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ABSTRACT

Nanomaterials have emerged as a technology with limitless potential in a broad spectrum of
fields due to their exceptional magnetic, electrical, optical, mechanical, and catalytic properties
compared to their bulk counterparts. This is brought about by their significantly larger surface
areas achieved through the rational design of the material, which can be calibrated as desired
by precisely controlling the synthesis conditions and appropriate functionalisation. Despite this,
conventional techniques do not promote sustainability as they necessitate toxic chemicals and
high energy consumption. Recently, green chemistry has been presented as a competent
replacement for traditional nanoparticle synthesis methods by using biological precursors such
as plants, bacteria, fungi, algae, and yeast. However, this approach faces complications as the
physio-chemical properties of the nanoparticles are considerably unpredictable and
challenging to control due to the diverse and complex array of biomolecules present in each

material.

Clean water has always been essential for social development, and pollution of these systems
poses one of the substantial issues in the world today. One of the major contributors to this
pollution is dyes, as existing wastewater treatment facilities suffer immense stress due to dye-
stained industrial effluents, which inevitably accumulate in large water bodies and damage
delicate ecosystems. Several counteracting techniques have been developed, with
nanoparticle-induced oxidation processes proving to be an efficient and low-cost path for the
degradation of organic pollutants. However, there is much exploration needed for full-scale

application.

The successful synthesis of CozO4 nanoparticles using spent coffee extract was demonstrated.
The Fourier-Transform Infrared (FTIR) spectrum confirmed the presence of the nanomaterial,
while the X-ray Diffraction (XRD) pattern and Transmission Electron Microscopy (TEM)
presented the cubic crystal phase of cobalt oxide nanoparticles that possessed spherical and
irregular morphologies with average diameters of 29.01 nm. The optical absorption data

indicated that the direct band gap energy was 3.09 eV.

Cobalt oxide nanoparticles with these specifications illustrated remarkable catalytic
efficiencies, with an 89.27% degradation of Tartrazine dye in 30 minutes. No significant
concentration of dissolved cobalt was detected in the system, as an accumulation of only
0.0001% was perceived throughout the entirety of the reaction. Furthermore, the introduction
of simulated solar light resulted in a 37.60% increase in catalytic degradation rate, thereby
expressing the excellent photoactivity of the nanoparticles. However, to minimise operating
costs, the artificial light was replaced with natural sunlight illumination, where dye removal
efficiencies were further improved, resulting in an overall Tartrazine degradation of 97.11%

and a 45.41% increase in reaction rate compared to the standard oxidation process.




Therefore, spent coffee was presented as an abundant and environmentally-benign raw

material for a highly efficient CozO4 nanocatalyst with excellent photocatalytic properties.
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Chapter 1

Introduction

Nanotechnology is a 21s-century frontier that has received tremendous attention in past
decades due to its scientific and technological exploitability. Nanotechnologies integrate the
creation, control, and manipulation of materials at the nanometer scale, where these new
trends welcome vast areas of research in engineering, physics, chemistry, material science,
and molecular biology (Benelmekki, 2015). In 1959, Richard Feynman first conceptualised the
subject in an academic lecture titled “There’s Plenty of Room at the Bottom” (Kornei, 2016).
Thereafter, the novel proposal sparked the rapid evolution of developments demonstrating
these ideas in molecular manipulation (Hulla et al., 2015). Since then, improvements regarding
nanotechnologies have made decisive progress and are now providing the potential to bring
benefits in applications as diverse as information and communication technologies, drug
development, water decontamination and purification, and the production of more robust and

lighter materials (Pushparaj et al., 2022).

Some researchers have gone so far as to suggest that the influence of nanotechnology will be
so substantial that the term will be used to describe a new era of world economic growth. With
the Global Nanotechnology Market predicted to reach $70.7 Billion by 2026, it is unambiguous
that the scientific knowledge associated with our ability to manipulate matter on the nanoscale
is demonstrating drastic technological, economic, and environmental impacts which will only
increase (Whatmore, 2006; Anon, 2021).

The manufacturing of nanoparticles is an essential component of nanotechnology due to the
distinctive characteristics realised at the nano level, and the assembling of precursor particles
and related structures is the most generic route to fabricate nanostructured materials (Roco,
1999). These ultrafine solid particles display unique properties compared to their bulk
counterparts due to exponentially high surface areas and increased reactivities (Biswas & Wu,
2005). The exemplary behaviour of the powder gives it a wide range of industrial applications
that make it ubiquitous in our daily lives and promising materials for future scientific and
technical innovations (Naito et al., 2018). However, the present problem lies with the synthesis

of the nanoparticles.




