed from the data of I,, vs v!?

plot a linear increase of the peak current with
the square root of the scan rate, that may indicate a predominance of a diffusion
process. These findings are consistent with other works in the literature, where

the redox reaction of serotonin is also controlled by the diffusion process??!",

4.6.5- Analytical Performance

To improve the determination of 5—HT, the SWV parameters were
optimized as described in TABLE 3.2. The optimised values based on the
oxidation response of serotonin at the proposed electrode, DecA:TBAB(5mg)-
CNH/GCE were a =10 mV, f=5 Hz, and AE = 8 mV.

Under optima conditions, an analytical curve for 5-HT oxidation was
constructed in the concentration ranging from 0.50 to 32.71 umol L™!, FIGURE
4.15 shows the SW voltammograms obtained using DecA:TBAB (5mg)-
CNH/GCE electrode and the corresponding linear plot for this concentration
range. The LOD and LOQ were calculated using the EQUATIONS 1 and 2 and
are 90 nmol L™ and 0.30 umol L, respectively.
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FIGURE 4.15 - SW voltammograms for 5-HT oxidation in 0.2 mol L' PB pH
7.0 in a concentration range of 0.5 to 32.71 pmol L™'. SWV parameters: a: 10 mV,
f: 5 Hz, and AE: 8 mV. Inset: the linear plot and equation: 7, (WA) = —0.34+0.20
(LA L pmol ™) [5-HT] pmol L' (R2=0.993).

The results obtained in this study were compared to those reported in
the literature for the electrochemical determination of serotonin. As observed in
TABLE 4.8, the figures of merit were satisfactory compared to other sensors
reported in the literature. Additionally, the proposed electrode proved to be
suitable for analysing serotonin levels commonly found in urine (300 nM to 1650
nM) and serum (270 nM to 1490 nM)?°. It is important to highlight that a
significant advantage of this approach compared to others in the literature is the
simplicity and sustainability of the fabrication process, driven by the green nature
of the HDES. The eutectic solvent was prepared in a straightforward manner and
used directly, without any pre-treatment or additional steps, to modify the surface
of the GCE. This method not only reduces the need for complex modification

steps but also aligns with environmentally friendly practices, offering a more
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accessible and eco-conscious alternative to other electrodes reported for serotonin

detection.
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TABLE 4.8 - Comparison of the analytical parameters for the voltammetric determination of serotonin

Electrode Technique Linear range/ LOD/ Ref
pumol L™ umol L™

FesO~MWCNT-poly(BCG)/GCE DPV 0.5—100.0 0.08 224
NDs-AuNPs-Gr-CSN/GCE DPV 0.3-3.0 0.100 218
MWCNT-PANI/GCE DPV 0.1-12.0 0.033 223
AUuNPs@PPyNPs-based sensor SWV 0.1-15.0 0.03322 220
SPCE/ZnONR/PMBDES/AuUNP DPV 0.1-25.0 0.00191 281
P-WO3 NS/GCE LSV 0.01 - 100 0.06 222
CS/GCE DPV 40— 750 0.7 282
DDF-CNT-TIO2/IL/GC DPV 1.0-650.0 0.154 283
PtMWCNT/PPy/AgNPs DPV 0.50 - 5.0 0.15 284
MWCNT/Nafion/MAO-A DPV 0.56 — 2.26 0.2 285
GCE/MWCNT-NIO SWV 5.98 - 62.8 0.118 286
DecA:TBAB(5mg)-CNH/GCE SWV 0.50 —32.71 0.09 This work

MWCNT: multiwalled carbon nanotube; BCG: bromocresol green; NDs-AuNPs-Gr-CSN: a film based on incorporation of nanodiamonds, gold

nanoparticles, and graphite anchored in casein; MWCNT-PANI: multiwalled carbon nanotube-poly (aniline); CUCR: C-undecylcalix[4]resorcinarene;
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AuNPs@PPyNPs: polypyrrole nanoparticles decorated with gold nanoparticles; SPCE/ZnONR/PMBDES/AuNP: zinc oxide nanorod/polymethylene
blue (deep eutectic solvent)/gold nanoparticles modified screen-printed carbon electrode; P-WO3 NS: phosphorous-doped tungsten trioxide
nanosheet; CS: Carbon Spheres; DDF-CNT-TiO2/IL/GC: functionalized carbon nanotubes with titanium dioxide and benzofuran derivative/ionic
liquid modified glassy carbon electrode; Pt/MWCNT/PPy/AgNPs: platinum electrode modified with carbon nanotubes/polypyrrole/silver
nanoparticles nanohybrid; MWCNT/Nafion/MAO-A: enzyme monoamine oxidase-A (MAO-A) immobilized by covalent binding on multi-walled
carbon nanotubes (MWCNT); GCE/MWCNT-NiO: glassy carbon electrodes modified with multiwalled-carbon-nanotube (MWCNT) doped with

nickel oxide nanoparticles;
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Finally, the reproducibility of the serotonin voltammetric signals and
the interference study in the presence of other compounds of interest using the
proposed modified electrode were studied. The inter-day and intra-day
repeatability studies were performed to evaluate the sensor precision. In the intra-
day repeatability, the 5S—HT voltammetric response was measured five times in
one day (n=>5 for each 5-HT concentration). For the inter-day repeatability, SWV
measurements were conducted for three days. FIGURE 4./6A shows the SW
voltammograms obtained for the detection of three different concentrations of 5—
HT using one electrode. The relative standard deviation (RSD) values obtained
were 2.60 % for 10 pmol L', 4.10 % for 20 umol L', and 3.52 % for 30 umol
L~ ! of 5-HT. FIGURE 4.16B summarizes the inter-day reproducibility obtained
for detecting three different concentrations of 5—HT with three different electrodes
showing RSD results between 1 and 5 %. In addition, the stability of the 5—HT

voltammetric response was assessed using cyclic voltammetry, FIGURE 4.76C.
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FIGURE 4.16 - (A) SW voltammograms obtained for repetitive measurements
(n=5) for different concentrations of serotonin (10, 20 and 30 umol L) using 1
electrode. SWV parameters: a =10 mV, f=5 Hz, and AE =8 mV. In (B) the results
obtained in the inter-day study for repetitive measurements (n=5) using three
different concentrations of serotonin (10, 20 and 30 pmol L™!) at three electrodes.
(C) Cyclic voltammograms for 100 pmol L' 5-HT in 0.2 mol L™! PBS pH 7.0 in
the sensor stability study using the DecA: TBAB(5mg)-CNH/GCE electrode. Scan
Rate: 50 mV s™!; 100 cycles.

Even after 100 consecutive cycles, the sensor maintained a stable
performance, exhibiting a signal reduction of less than 9 % in the 5—HT oxidation
process. This can be attributed to the excellent homogeneity obtained by adding

HDES in the film suspension to modify the GCE.
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The electrode DecA: TBAB(5mg)-CNH/GCE was used to assess the
interference of common substances found in biological fluids. The study involved
fixing the concentration of 5-HT at 5.0 pmol L' and adding interfering
substances at two different concentration ratios: 1:1 and 10:1 ([interferent]: [5—
HT]). The potential interferents evaluated included urea, glucose, ascorbic acid,
dopamine, caffeine as well as chloride, sodium, potassium, and sulphate ions. The
results of the study were analysed by comparing the analytical response of 5-HT
in the presence and absence of interference. FIGURE 4.17 illustrate the
comparison of peak current responses of 5-HT in the absence and presence of the
potential interfering compounds. The results indicated that, overall, no
interference was observed when the interferents were present in a 1:1 and 10:1
excess. This suggests that the proposed electrode demonstrated good selectivity

over the set of tested species.
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FIGURE 4.17 - Response of serotonin in the absence and presence of different
interferents at a ratio of (A) 1:1 5-HT to interferent and (B) 1:10 5-HT to

interferent.
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4.6.6 - Analysis of Serotonin in Synthetic Biological Fluids

Finally, the DecA:TBAB(5mg)-CNH/GCE electrode was used to
detect 5-HT in synthetic urine and bovine serum to assess its suitability for
biological fluid analysis. For the analysis, the samples were spiked with three
different concentrations of 5—HT and then analysed using SWV under optimised
conditions. The recovery values obtained from this analysis, as shown in Table 3,
ranged from 92.0 to 101%. These results indicate that the proposed method to
modify GCE with carbon nanohorns composites in HDES has great potential for

successfully detecting serotonin in biological samples.