1.1. Background

Nanoparticle synthesis has been around for centuries, and only now have the benefits begun
to be reaped as new capabilities are discovered. Modern synthesis techniques have shown a
remarkable degree of controllability, where the size and morphologies of the nanostructures
can be manipulated to achieve desired physio-chemical properties (Tao et al., 2021). These
characteristics are distinguishable between bulk materials as the nanoparticles present

exceptional catalytic, optical, electrical, magnetic and mechanical properties (Baig et al., 2021).

Researchers have established various physical and chemical techniques for the fabrication of
nanopowders. Nanoparticle synthesis is categorised according to the practices employed, with
the two main strategies being top-down and bottom-up approaches (Ettadili et al., 2022). Top-
down techniques involve the miniaturisation of larger composites of the substance by
deconstruction, while the latter utilises atomic structures as “building blocks” for the formation
of clusters and, thereafter, the desired nanoparticles (Drummer et al., 2021). Some examples
of the processes include mechanical milling, laser ablation, arc discharge, micro-emulsion,
pyrolysis, co-precipitation, sol-gel, spinning, and hydrothermal methods (Heiligtag &
Niederberger, 2013). Despite the accuracy and precision of these procedures, several issues
have arisen due to their toxic chemical requirements, harmful by-product production, and high
energy consumption (Rastogi et al., 2018). Hence, a reliable and environmentally-benign

approach to nanoparticle synthesis has been sought.

The discovery of biologically-induced synthesis routes has begun to address the significant
complications related to conventional nanoparticle fabrication. The biological or “green”
synthesis of nanoparticles employs diverse groups of living organisms or biomolecules to
replace the hazardous elements in traditional fabrication techniques (Rana et al., 2020). More
specifically, biosynthesis adopts the use of plants (Ryaidh & Al-Qayim, 2017), bacteria (Deljou
& Goudarzi, 2016), fungi (Molnar et al., 2018), algae (Kathiraven et al., 2015), and yeast
(Niknejad et al., 2015) as they possess reductive capabilities due to the metabolites present in
the organic material. Not only are these phytochemicals directly implicated in the formation of
nanoparticles, but they are also involved in the stabilisation by enveloping the structures
(Iwuozor et al., 2022).

Previous researchers have suggested that plants are superior agents, in contrast to other
biological synthesis routes, as they are more stable, have a faster metallic ion reduction rate,
and are easier to scale up (Hussain et al., 2016; Kharissova et al., 2013; Singh et al., 2016).

Therefore, plants have been the prime precursor for the biosynthesis of nanoparticles.

However, since this area of green nanotechnology is relatively new, the problem lies with

controlling the size and morphology of the nanoparticles, as each plant species contains an




array of diverse biomolecules that significantly affect the sensitive physio-chemical properties
of the material (Altemimi et al., 2017). Hence, achieving a better understanding of green
synthesis is crucial to acquire the desired size, shape, composition, and dispersity with
exceptional repeatability. For this to become a reality, the intricacies posed by the complex
natural concentrations need to be defined before precise biosynthesis mechanisms can be

brought forward.

A promising biological material for the production of nanoparticles is coffee. The beverage is
the second most-consumed liquid in the world after water, with it being one of the top global
commodities, second in value only to oil (Burger, 2018). It is estimated that South Africa’s
coffee consumption has increased from 35 340 tonnes in 2017 to 40 500 tonnes in 2020, with
a compounded annual growth rate of 4.4% as the demand for premium coffee rises (Biacuana,
2017; Dutta, 2021). A recent survey in the Western Cape, displayed in Appendix A, reveals
that each store discards an average of approximately 2.2 tons of spent coffee grounds to
landfills per annum. Therefore, this problem must be addressed as coffee waste can be utilised
as a cheap and abundant raw material in synthesising nanoparticles. Table 1.1 presents the
previous studies that have successfully used coffee extract as a reducing agent for the

synthesis of nanoparticles and their applications.

Table 1.1: Coffee-mediated nanoparticles from previous studies

Nanoparticle Application Authors
Ag Antibacterial and Catalytic Activity Wang et al. (2017)
Ag Biological Activities Rénavari et al. (2017)
Fe Removing volatile chlorinated organic compounds from Kozma et al. (2016)
groundwater samples
Ag, Pd Demonstrates that organic constituents of.coffee were Metz et al. (2015)
present as adlayers on the metal nanoparticle surface.
Ag, Pd Human welfare, biological and medical applications Hussain et al. (2016)
Ag, Pd Medicinal and Technological Applications Nadagouda & Varma (2008)
Ag Antibacterial activity Dhand et al. (2016)
Ag Antibacterial Activity Calle & Lépez (2017)
CuO Antibacterial Activity Sutradhar et al. (2014)
Zn0 Solar Cell Sutradhar et al. (2016)
Al,O3 Biomedical Applications Sutradhar et al. (2013)
Zn0 Photocatalyst Fatimah et al. (2016)
Ag Markers, Sensors, and Antimicrobials Zuorro et al. (2017)
Au Catalytic Activity & Environmental Remediation Bogireddy et al. (2017)
Cu Wastewater Treatment Gerits (2016)
Au Solution for controlling the S|.ze distribution of the Au Bogireddy et al. (2018)
nanoparticles
L . . L Abbasian & Jafarizadeh-
Au, Ag & Se Antioxidant and Antibacterial Activity Malmiri (2020)
Ag Antibacterial Activity Chien et al. (2019)
Ag Antibacterial Activity Panzella et al. (2020)
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C Sensor Applications Crista et al. (2020)

Ag Antibacterial activity Baghaienezhad et al. (2020)
Cu Catalytic Activity Wang et al. (2021)
Zn0 Environmental Toxicity Reduction Abel et al. (2021)
CuO Antibacterial Activity Mary et al. (2021)

The nanoparticle under investigation in this study is cobalt oxide, as the literature surrounding
the plant-mediated nanoparticle is inadequate, and the transition metal possesses interesting
characteristics that need exploration. Cobalt, in its oxide form, being an antiferromagnetic
material, retains several possible oxidation combinations due to its multi-electronic valence
(Banerjee & Chattopadhyay, 2019). This unique aspect of the transition metal, coupled with
the distinct properties of nanoparticles, allows for a broad spectrum of applications in energy
systems (Mei et al., 2019), wastewater treatment (Adekunle et al., 2019), biomedical sensors

(Karuppiah et al., 2014), and even anticancer therapeutics (Huang et al., 2021).

Rapid industrialisation and economic expansion have stressed existing wastewater treatment
facilities, and the removal of dyes from industrial effluents has been a persistent problem.
Therefore, there is an urgency to adopt innovative ways to overcome this issue. Traditional
treatment methods, such as adsorption on activated carbon, chemical precipitation and
separation, and coagulation, are non-destructive and only transfer dyes from one phase to
another, causing secondary pollution and requiring further treatment (Saratale et al., 2011;
Yaseen & Scholz, 2019). On the other hand, green nanostructures present a more sustainable
and environmentally-benign practice for the catalytic degradation of toxins, as they destroy the
undesired molecules through decomposition (Dihom et al., 2022). Depicted in Figure 1.1 are
some studies that have demonstrated the successful use of metallic nanoparticles as effective
catalysts for the removal of pollutants. However, the catalytic activity of nanomaterials is highly
dependent on the particles' size, shape, structure, and composition (Nagar, 2018). Therefore,
due to the unpredictability of the synthesis, an in-depth study is in need before the speculation
of industrial use, as it is essential for the nanocatalyst to be efficient and cost-effective for it to

be feasible in real-world applications.
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Figure 1.1: The catalytic studies of metallic nanoparticles (2007 — 2021)

1.2. Problem Statement

Current chemical synthesis techniques rely on expensive, toxic, and hazardous chemicals;
hence, environmentally-benign processes are required. However, green synthesis routes
retain a degree of unpredictability due to diverse and complex biomolecules, which directly
affect the catalytic performance of these materials. Therefore, it is of utmost importance to
evaluate their catalytic properties. In addition, since spent coffee is being discarded in landfills,

it does not contribute to a circular economy.

1.3. Research Questions
1. Can spent coffee be used as an effective reducing agent for synthesising
nanomaterials?
2. Can the developed nanoparticles be used as an efficient catalyst/photocatalyst for azo

dyes?