TABLE 4.9 - Determination of serotonin in spiked synthetic urine and bovine

serum using the proposed electrode DecA: TBAB(5mg)-CNH/GCE

[5-HT]
Sample?
Added / uM Found / pM Recovery® / %
_ 2.0 1.98+0.09 99.0
Synthetic
_ 3.0 2.79+0.09 93.0
urine
5.0 5.07+0.03 101
Bovine 2.0 1.84+0.03 92.0
serum 3.0 2.87+0.09 95.7
5.0 4.9+0.2 98.2

in=3; "Recovery = ([5-HT]Found/[5S-HT]Added)x100 %.
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4.6.7- Carbon Paste Electrode Modified with HDES: an

Electrochemical Study

As a proof of concept for HDES application, this doctoral research
also examined the development of a carbon paste using HDES as a conductive
binder alongside mineral oil. A composition of 70 % (w/w) MWCNT and 30 %
(w/w) binder (mineral oil and HDES) was utilised. The mineral oil content was
partially replaced with varying amounts of HDES, ranging from 0 % to 15 %
(w/w), as shown in TABLE 3.3. These proportions were optimised based on
previous research>®, where various HDES concentrations were tested to modify a
CPE using graphite as the carbonaceous material.

To determine the optimal composition for forming the carbon paste,
preliminary studies were conducted using 1.0x10! mol L™! (1.0 mM) H,Q in 0.1
mol L! acetate buffer at pH 4.7, employing both SWV and CV techniques. H,Q
was selected as the redox probe, due to its well-defined and reversible redox
behaviour. Its oxidation and reduction occur via a two-electron, two-proton
mechanism, making it an ideal candidate for evaluating electrode properties™.

The voltammetric results (CV and SWV FIGURE 4./8A and B)
reveal a clear correlation between the increased proportion of HDES in the CPEs
and higher peak currents. This indicates that incorporating HDES into the CPE
enhances the analytical response for H>Q. Moreover, the HDES used in this study
exhibits greater conductivity compared to mineral oil. Consequently, the observed
increase in peak currents can be attributed to the superior conductivity of the

HDES.
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FIGURE 4.18 — (A) and (B) CV and SW voltammograms results obtained for
ImM H,Q in 0.1 mol L ! acetate buffer pH 4.7 using CPE with different amounts
of DecA:TBAB HDES. In (C) plots of /, vs HDES content and (D) AE vs HDES
content. Scan rate: 50 mV s'; DPV parameters: a: 70 mV, f: 30 Hz, and AE;: 5
mV.

Well-defined anodic and cathodic peaks were observed for all the
electrodes. Also, the I,p/I, values suggest a quasi-reversible behaviour across all
electrodes. It can be observed that the analytical signal improved as the HDES
content in the film increased up to a concentration of 8 mg. From 10 mg of HDES,
the redox peaks for H,Q slightly decreased. This is apparent when evaluating the
peak currents shown in FIGURE 4./8C. Compared to the bare CPE (which had 0

% of HDES), the 8 mg electrode improved the /,, and I, by 6.3 and 9.7-fold,
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respectively, and presented a reduction in the AE, of 86 mV. Furthermore, all the
electrodes modified with HDES significantly enhanced the peak current and
reduced the AE, compared to bare CPE. This suggests that modifying the
electrode with HDES may have a catalytic effect. The same was observed in the

modification of GCE with a film containing the HDES (section 4.6 - ).

TABLE 4.10 - Anodic peak current (/,,), cathodic peak current (/p), ratio of the
peak currents (1,p/lcp), and peak-to-peak potential separation (4E,) obtained for
1.0 mM H,Q

HDES
lpa / LA loc / LA lpal lpc AE, I mV

Content / mg

0 6.3+0.4 —4.9+0.1 1.29 32248

3 13.0+0.2 —12.540.1 1.04 22942

5 23.3+0.4 —26.5+0.2 0.88 23617

8 39.6+0.3 —47.3+0.1 0.84 2364

10 33.310.1 —34.2+0.6 0.97 293+1

15 25.5+0.2 —26.8+0.2 0.95 27242

To validate the reliability of the results obtained with H»Q, the
proposed electrode was tested for diuron determination in water. Prior to this, the
amount of HDES was optimised using CV and DPV in a similar manner to the
H,Q studies. The results (FIGURE 4.79) confirm the consistency of the H,Q data,
with the electrode containing 8 mg of HDES demonstrating superior performance.
This electrode achieved an /., increase of 2-fold and 1.3-fold in CV and DPV,
respectively, compared to the bare CPE.
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FIGURE 4.19 - (A) and (B) CV and DP voltammograms obtained for 100 umol
L' Diuron in 0.01 mol L~ ! PB pH 3.0 using CPE with different amounts of
DecA:TBAB HDES. Scan rate: 10 mV s™!; DPV parameters: a: 60 mV, £ 10 ms,
AEs: 4 mV, and At: 100 ms.

To complete the electrochemical characterisation, EIS and
chronoamperometry studies were conducted to evaluate the electrochemical
behaviour and determine the catalytic rate constant for the oxidation of diuron
using the HDES(8mg)/CPE. The experiments were conducted in 0.01 mol L™! PB
pH 3.0 using 100 pmol L' of diuron. FIGURE 4.20 shows the results obtained in
these studies.

The semicircle diameter, corresponding to the R, decreased
approximately 5.4-fold upon modifying the CPE with HDES, as shown in
FIGURE 4.20. This significant reduction is likely attributed to the incorporation
of HDES as a conductive binder, which enhanced the electrode's electrical
properties by lowering the R and increasing the apparent rate constant from

1.2x%10°cms!'t0 6.7x10* cm s~
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FIGURE 4.20 - (A) Nyquist plots at (e) bare CPE and (o) HDES(8mg)/CPE
electrodes using 100 umol L' diuron in 0.01 mol L™! PB (pH 3.0). Inset: the
proposed equivalent circuit. In (B) Chronoamperogram produced at
HDES(8mg)/CPE with 100 pmol L™! diuron in 0.01 mol L™! PBS (pH 3.0) at a

potential of 1.1 V. Inset plot of L../I1 vs 2.

Furthermore, the catalytic rate constant for diuron at the surface of
the HDES-based CPE was determined using chronoamperometry and calculated
via EQUATION 3 10* mol™ L s™!, is comparable to the value reported in the
literature for diuron on a glassy carbon electrode modified with FeTAPc (iron
tetraaminophthalocyanine)-single-walled carbon nanotube dendrimers (1.79%10*
mol™! L s71)?%. This finding aligns with the results from EIS and CV, confirming
the enhanced sensor performance for diuron oxidation in the CPE modified with

8 mg of HDES.

4.6.8 - Influence of pH and Supporting Electrolyte

The effect of pH on the current response of diuron was investigated
using DPV with the HDES(8 mg)/CPE electrode. BR buffer (0.2 mol L") was

used across a pH range of 2.0 to 7.0. As shown in FIGURE 4.2/A and B, the
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anodic peak current reached its maximum at pH 3.0, which was selected as the

optimal condition.
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FIGURE 4.21 - (A) DP voltammograms obtained for diuron at different pH
values. (B) and (C) Plots of Z,, vs pH and E,, vs pH. (D) DPV results for the

supporting electrolyte study at pH 3.0. DPV parameters: a: 60 mV, #: 10 ms, AE:
4 mV, and A¢t: 100 ms.

The anodic peak potential showed a linear dependence on pH
(FIGURE 4.21C), shifting to more negative values as pH increased. This
behaviour indicates the involvement of protons in the redox process of diuron.
Moreover, the slope of —0.043 pH! indicates a difference in the proton-to-
electron ratio. The observation suggests that although two electrons participate in
the oxidation process, the role of protons might be less direct or affected by other

119



mechanistic factors. This result is in accordance with another report in the

literature?8®

. Moreover, the electrochemical behaviour of diuron at pH 3.0 was
evaluated wusing various electrolytes, including Britton-Robinson buffer,
phosphate buffer, and sulfuric acid solution, each at a concentration of 0.01 mol
L~!. Among these, the highest oxidation current was observed with the phosphate
buffer solution (FIGURE 4.27/D). Consequently, PB solution at pH 3.0 was

selected as the optimal electrolyte for subsequent experiments.

4.6.9- Analytical Performance and Diuron Determination in

Water

To enhance the determination of diuron, the DPV parameters were
optimised, as summarised in TABLE 3.4. The optimised parameters were pulse
amplitude (a) of 60 mV, pulse time (¢) of 10 ms, step potential (AE) of 4 mV, and
interval time (A7) of 100 ms, based on the oxidation response of diuron at the
proposed electrode, HDES (8 mg)/CPE.

Under these optimal conditions, an analytical curve for diuron
oxidation was constructed over a concentration range of 1.0 to 47.2 umol L.
FIGURE 4.22 shows the DP voltammograms obtained using the HDES (8
mg)/CPE electrode, along with the corresponding linear plot for this concentration
range. The LOD and LOQ, calculated using the EQUATIONS 1 and 2, were
determined to be 0.20 umol L' and 0.67 pmol L', respectively.
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FIGURE 4.22 - DP voltammograms for diuron oxidation in 0.01 mol L' PB pH
3.0 in a concentration range of 1.0 to 47.2 uM. Inset: the calibration plot. DPV
parameters: a: 60 mV, #: 10 ms, AE: 4 mV, and A#: 100 ms.

The results of this study were compared with those reported in the
literature for the electrochemical determination of diuron (TABLE 4.11). As
discussed in the section 4.6.5 - , this sensor offers significant advantages over
others in the literature due to the simplicity and sustainability of its fabrication

Process.
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TABLE 4.11 - Comparison of the analytical parameters for the voltammetric

determination of diuron.

Electrode Technique Linear range/ LOD/ Ref

pmol L1 pumol L1
MIP-PGCE DPV 10 -3500 43.43 289
NiOPc/CPE Amperomety 5.0 — 140 1.7 290
PPy-MWCNT/PSS  SWV 0.86 —43 0.26 21
p-NiTSPc-CFME SWV 21.46 - 150 8.030 292
HDES(8 mg)/CPE ~ DPV 1.0-472 020 This work

MIP-PGCE: molecularly imprinted polymer modified pencil graphite electrode. MWCNTs-
CS@NGQDs/GCE: GCE modified with chitosan-encapsulated multi-walled carbon nanotubes
(MWCNTs-CS) combined with nitrogen-doped graphene quantum dots (NGQDs).
NiOPc/CPE: carbon paste electrode modified with hemin and nickel (IT) 1,48,11,15,18,22,25-
octabutoxy-29H, 31H-phthalocyanine complex. PPy-MWCNT/PSS: polypyrrole composite
with functionalized multi-walled carbon nanotubes deposited onto glass substrates covered with
indium tin oxide (ITO), produced with alternated layers of polystyrene sulphonated (PSS). p-
NiTSPc-CFME: Nickel(Il) tetrasulfonated phthalocyanine (p-NiTSPc)-modified carbon fiber
microelectrode (CFME).

Finally, the HDES (8 mg)/CPE electrode was employed to determine
diuron in tap water sample. Tap water was spiked with diuron at concentrations
of 6 uM and 9 uM, and the results are summarized in TABLE 4.72. The recoveries
ranged from 92 % to 97 %, indicating minimal matrix effects in the tested samples.
These findings highlight the sensor's potential as a promising alternative for the

voltammetric determination of diuron in environmental water samples.
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TABLE 4.12 - Determination of diuron in tap water using the electrode

HDES(8mg)/CPE

Diuron

Added / pmol L! Found? / pmol L™! Recovery® / %
6.0 5.8+0.1 96.7

9.0 8.3+£0.1 92.2

in=3; ®Recovery = ([DIU]Found/[DIU]Added)*x100 %.

Furthermore, intra-day and inter-electrode repeatability studies were
conducted to evaluate the precision of the HDES(8 mg)/CPE electrode. The
diuron voltammetric response (DPV) was measured three times in a single day
using three different electrodes. As shown in FIGURE 4.23A, the relative standard
deviation for this study was below 1 %, demonstrating excellent precision of the
DPV method with the proposed electrode.

Additionally, the stability of the diuron voltammetric response was
assessed using cyclic voltammetry. Even after 50 consecutive cycles, the sensor
maintained stable performance, with a signal reduction of less than 5% for the

diuron oxidation process.
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FIGURE 4.23 - (A) DP voltammograms of reproducibility using three different
electrodes in the presence of 100 uM. (B) .DPV parameters: a: 60 mV, ¢ 10 ms,
AEs: 4 mV, At: 100 ms. (B) Cyclic voltammograms for 100 umol L™! diuron in

0.01 mol L™ PB pH 3.0 in the sensor stability study using the HDES(8mg)/CPE
electrode. Scan Rate: 10 mV s™!; 50 cycles.

4.7 - Conclusions

The study successfully prepared and characterised a hydrophobic
deep eutectic solvent based on decanoic acid and tetrabutylammonium bromide.
Spectroscopic and thermal analyses confirmed its formation, eutectic point, and
key physicochemical properties. For the first time, this study optimised the
synthesis temperature and time, demonstrating that prolonged synthesis is
unnecessary and directly impacts the process's sustainability. Furthermore, green
metrics evaluation showed that the proposed HDES aligns well with green
chemistry principles, making it a sustainable system.

The HDES demonstrated significant potential as an electrode
modifier for developing novel electrochemical sensors. In serotonin detection, the
HDES-modified electrodes exhibited enhanced sensitivity, selectivity, and

stability. Optimization of parameters such as pH and potential scan rate
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contributed to high-performance analytics, confirmed by the analysis of serotonin
in synthetic biological fluids with minimal interference effects. For diuron
detection, the HDES-modified carbon paste electrodes provided consistent
performance, enabling precise and reliable measurements in environmental
samples like tap water.

The outcomes emphasise the HDES's compatibility with green
chemistry principles, particularly its ability to enhance electrode performance
while supporting sustainable sensor fabrication. These results establish a base for

the broader application of HDES in electrochemical sensing technologies.
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4.8 - Sustainable Silver Nanoparticle-Enhanced Graphite Filament

for Additive Manufacturing

This work focused on synthesising silver nanoparticles onto graphite
using an eco-friendly methodology. Developing these high-performance filaments
aims to address current challenges to the commercial viability of additive
manufacturing in electrochemistry, enabling a transformative approach to

achieving in situ environmental monitoring.

4.8.1 - Synthesis of AgNPs on Graphite and Incorporation into

Filament

AgNPs were synthesised on the surface of graphite flakes using an

eco-friendly methodology*>°

. This involved submerging graphite powder in a 20
mg mL™" aqueous solution of AgNO; with continuous stirring overnight. The
process utilised only water as the solvent and did not require any additional
reducing agents, instead relying solely on the inherent reducing properties of
graphite. After filtration and drying, the modified graphite powder was
characterised to confirm the presence of AgNPs. FIGURE 4.24 presents the
characterisation of the AgNP-graphite powder, as analysed by SEM/EDX, XRD,
and XPS.

FIGURE 4.24A shows a micrograph obtained for the modified
graphite, where the presence of small spherical moieties can be seen
predominantly on the edges of the graphite flakes. To further confirm the presence
of silver on the graphite surface, EDX mapping was performed on selected areas.

An example region, along with its corresponding carbon and silver maps, is shown

in FIGURE 4.24B to D. These maps reveal that much of the composition consists
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of carbon, corresponding to the graphite flakes, while small, dispersed silver
particles appear as distinct spherical points across the sample.

XRD analysis was then performed on graphite powder modified with
AgNPs, FIGURE 4.24E. The XRD pattern of AgNP-graphite shows several
reflection peaks at 20 values of 37.84°, 44.37°, 54.33° and 77.34°, which
correspond to the (111), (200), (142) and (311) planes of the face-centred cubic
(fcc) crystal structure of silver (JCPDS, No. 04-0783), confirming the crystalline

293,294

nature of the AgNPs formed on the surface of graphite . Furthermore, the

crystallite sizes were determined from the reflection peaks for AgNPs using the

Debye-Scherrer EQUATION 7%93-2%:

kA
- LCos6

EQUATION 7

Where D represents the average crystallite size calculated for all the
reflection peaks, k is the Scherrer constant commonly taken as 0.94%%7, 1 is the
wavelength of X-ray source, f is the corrected sample peak broadening or full
width at half maximum (FWHM) and 6 is the Bragg diffraction angle at peak
position. Considering the four identified peaks, the average size of AgNPs
deposited on graphite using the described sustainable approach was 15.05 +4.07
nm, confirming the nano-size nature of the likely AgNPs synthesised.

To further confirm the presence of the AgNPs on the surface of the
graphite, the samples were analysed through XPS. FIGURE 4.24F reveals two
prominent peaks at 368 eV and 374 eV, corresponding to Ag 3ds, and Ag 3ds,
respectively. The fitting of these peaks yields an RSD of 1.176. These results align

298,299

with previous reports in the literature , confirming that the observed doublets

are characteristic of Ag°.
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FIGURE 4.24 - (A) SEM image for modified graphite powder. (B to D) EDX
elemental mapping analysis of graphite area, carbon map, and silver map,
respectively. (E) XRD pattern of AgNP-graphite and (F) XPS data for AgNP-
graphite.