1.4. Aim and Obijectives
This dissertation aims to extract the valuable metabolites from spent coffee and, in turn,

demonstrate the biosynthesis of cobalt oxide catalyst/photocatalyst nanoparticles.
The objectives of this study are:

e To determine the optimal extraction parameters for total phenolic compounds and
antioxidant capacity.

e To utilise the spent coffee extract in the biosynthesis of cobalt oxide nanoparticles.

e To optimise the Co3z04 nanoparticle synthesis process (i.e. precursor concentration,
reaction temperature, reaction time, pH, and calcination temperature).

e To thoroughly characterise the nanoparticles obtained within this study.

e To evaluate the catalytic and photocatalytic performance of the CozO4 nanoparticles in

Tartrazine dye degradation via peroxymonosulfate activation.

1.5. Scope of Study
The scope of this study will cover spent coffee-mediated cobalt oxide nanoparticles and their

catalytic/photocatalytic degradation of an azo dye.

1.6. Delineation

This study focuses on the synthesis of Coz04 nanoparticles through the reaction between spent
coffee extract and cobalt nitrate hexahydrate. All other cobalt-based precursors are delineated.
In addition, the nanoparticles will be combined with peroxymonosulfate to initiate an advanced
oxidation process against Tartrazine dye in a batch reaction. Continuous flow systems are
delineated, along with other radical-producing reactants. With regards to light, white LED light,
simulated solar, and sunlight were individually coupled with the Co3;04 nanoparticle and
peroxymonosulfate system. Other sources of light are delineated. This research did not

consider a sulphur leaching study due to time constraints.




1.7. Structure of Dissertation

Chapter 1: Introduction

Chapter 2: Literature Review
Chapter 3: Research Methodology
Chapter 4: Results & Discussion

Chapter 5: Conclusion




Chapter 2

Literature Review

2.1. Introduction

This chapter presents a detailed review of nanoparticles, various synthesis routes, and their
advantages and disadvantages. Furthermore, the valuable antioxidants in coffee were
investigated, along with the effect of roasting on the biomolecules. Cobalt oxide nanoparticles
and their unique properties are highlighted herein. Lastly, an in-depth study of azo dyes and

their catalytic/photocatalytic degradation via advanced oxidation processes are included.

2.2. Nanoparticles

Nanoparticles are seen as either agents of change in various phenomena and processes or
as building blocks of materials and devices with tailored characteristics. The recent invention
of various tools for studying systems at the atomic level, coupled with the development of
techniques for producing nanoparticles, has led to the emergence of nanoscience as a new
field of study. These nanoscale materials frequently demonstrate a behaviour which is
intermediate between that of a macroscopic solid and that of an atomic or molecular system
(Torres-Martinez et al., 2019). In general, nanoscience can be defined as the art and science
of manipulating matter at the nanoscale to create new and unique materials. The emergence
of nanomaterials has provided promising results in recent years by intersecting with various
other branches of science and forming an impact on all forms of life (Vijayaraghavan &
Ashokkumar, 2017).

Nanoparticle applications aim to take advantage of specific characteristics that are determined
by the size and morphology of the solid particles. As they are micronised, the behaviour of the
colloids tends to be affected as a more significant fraction of the relative atoms or molecules
are located at the surface of the particle, leading to a higher reactivity due to the ease of
bonding with the contacting material (Naito et al., 2018). The manufacturing processes of

nanoparticles have been based on several other kinds of effects that occur:




b)

d)

2.3.

Smaller particle sizes create larger surface areas, increased surface tension, quantum
electromagnetic interactions, and size confinement effects, where the electrons within
the particles display wavelike properties that are affected by varying the size and shape
of the structures (Pal et al., 2011).

Due to the particles being on the nanoscale, new phenomena occur as interactions
between physical, chemical, and biological materials become proportionate to the size
of the particle (Jamkhande et al., 2019).

Different synthesis techniques allow for the generation of new atomic, molecular, and
macromolecular structures of materials. Therefore, discovering unique characteristics
of various substances (Parveen et al., 2016).

In particulate systems, time scales are altered due to the smaller distances and
increased spectrum of forces between particles, thus, significantly increasing the

degree of complexity and speed of processes (Roco, 1999).

Nanoparticle Synthesis Techniques

Nanoparticle synthesis is essential to understand the particle formation process, fine-tune the

physiochemical properties of the material, and enable specific functionalities and applications.