Once the presence of AgNP on the graphite was confirmed, this was
incorporated into conductive additive manufacturing filament. To produce a high-
performance conductive filament with graphite, it is essential to combine carbon
black and graphite. This necessity arises from the properties of the graphite
content in the filament. As indicated in a previous study, higher graphite
concentration in the filament can weaken the conductive network due to the size
difference between small carbon black particles and large graphite flakes. A
balance of both types is needed for optimal conductivity, as too many large flakes
reduce connectivity*’.

Filaments were produced using a total carbon loading of 30 wt%,
with an optimised ratio of carbon black (18 %) to graphite (12 %) established in
a previous study*’. These included filaments incorporating unmodified graphite
(CB/G/PLA) and AgNP-modified graphite (CB/Ag-G/PLA). Both filaments
demonstrated impressive low-temperature flexibility, as shown in FIGURE 4.25,

a property attributed to the castor oil plasticiser.
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FIGURE 4.25 - Photographs of bespoke (A) graphite and (B) AgNP-modified
graphite filaments, highlighting the flexibility.

In addition to flexibility, both filaments showed excellent
conductivity with bulk resistances across 10 cm of filament measured to be (400
+ 37) Q and (422 + 33) Q for the CB/G/PLA and CB/Ag-G/PLA respectively.
This indicates that the inclusion of this loading of AgNPs doesn’t statistically
change the bulk resistance of the filament. Once the filament was available,
additively manufactured electrodes were produced ready for electrochemical

characterisation.

4.8.2 - Electrochemical Characterisation of the Additive

Manufactured Electrodes

After physicochemical characterisation, the 3D-printed electrodes
were evaluated for their electrochemical performance. Initial tests involved scan
rate studies using the near-ideal outer-sphere redox probe [Ru(NH3)s]*
(1.0x1073 mol L™" in 0.1 mol L™ KCI). FIGURE 4.26A and B illustrate the scan
rate profiles (5-500 mV s') for CB/G/PLA and CB/Ag-G/PLA electrodes. Both
electrodes demonstrated the expected redox behaviour for [Ru(NH3)s]**, with a
one-electron reduction peak at approximately —0.2 V. The CB/Ag-G/PLA

electrodes exhibited a sharper and more well-defined redox profile. The insets in
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FIGURE 4.26 show the corresponding Randles-Sevéik plots, confirming the

diffusion-controlled nature of the electrochemical process.
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FIGURE 4.26 — Potential scan rate study (5-500 mV s™!) with [Ru(NH3)s]** (1
mM in 0.1 M KCl) performed in the (A) only-graphite (CB/G/PLA) and (B)
AgNP-graphite (CB/Ag-G/PLA) as the WE, respectively. Inset: Randles—Sevéik
plot. (C) Potential scan rate study (5-500 mV s™!) with [Fe(CN)¢]*”*~ (1 mM in
0.1 M KCI) performed in the AgNP-graphite as the WE. Inset: the Randles—Sevéik
plot. (D) Comparison of EIS Nyquist plots of [Fe(CN)6]*7*~ using only graphite
(CB/G/PLA) and AgNP-graphite (CB/Ag-G/PLA) electrodes. Inset: the proposed

equivalent circuit.
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The results presented in FIGURE 4.26 enabled the calculation of the
standard heterogeneous electron transfer rate constant (%), which presented an
improvement from (1.75+0.06)x 107 cm s™! for CB/G/PLA to (1.9+0.2)x107 cm
s for the AgNP-modified electrodes. Additionally, the electrochemical surface
area increased from (0.534+0.04) cm? for CB/G/PLA to (0.62+0.03) c¢cm? for
CB/Ag-G/PLA, attributed to the high surface area of the AgNPs.

The electrodes were then further tested against the commonly used
inner-sphere probe [Fe(CN)s]*”** (1 mM in 0.1 M KCI). The potential scan rate
study for [Fe(CN)s]*"*- using the AgNP electrode is presented in FIGURE 4.26C,
with the Randles- Sevéik equation once again inset showing the electrochemical
process is of a diffusion-controlled nature.

Finally, the CB/Ag-G/PLA electrodes were subjected to EIS using
1.0x1073 mol L [Fe(CN)s]*”* in 0.1 mol L' KCI, with the corresponding
Nyquist plot shown in FIGURE 4.26D. By fitting the data to the equivalent circuit
model (inset in FIGURE 4.26D), the solution resistance (R;) and charge transfer
resistance were determined. The results suggest no substantial improvement in
charge-transfer resistance, given the variations in standard deviation. The Rer
values were 0.91 (= 0.27) kQ for CB/G/PLA and 1.08 (= 0.10) kQ for CB/Ag-
G/PLA. However, a notable improvement in solution resistance was observed for
the CB/Ag-G/PLA electrode. The Rg value for CB/Ag-G/PLA was 236 (= 5) Q,
significantly lower than the 432 (+ 4) Q measured for CB/G/PLA, indicating
reduced resistance introduced by the CB/Ag-G/PLA electrode. After completing
the electrochemical characterisation of the AgNP electrodes, the focus shifts to

evaluating their performance in the electroanalytical detection of cadmium.
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4.8.3 - Electroanalytical Determination of Cadmium (I1)

The detection of Cd(I) in water is crucial to achieving the United
Nations Sustainable Development Goal 6: Clean Water and Sanitation. Regulatory
bodies, including the EPA and EU, have set a cadmium exposure limit of 5 ppb
(4.45%107® mol L1)399-3%2 which serves as a benchmark for developing sensors
in this field. To facilitate commercial adoption, the 3D-printed electrodes utilised
in this part were used without any post-print activation procedures.

To test the CB/Ag-G/PLA electrodes towards the detection of Cd(II),
first, the buffer for the measurements was optimised, considering the pH as 5.0
and BR buffer, as previously established in the literature’®*3% In this way, BR
buffer and BR buffer+ 0.1 mol L™! KCl, to improve the ionic strength, were tested
for the detection of 100 ppb (8.9%107 mol L"), where it was found that the
addition of KCI1 did not improve the performance of the system (data not shown).

Following this, the deposition potentials (FIGURE 4.27) and
deposition times (FIGURE 4.28) were optimised for the DPV and SWV
techniques (TABLE 3.5). It was concluded that a deposition potential of —1.0 V
and time of 60 s was optimal for DPV, and a potential of —1.1 V and time of 60 s
was optimal for SWV. Finally, the parameters for both DPV and SWV were
optimised, with the final value are found to be DPV: a: 25 mV, #: 0.05 s, AE;: 5
mV, and tgeposition: 60 s and SWV: a: 20 mV, f: 25 Hz, AE: 5 mV, and Zdeposition: 60

S.
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FIGURE 4.27 - (A) DPV and (B) SWV performed at the CB/Ag-G/PLA electrode
in 0.1 mol L™ BR (pH 5.0) using 100 ppb of Cd(II) at different deposition
potentials (—1.2, — 1.1, — 1.0, —0.9, and —0.8 V) for 60 s. Inset: plot of the results
obtained for repetitive measurements (n=3) at three different electrodes. DPV
parameters: a = 25 mV, t = 0.05 s, AE; = 5 mV, and Z4eposition = 60 s. SWV
parameters: a =20 mV, f=25 Hz, AE; = 5 mV, and #geposition = 60s.
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FIGURE 4.28 - (A) DPV and (B) SWV performed at the CB/Ag-G/PLA electrode
in 0.1 mol L' BR (pH 5.0) using 100 ppb of Cd(II) at different deposition times
(0,30, 60, 90, and 120 s). Inset: results obtained for repetitive measurements (n=3)
at three different electrodes. DPV parameters: a =25 mV, t=0.05 s, AE;=5 mV,
Edeposition = —1.1 V. SWV parameters: a =20 mV, f= 25 Hz, AE; = 5 mV, Egeposition
=-1.1 V.
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Under the optimised conditions, CB/G/PLA and CB/Ag-G/PLA
electrodes were evaluated for detecting 100 ppb Cd (II). The results from SWASV
and DPASYV are shown in FIGURE 4.29A and B, respectively. In both techniques,
the AgNP-modified electrodes produced significantly higher peak currents
compared to the graphite-only electrodes. This enhancement is attributed to the
increased surface area and superior electrochemical performance provided by the
AgNPs. Additionally, the SWASV technique generated notably higher currents
compared to DPASV at the same Cd (II) concentration, highlighting its greater

sensitivity.
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FIGURE 4.29 - (A) SWAS and (B) DPAS voltammograms in the presence of 100
ppb of Cd(II) performed at CB/G/PLA and CB/Ag-G/PLA electrodes in 0.1 mol
L' BR (pH 5.0). SWASYV parameters: a = 80 mV, /=40 Hz, AE; = 6 mV, Egeposition
=—1.1V, and #4eposition = 60s. DPASV parameters: a = 50 mV, 1 =0.02 s, AE; =5
mV, Eqeposition = —1.0 'V, and Zdeposition = 60s.

To further test the electrode, both the as-printed only graphite and
AgNP-graphite electrodes were then used to produce an analytical curve for the
detection of cadmium (II) within BR buffer (pH = 5.0) using SWASV. The
SWASYV results for the CB/G/PLA and CB/Ag-G/PLA electrodes are overlayed in
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FIGURE 4.30A for comparative purposes, showing the significant improvement
in sensitivity with the electrode containing AgNP graphite. The detection of Cd(II)
was achieved over two linear ranges, between 1.5 — 15 ppb (1.3x10®% - 1.3x10”’
mol L) and 30 — 100 ppb (2.7x107 — 8.9%107 mol L™"). It was found that the
CB/Ag-G/PLA electrode presented a LOD of 0.43 ppb (3.83%10° mol L ') and a
LOQ of 1.44 ppb (1.28x 108 mol L), which are clearly well below the guidelines
of 5 ppb set out by governing bodies. Importantly, this was achieved without
activation of the electrode or any other post print modifications, giving enhanced
viability toward commercialisation. Furthermore, the repeatability for CB/Ag-
G/PLA electrode using SWV was then studied, FIGURE 4.30B. The AgNP-
electrode produced an RSD of 3.06 % after 10 repetitive SWV measurements.
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FIGURE 4.30 — (A) SWAS voltammograms for cadmium oxidation performed at
CB/G/PLA (black line) and CB/Ag-G/PLA (blue line) in the linear range of 4.5 to
100 ug L' and 1.5 to 100 ug L' in 0.1 mol L' BR, respectively. Inset: calibration
plots for CB/Ag-G/PLA. (B) SWAS voltammograms obtained for repetitive
measurements (n=10) in 0.1 mol L' BR (pH 5.0) with 100 ppb of Cd(II) using
CB/Ag-G/PLA electrode. SWASV parameters: a =80 mV, f=40 Hz, AE;= 6 mV,

Edeposition =-1.1V, and ldeposition = 60s
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4.8.4 - Detection of Cadmium within Water Samples

Finally, this system was applied to the detection of Cd(II) within tap
and river water samples. The plot for the CB/Ag-G/PLA electrode in tap water is
shown in FIGURE 4.3 A, where a linear range was found with a R? value 0f 0.98,
a LOD 0of 0.05 ppb (4.45x10 1 mol L), a LOQ 0of 0.15 ppb (1.34x10° mol L™ 1),
and a recovery of 98 %. Within river water, FIGURE 4.3/B, a linear relationship
was found giving an R? value of 0.99, a LOD of 0.55 ppb (4.89%10° mol L), a
LOQ of 1.85 ppb (1.65%10® mol L), and a recovery of 87 %. To further test the
system within river water, spiked samples were tested using the AgNP-electrode,

with the results summarised in TABLE 4.173.

(A) (B)
25, 25, o
25
204 20 g 20 .
= = ;
2 15 = 154 g .
5 5 :
@ @
b -~
= 104 S0 = 104 - 30 40 50
@ &)
54 54
0 T = T T T U T = T T T
-1.0 -0.9 0.8 -0.7 -0.6 -0.5 -1.0 -0.9 0.8 -0.7 -0.6 -0.5
Potential (V) vs. Ag|AgCI/KCI (3.0 mol L") Potential (V) vs. Ag|AgCI/KCI (3.0 mol L’l)

FIGURE 4.31 — SWAS voltammograms for cadmium oxidation in (A) diluted tap
water (5-fold) and (B) in diluted river water (20-fold) in 0.1 mol L' BR (pH 5.0)
performed with AgNP-graphite in a concentration range of 5 to 80 ppb. Inset:
calibration curve obtained by the standard addition method. SWASYV parameters:
a=80mV, f=40 Hz, AE; = 6 mV, Egcposition = —1.1 V, and Zgeposition = 60s.
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TABLE 4.13 - Determination of Cd (II) within spiked river water sample (n = 3)
using the optimised SWASV methodology

Cd(I1) Added / ppb Cd(Il) Found / pg L Recovery / %
5 5105 102.0
10 9.6+0.3 96.0

This shows that the electrodes printed from the CB/Ag-G/PLA
filament can provide reliable sensitivity and accuracy for the detection of Cd(II)
in real environmental water samples. Moreover, TABLE 4./4 shows a comparison
between this system and others reported in the literature. The proposed sensor not
only compares favourably with other methods in terms of LOD but also shows
reliability in detecting Cd (I1), effectively measuring this metal level in water
within the 5-pg L' limit, as showed by the linear range of concentrations achieved

and LOD.

138



TABLE 4.14 - Comparison of the analytical parameters for the voltammetric

determination of cadmium in water samples

Linear
_ LOD/
Electrode Technique Sample range / Ref
ng L
ug L
) ) Tap and river 50 to
SPGE- Nafion/Bi  SWASV 4 231
water 300

_ Environmental
MWCNT/BI/PGE  SWASV 5t080 0.43 308
water samples

30to

SPE-CB-PPI SWASV  Tap water 15.3 309
150
Hg-Bi/PDAAQ/GC SWASV  Tap water 0to50 0.107 310
) 2410
Nafion/IL/GO/GCE SWASV  Tap water 70 0.33 230
indium film
modified glassy SWASV  Tap water 1t025 0.36 811
carbon
50to
3D—Bi electrode SWASV — 9.35 312
500
Deionized and
Bi-SPE SWASV 5to50 4.80 229
tap water
Tap and river 1.5to This
CB/Ag-G/PLA SWASV 0.43
water 100 work

SPGE- Nafion /Bi: commercial screen-printed gold electrode with Nafion and bismuth film;
MWCNT/Bi/PGE: Pencil graphite electrode modified with multi wall carbon nanotube and
bismuth; SPE-CB-PPI: screen-printed electrode modified with a composite of poly(propylene
imine) dendrimer and carbon black; Hg-Bi/PDAAQ/GC: bimetallic Hg-Bi supported on
poly(1,2-diaminoanthraquinone)/glassy carbon modified electrode; Nafion/IL/GO/GCE: glassy

carbon electrode modified with graphene oxide mixed ionic liquid (BMIM-PFs) and Nafion
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binder; 3D—Bi electrode: 3D-printed electrodes modified with bismuth; Bi-SPE: screen printed

electrode modified by bismuth powder;

4.9 - Conclusions

This study demonstrates the environmentally friendly synthesis of
silver nanoparticles onto graphite flakes, facilitating their use in the production of
conductive filaments for additive manufacturing. These filaments exhibit
enhanced electrochemical performance for the electroanalytical detection of
Cd(II). Using an optimised SWV methodology, the AgNP electrodes achieved a
LOD of 0.43 pg L' and a LOQ of 1.44 pg L-'—well below the target range of 3
to 5 pg L' set by global regulatory agencies for cadmium levels in water. The
electrodes were successfully applied to the determination of Cd(II) concentrations
in tap and river water samples, achieving recoveries between 87 % and 102 %.

Notably, these electrodes achieved these results without requiring
post-print modification or activation, a common step in additive manufacturing
electrochemistry. This work highlights the successful incorporation of metallic
nanoparticles into conductive additive manufacturing filaments and the
substantial improvements in electrochemical performance that can be achieved as

a result. With no need for specialised printers or complex electrode modifications.
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4.10 - HDES-based Filament

The final part of this thesis explores the utilisation of the proposed
HDES (DecA:TBAB) to design a novel, sustainable, electrically conductive
filament, subsequently employing it to fabricate a 3D-printed electrode for the
detection of acetaminophen in water.

To achieve this, the HDES was mixed with CB, castor oil, rPLA, and
cellulose to create a new HDES-based filament, following the proportion of 20
wt% CB, 10 wt% castor oil, 5 wt% HDES, 10 wt% cellulose, and 55 wt% rPLA.
This filament was then used to fabricate additively manufactured electrodes. The
electrochemical properties of the proposed electrode were evaluated by
comparing it with other bespoke filaments and a commercially available filament.

TABLE 4.15 summarises the composition of all filaments utilised in this study.

TABLE 4.15 - Filament composition

Filament Composition

70 wt% rPLA + 10 wt% Castor O1l +
CB/PLA

20 wt% CB

60 wt% rPLA + 10 wt% Castor Oil +
CB/Cellulose/PLA

10 wt% Cellulose + 20 wt% CB

55 wt% rPLA + 10 wt% Castor Oil +
CB/Cellulose/HDES/PLA 10 wt% Cellulose +20 wt% CB + 5

wt% HDES

65 wt% rPLA + 10 wt% Castor Oil +
CB/HDES/PLA

20 wt% CB + 5 wt% HDES
Commercial CB/PLA Protopasta®
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For the proposed CB/Cellulose/HDES/PLA filament, the addition of
cellulose played a crucial role in enhancing its structural integrity. The eutectic
solvent used in the formulation is acidic, which makes the filament highly brittle
due to the incompatibility of PLA with acidic environments. In an initial attempt
to fabricate a filament using the HDES (DecA:TBAB) with castor oil and CB, the
resulting material lacked the necessary flexibility for printability. To address this
limitation, cellulose was added to the filament according to a study conducted by
the MMU group (Manchester Metropolitan University, UK), in which the
incorporation of cellulose into PLA-based filaments was explored as a
reinforcement strategy, significantly improving their mechanical properties. It is
well-established in the literature that cellulose enhances the mechanical properties
of PLA, reinforcing the polymer and optimising its overall performance’!3-313,

The filament composed of CB/Cellulose/HDES/PLA, shown in
FIGURE 4.32A, exhibits satisfactory low-temperature flexibility compared to the
CB/HDES/PLA filament without cellulose, as depicted in FIGURE 4.32B. This

observation confirms that incorporating cellulose into the PLA-based filament

enhanced its mechanical properties.

FIGURE 4.32 - Images of the bespoke (A) CB/Cellulose/HDES/PLA and (B)
CB/HDES/PLA filaments.
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Over a 10 cm length of the CB/Cellulose/HDES/PLA filament, a low
average resistance of (0.86 £+ 0.02) kQ was measured, representing a substantial
improvement compared to the commercially available conductive PLA, which
exhibits a resistance of (3.9 + 0.5) kQ. TABLE 4.16 presents the bulk resistance
values of the proposed filaments, with the CB/Cellulose/HDES/PLA filament
demonstrating superior performance. This improvement highlights the
contribution of HDES to enhanced conductivity, as previously demonstrated in
this thesis when HDES was used to modify carbon pastes and glassy carbon

electrodes.

TABLE 4.16 - Comparisons of the resistance of the filaments over 10 cm

Filament Resistance!? / kQ
Commercial CB/PLA 3.9+0.5

CB/PLA 1.25+0.08
CB/Cellulose/PLA 1.16+0.10
CB/Cellulose/HDES/PLA 0.86+0.02
CB/HDES/PLA 1.36+0.08

"bulk resistance across 10 cm. *n=6.

After fabricating the electrodes, it is essential to characterise the
surface of them to better understand their performance. When employing PLA-
based materials, surface activation is a common practice. This process involves
removing the outer polymer layer that coats the electrode surface, thereby
exposing a greater amount of the conductive filler. Electrochemical activation in
a 0.5 M sodium hydroxide solution is among the most widely used methods and
will therefore be employed throughout this study”®. Subsequently, the additively
manufactured electrodes were analysed using SEM and XPS before and after

electrochemical activation, FIGURE 4.33.

144



As mentioned, electrochemical activation enhances the exposure and
functionality of the electrode surface as a conductive material, thereby facilitating
electrochemical processes. This effect is illustrated by SEM images (FIGURE
4.33A and B), which show a smooth surface prior to activation, compared to a

marked presence of conductive material observable after the activation process.
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FIGURE 4.33 - SEM surface images and XPS for the (A and C) as-printed and
the (B and D) activated CB/Cellulose/HDES/PLA electrode.

Furthermore, the chemical composition of the
CB/Cellulose/HDES/PLA electrode was analysed using XPS. FIGURE 4.33C and
FIGURE 4.33D display the C 1s spectra for non-activated and electrochemically
activated electrodes in 0.5 M NaOH, respectively. To achieve an accurate spectral

fit, five peaks were assigned. The primary asymmetric peak at 284.5 eV
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corresponds to the X-ray photoemission of graphitic carbon®'®*!'7, Additionally,
four symmetric peaks were required to fit the data, representing sp* C—C/C—H, C—
0O, C=0, and O—C=0 bonding.

As shown in FIGURE 4.33, the dominant intensity of the C—C/C—H
peak is expected due to the inherent structure of rPLA and castor oil, while the C—
0O, C=0, and O—C=0 contributions originate from the conductive materials. The
C Is spectral fitting indicates that, in the as-printed electrode, the C—C/C—H peak
at 285.0 eV accounts for approximately 50 % of the atomic concentration,
compared to 20 %, 9 %, and 14 % for the C-O, C=0, and O—C=0 peaks,
respectively (TABLE 4.17). Upon electrochemical activation (FIGURE 4.33D),
the XPS C 1s spectrum exhibited an increased intensity of the graphitic C=C peak,
suggesting greater exposure of conductive materials. Additionally, the intensities
of the C=0 and O—C=0 bonds were enhanced (TABLE 4./7), further supporting

the improved accessibility of electroactive sites.

TABLE 4.17 - The atomic concentration of the species in each electrode

o
CB/Cellulose/HDES/PLA ’
C=C C_C/C—0 C—0 C=0 0—C=0
Non-activated 5.7 49.8 20.6 9.12 14.8
Activated 73 594 19 161 154

4.10.1 - Electrochemical Characterisation of the HDES-based

Additive Manufactured Electrodes

The electrochemical performance of the electrodes fabricated using
the filaments from TABLE 4.75 was evaluated with 3D-printed electrodes with a
simple lollipop-shaped design (FIGURE 3.2). This design ensures a short
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electrode connection length, contributing to a consistent electrochemical
response’®. All electrodes used in this work were electrochemically activated
prior to the experiments. FIGURE 4.34 shows the electrochemical performance
of the electrodes using [Ru(NH;)s]*" as a probe. The results for bespoke CB/PLA
and CB/Cellulose/PLA were extracted from previous research conducted by the
MMU group (UK). The finds indicated that incorporating HDES and cellulose
into the filament resulted in a sharper and more well-defined redox profile
compared to the others 3D-printed electrodes. Also, the Nyquist plots obtained
using [Fe(CN)g]*”*~ show that the CB/Cellulose/HDES/PLA electrode exhibited

the lowest charge-transfer resistance among all the electrodes tested.
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FIGURE 4.34 - Scan rate study (5 — 500 mV s ) with 1.0x102 mol L
[Ru(NH3)]** in 0.1 mol L' KCI performed in (A) Commercial CB/PLA, (B)
bespoke CB/PLA, (C) CB/Cellulose/PLA, (D) CB/Cellulose/HDES/PLA and (E)
CB/HDES/PLA electrodes as the WE. Inset: The Randles—Sevéik plot. (F) EIS

]47/37

Nyquist plots using [Fe(CN)g for the same electrodes. Inset: the proposed

equivalent circuit.
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TABLE 4.18 highlights key parameters, including the electroactive
area, heterogeneous electron charge transfer rate constant, peak-to-peak
separation, cathodic peak current and the peak-to-peak measured using
[Ru(NH3)s]** at a scan rate of 100 mV s~!. Additionally, the table reports the
results of solution resistance and charge-transfer resistance derived from
electrochemical impedance spectroscopy. Compared to all other electrodes, the
proposed electrode, CB/Cellulose/HDES/PLA, demonstrated significant
improvements across all electrochemical parameters. This highlights the
contribution of the HDES in enhancing the filament's conductivity by working
synergistically with cellulose and CB to improve electrochemical reactions at the
electrode surface, as demonstrated in the previous works (section 4.6 - ).

It is worth noting that, although the performance of the electrode
CB/HDES/PLA was inferior to the electrodes developed in the laboratory, it still
outperformed the commercial filament. These findings open avenues for further
studies exploring different types of eutectic solvents for potential applications in

the development of 3D-printed electrodes.
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TABLE 4.18 - Comparisons of the electrochemical parameters for the bespoke electrodes

Parameters Commercial CB/PLA  CB/PLA CB/Cellulose/PLA  CB/Cellulose/HDES/PLA  CB/HDES/PLA

A/ cm? 0.36+0.02 0.59+0.03 0.65+0.09 0.72+0.03 0.48+0.03

K /cms?  (0.19£0.02)x1073 (1.3£0.1)x103  (1.55+£0.05)x103  (1.62+0.09)X (1.02+0.08)x10°3
1073

AE,/V 0.39+0.01 0.18+0.01 0.16+0.01 0.155+0.005 0.21+0.01

—Ip / LA 73+4 154+12 166+23 18748 116+8

R/ kQ 342 0.33+0.05 0.19+0.02 0.20+0.02 0.24+0.01

R/ kQ 7.4+0.5 0.58+0.02 0.61+0.10 0.41+0.08 0.92+0.02
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To further test the performance of the proposed electrode, it was used
to determine acetaminophen (ACP, paracetamol) in water. This analyte was

selected due to its well-known electrochemical behaviour.

4.10.2 - Electrochemical Determination of Acetaminophen

Once electrochemically characterised, the CB/Cellulose/HDES/PLA
was applied for the electroanalytical determination of ACP. The results obtained
using this electrode were also compared to those from CB/Cellulose/PLA to better
illustrate the improvements due to the presence of the HDES.

Prior to the electrochemical experiments, the electrodes were
activated electrochemically in 0.5 M NaOH, following a procedure described in
the literature®®. The electrochemical behaviour of ACP on the
CB/Cellulose/HDES/PLA and CB/Cellulose/PLA electrodes was evaluated using
SWV. FIGURE 4.35A presents the voltammetric profile of ACP on these
electrodes. Notably, the CB/Cellulose/HDES/PLA electrode exhibited a
significant enhancement in peak current value, with an 8.7-fold increase in peak
current compared to the electrode without HDES.

Furthermore, FIGURE 4.35B highlights the effect of NaOH
activation on the electrochemical response of the electrode. Post-activation, the
oxidation peak potential for ACP shifted from +0.50 V to +0.42 V. This
improvement is likely attributed to the activation process exposing the conductive
material within the electrode, as evidenced by XPS data, resulting in enhanced

electrochemical performance.
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FIGURE 4.35 — (A) SW voltammograms with 100 uM acetaminophen in PBS pH
7.55 using CB/Cellulose/PLA and CB/Cellulose/HDES/PLA electrodes as the
WE. (B) SWV comparing the CB/Cellulose/HDES/PLA electrodes activated in
0.5M NaOH and non-activated. Scan rate: 50 mV s™'. SWV parameters: a = 20
mV, f=25Hz, AE;=5 mV.

To investigate the effect of potential scan rates on electrode response,
a study was conducted to identify the process controlling the oxidation reaction
of ACP in the electrode solution interface. Cyclic voltammetry was performed
with 100 pmol L' ACP in PBS at pH 7.55, with scan rates ranging from 5 to 150
mV s™'. FIGURE 4.36 presents the voltammograms alongside the plots of I,
versus v'2, log (I,p) versus log (v), and I, versus v. TABLE 4.19 summarizes the

data derived from these plots.
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FIGURE 4.36 - (A) Scan rate study (5-150 mV s™!) with 100 uM acetaminophen
in PBS pH 7.55 performed in the CB/Cellulose/HDES/PLA as the WE. (B)
Randles—Sev¢ik plot (Z, vs v'?), (C) plot of the logarithm of I,, vs logarithm of v
and (D) plot of I, vs v.

The plots obtained in this study (TABLE 4.19), exhibited a linear
relationship, indicating that the oxidation reaction of ACP is diffusion-controlled,

aligning with findings reported in the literature®!331°,
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TABLE 4.19 - Results for plots from scan rate study obtained for 100 uM of

acetaminophen
Electrode
Parameters Plot
CB/Cellulose/HDES/PLA
Slope Lap: 4.56; 1ep: —2.30
Intercept I, vs v'? Lop:—0.52; Iep: —1.3
R? Lap: 0.998; 1cp: 0.964
Slope Lp: 0.31; Ip: —0.16
Intercept Lyvsv Lp: 14.9; Ip: —8.2
R? Lp: 0.935; Icp: 0.980
Slope 0.50
Intercept Log I, vs Log v —5.34
R? 0.999

To evaluate the electroanalytical capabilities of the
CB/Cellulose/HDES/PLA electrode, acetaminophen detection was conducted and
compared to the CB/Cellulose/PLA electrode. The SW voltammograms for
acetaminophen detection over the concentration range of 5.0-300 uM and 2.0—
300 uM to CB/Cellulose/PLA and CB/Cellulose/HDES/PLA are shown in
FIGURE 4.37, with the corresponding calibration plot displayed as an inset. A
linear relationship was observed between the peak current and concentration,
yielding a LOD 0.12 and 0.63 and a LOQ of 0.39 and 2.11 nM for
CB/Cellulose/HDES/PLA and CB/Cellulose/PLA, respectively. TABLE 4.20
shows de analytical parameters obtained in this study. These results demonstrate

the electrode's exceptional performance.
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FIGURE 4.37 - SW voltammograms for ACP determination performed at (A)
CB/Cellulose/PLA and (B) at CB/Cellulose/HDES/PLA in PBS pH 7.55 in a

concentration range of 5.0 to 300 uM and 2 to 300 uM, respectively. Inset: the
calibration plot. SWV parameters: a =20 mV, f= 25 Hz, AE =5 mV.

TABLE 4.20 - Results obtained for the determination of acetaminophen using the

SWV method
Parameters CB/Cellulose/PLA CB/Cellulose/HDES/PLA
Linear range 5—-50and 70 — 300 2 —-50and 70 — 300
Slope / pA L pmol_l 0.095+0.001 0.26+0.01
0.058+0.002 0.14+0.01
Intercept / pA —0.26+0.01 6.5+0.7
1.840.2 0.16+0.06
R? 0.999 0.993
0.996 0.990
LOD / pmol L’1 0.63 0.12
2.11 0.39

LOQ/ umol L
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To  finish, the electroanalytical performance of the
CB/Cellulose/HDES/PLA electrode was tested in real water samples to assess its
practical applicability. FIGURE 4.38 shows the SWV recorded for the
determination of ACP in two different water samples: tap water collected from the
laboratory and river water from local sources. The quantification of ACP in these
samples was carried out using the standard addition method. This involved the
successive addition of a standard ACP solution at concentrations of 10, 15, 20, 25,
30, and 35 puM to the electrochemical cell. The results confirm the successful
detection of ACP in both water samples, with recovery rates of 80 % for tap water

and 87 % for river water.
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FIGURE 4.38 - SW voltammograms for ACP detection in spiked (A) diluted river
water (50-fold) and (B) diluted tap water (20-fold) in PBS pH 7.55 performed at
CB/Cellulose/HDES/PLA electrode in a concentration range of 10 to 35 uM.
SWV parameters: a = 20 mV, f = 25 Hz, AE = 5 mV. Inset: calibration curve
obtained by the standard addition method.
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4.11 - EcoScale Assessment for Filament Production

The production of a filament composed of cellulose, carbon black,
HDES (DecA:TBAB), castor oil, and recycled PLA via the thermal method at
190°C was evaluated using the EcoScale. The assessment considered key factors
such as yield, energy consumption, reagents, equipment cost, and waste

generation. The results are summarised in TABLE 4.21.
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TABLE 4.21 - EcoScale for HDES-based Filament Production

Criterion Score

Yield The process achieves a high yield (>95
%), resulting in no deductions.

Energy Consumption Sustained heating at 190 °C
contributes to moderate energy
consumption. This results in a
deduction of 10 points.

Reagents Cellulose, HDES, Castor Oil, and
Recycled PLA are sustainable and
environmentally friendly, resulting in
no deductions. Carbon Black: Due to
its industrial origin'®’, a deduction of 5
points was applied.

Waste Production The process is efficient, with low
waste generation. No deductions were
made.

Equipment Cost The use of high-cost equipment (e.g.,
Thermo Haake Rheomix) impacts the
affordability and scalability of the
process, leading to a deduction of 5
points.

Total Score 80

The EcoScale score of 80 indicates that the process is relatively green
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and efficient™>’. Deductions were primarily due to energy consumption, the use of

carbon black, and high equipment cost.
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In relation to the green chemistry principles, TABLE 4.22 highlights
the process's adherence to these guidelines. Overall, it demonstrates strong
alignment with key principles, particularly Prevention, Atom Economy, and Use
of Renewable Feedstocks. However, areas for improvement include energy
efficiency and reducing reliance on high-cost equipment. Recent studies have
explored alternative approaches to address these challenges. For instance, Silva et
al.’¥" proposed a novel method for producing lab-made composite filaments for
additive manufacturing of electrochemical sensors, using a coffee grinder to mix
carbon black nanoparticles with PLA pellets. Similarly, another research group

developed filaments through thermal mixing on a heating plate®?°

, where the
plasticiser Babassu oil played a crucial role in the process. These recent
advancements highlight promising opportunities for the development of

conductive filaments using sustainable materials and low-cost equipment.
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TABLE 4.22 - Green Chemistry Principles Assessment Table

Green Chemistry .
o Assessment Alignment
Principle
Minimal waste
Prevention generation with efficient Strong
use of raw materials.
High incorporation of
input materials into the
Atom Economy Strong
final product (>95 %
yield).
Use of non-toxic
materials like HDES,
Less Hazardous castor oil, cellulose, and
: Moderate
Chemical Syntheses recycled PLA, though
carbon black has minor
environmental concerns.
Components are safer
Designing Safer and environmentally
: , Strong
Chemicals friendly compared to
traditional plastics.
Likely no harmful
Safer Solvents and solvents used, especially
o . . Strong
Auxiliaries if HDES synthesis
avoids organic solvents.
Operating at 190°C for
Design for Energy
' 10 minutes reduces Moderate
Efficiency

energy demands but still

160



Green Chemistry

o Assessment Alignment
Principle
requires moderate
thermal energy.
Components like
cellulose, castor oil, and
Use of Renewable
recycled PLA are Strong
Feedstocks
renewable or recycled
materials.
No unnecessary
Reduce Derivatives derivatization steps Strong
involved in the process.
Catalysis Not applicable -
Biodegradability or
recyclability is
Design for Degradation  supported by materials ~ Strong
like cellulose, castor oil,
and recycled PLA.
Analysis for Pollution '
. Not applicable -
Prevention
Safer, less toxic
Inherently Safer materials are used,
Chemistry for Accident  though reliance on high- Moderate
Prevention cost equipment requires

careful handling
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4.12 - Conclusions

This work, for the first time, demonstrated the integration of a HDES
in the development of a conductive filament. The results showed that the proposed
CB/Cellulose/HDES/PLA  electrode presented superior electrochemical
performance compared to both commercial filaments and other bespoke filaments
without HDES. And was applied successfully in the determination of ACP in
water samples.

The findings of this study pave the way for the development of highly
conductive filaments that align with environmentally friendly practices. By
prioritising “green” materials—such as deep eutectic solvents, bio-based castor
oil, recycled PLA, and cellulose—this approach enables the fabrication of 3D-

printed electrodes with significantly enhanced electrochemical performance.
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S - CONCLUSIONS AND PERSPECTIVES

The findings of this thesis demonstrate the successful use of
hydrophobic deep eutectic solvents and additive manufacturing as a sustainable
and innovative approach to develop electrochemical sensors. This work aligns
closely with the principles of green chemistry, which guided the design and
execution of the synthesis and fabrication processes. By prioritising renewable
feedstocks, minimising waste, and enhancing energy efficiency, this thesis
highlights the potential of combining eco-friendly materials and advanced
manufacturing technologies.

Furthermore, in alignment with the United Nations Sustainable
Development Goals, this work contributes to key objectives, including Good
Health and Well-being (Goal 3), Clean Water and Sanitation (Goal 6), and
Responsible Consumption and Production (Goal 12). The proposed materials
were developed using eco-conscious components and sustainable approaches to
minimise environmental and human health risks. Additionally, the intended
application of each sensor—focusing on the detection of analytes for diagnostic
and environmental (water quality) monitoring—further reinforces its relevance to
these SDGs.

The HDES, composed of decanoic acid and tetrabutylammonium
bromide, was synthesised using a simple, rapid, and efficient process. The
synthesis demonstrated a high EcoScale score due to the use of safe reagents,
minimal energy input, and a reaction time of only 5 minutes at 80 °C. The thermal
stability of the HDES up to 202 °C further confirmed its suitability for various
electrochemical applications. In addition, the low E-factor of the process reflects
its minimal waste generation, with nearly all starting materials contributing to the
final product. These attributes strongly support the sustainability of the proposed
methodology.
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The application of HDES in modifying electrochemical sensors
significantly enhanced their performance. The HDES-modified glassy carbon
electrodes exhibited reliable sensitivity and selectivity for serotonin detection.
Similarly, the use of HDES in carbon paste electrodes improved the detection
capabilities for diuron, achieving consistent results with minimal environmental
impact. These sensors demonstrated accurate analytical performance, including
high reproducibility and stability, while aligning with green chemistry principles
by utilising renewable and biodegradable components.

A conductive filament was designed using carbon black, silver
nanoparticle (AgNP)-functionalised graphite, recycled PLA, and castor oil,
requiring no post-print modification. The 3D-printed electrodes achieved superior
electrochemical performance, as demonstrated in the detection of cadmium in real
water samples, with limit of detection well below regulatory thresholds.

A major advancement was the development of sustainable
conductive filaments combining HDES, carbon black, castor oil, recycled PLA,
and cellulose. These filaments enabled the production of 3D-printed electrodes
with significantly enhanced electrochemical performance in the determination of
acetaminophen in water samples compared to other bespoke and commercial
filaments.

Looking forward, this work opens several avenues for future research
and development. A key area for future research is the exploration of entirely
green DES. The main limitation of the proposed HDES lies in the use of TBAB
as a precursor, as it is considered toxic. However, among the available
components that met the necessary criteria for HDES formation in this work,
TBAB proved to be the most suitable option. Future studies should investigate
alternative precursors, especially given the vast range of DES compositions

reported in the literature.
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Another important aspect for improvement is the compatibility of
DES with the selected thermoplastic material. As demonstrated in this study, the
acidic nature of the chosen HDES posed challenges to the stability of PLA.
Therefore, further research is needed to identify DES formulations that are more
compatible with the polymer, or alternatively, to explore different types of
thermoplastics to optimise the DES-material combination.

Additionally, a promising research direction is to explore more
natural alternatives for conductive materials, aiming to eliminate the need for
toxic or high-cost components. Furthermore, investing in miniaturised
electrochemical platforms can help reduce reagent consumption during analysis,
ensuring a more sustainable and environmentally friendly approach.

Improving the energy efficiency of synthesis processes is also
crucial, highlighting the importance of optimising the entire methodology,
including synthesis time. This thesis pioneered a time-efficient approach, directly
contributing to sustainability.

Furthermore, attention should be given to the disposal of electrodes,
particularly 3D-printed materials. Efforts should focus on their potential reuse or
transformation into value-added products, promoting more sustainable processes
and circular economy principles.

Finally, the integration of sustainability metrics should always be
considered to assess the potential environmental and human health risks

associated with any material or process.
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Appendix I - In situ Infrared
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Figure Al. Synthesis of hydrophobic eutectic mixture monitored at 50 °C (323.15
K), in (A) intensity monitoring of specific peaks in function of the time of
synthesis and (B) infrared spectra.

Table Al. Time of acquisition of the spectra depicted in Figure Al

Spectrum Name | Color Synthesis stage
00:03:24 DecA
00:03:53 Addition of TBAB
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Figure A2. Synthesis of hydrophobic eutectic mixture monitored at 60 °C (333.15

K), in (A) intensity monitoring of specific peaks in function of the time of

synthesis and (B) infrared spectra.

Table A2. Time of acquisition of the spectra depicted in Figure A2

Spectrum Name | Color

Synthesis stage
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00:02:05 DecA

00:02:36 Addition of TBAB
00:03:05 Middle of the synthesis
00:09:01 End of synthesis
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Figure A3. Synthesis of hydrophobic eutectic mixture monitored at 70 °C (343.15
K), in (A) intensity monitoring of specific peaks in function of the time of
synthesis and (B) infrared spectra.

Table A3. Time of acquisition of the spectra depicted in Figure A3
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Spectrum Name | Color Synthesis stage
00:02:24 DecA

00:02:52 Addition of TBAB
00:03:20 Middle of the synthesis
00:04:19 Middle of the synthesis
00:09:18 End of synthesis
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Appendix II - DSC curves for different mixtures of DecA and TBAB.
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Figure A4. (A to K) DSC curves for different mixtures of DecA and TBAB
according to TABLE 3.1.
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