There are two general techniques for the fabrication of nanostructures, namely, bottom-up and

top-down approaches (Figure 2.1). Top-down methods involve the miniaturisation of the larger

substitutes by deconstruction, while the latter utilises atomic structures to synthesise the

nanostructures of the material (Choi et al., 2008).

7 S,

Bulk metal Fragments

Ny

Bottom-up

Figure 2.1: The top-down and bottom-up approach for nanoparticle synthesis




2.3.1. Top-down Techniques
2.3.1.1.  Mechanical Milling

The objective is to reduce the particle size of a suitable powder by placing it in a high-energy
mill. This process encourages the deformation and fracture of particles due to the continuous
collision between ball and powder (Shi et al., 2000). In addition to the size reduction, a
mechanochemical effect may be brought upon the ground particles due to the energy

transferred within the duration of milling (Prasad Yadav et al., 2012; Damonte et al., 2004).
Drawbacks:

e The structures may experience structural dislocations and defects, resulting in reduced
crystallinity (Zhang et al., 2007).

e The mechanical behaviour, phase equilibria, and stress state of the powder
components during milling could complicate the outcome of the processes (Chin et al.,
2005; Arbain et al., 2011).

2.3.1.2.  Laser Ablation

Another common method for the retrieval of a desired colloidal material is laser ablation. The
process requires the condensation of a laser-induced plasma plume, which, in turn, produces
metallic nanoparticles from the surface of a bulk metal plate (Mafuné et al., 2000; Geohegan
et al., 1998). In addition, this method may be utilised to alter the morphology of nanoparticles
synthesised using chemical or electrochemical routes. This simple, one-step technique has
been previously carried out in various solvents such as liquid, gas, or vacuum. (Amoruso et
al., 2004; Mafuné et al., 2001; Mafuné et al., 2003; Amendola & Meneghetti, 2009; Becker et
al., 1998; Dolgaev et al., 2002).

Drawbacks:

e Laser ablation has the ability to produce high yields of nanoparticles; however, the
procedure requires dangerous and expensive equipment with high energy

consumption.

2.3.1.3.  Nanolithography

Within this synthesis technique, various nanolithographic paths may be taken; these include
photolithography, electron-beam lithography, micro-contact printing, nano-imprint lithography,
and X-ray lithography (Pimpin & Srituravanich, 2012). Generally, the process involves the
“printing” of a required shape or structure on sheets of light-sensitive material by removing
portions of the surrounding area. The procedure is usually carried out using a focused beam
of high-intensity light or electrons that allow for accurate control (Ealia & Saravanakumar, 2017;
Baig et al., 2021).
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Drawbacks:

o Despite nanolithography’s ability to generate complex and high-resolution structures,
the disadvantages lie with the costly equipment and complex process that is easily

contaminated by its environment (Ruchita et al., 2016; Venugopal & Kim, 2013).

2.3.1.4.  Arc Discharge

This method was initially utilised for synthesising carbon nanotubes through two graphite
electrodes immersed in an inert gas, where a direct-current arc voltage is allowed across the
system. The arc discharge occurs when a high-density current between two electrodes forms
a plasma that ionises and dissociates the gas atoms (Arora & Sharma, 2014). In a liquid, gas
bubbles are formed through the vaporisation or decomposition of the anode plasma material
and water. These escaping gas bubbles act as condensing media and carriers of the final
product to the surface of the water. Cooling the metal vapour in the liquid leads to the formation
of primary particles through nucleation mechanisms. Subsequently, nanoparticles are
produced on the surface of the designated electrode (Kassaee et al., 2011; Yao et al., 2005;
Fang et al., 2012).

Drawbacks:

e Research suggests that arc discharge may be considered a simple, cost-efficient
technique that can be easily implemented for the mass production of nanomaterials.
However, this method has its drawbacks as the process can produce nanostructures
with a broad size range due to the melting of the electrodes (top-down synthesis) and
the reduction of the metal salt solution (bottom-up synthesis) (Ashkarran, 2010; Bera
et al., 2004; Lung et al., 2007; Ashkarran et al., 2009).

2.3.1.5.  lon Sputtering

This nanoparticle synthesis technique involves bombarding a solid area with energetic
gaseous or plasma ions, where microscopic particles are simultaneously ejected and
condensed to form a thin layer of the nanomaterial on the surface (Baptista et al., 2018).
Therefore, sputtering, or physical vapour deposition (PVD), is considered an effective method
for producing thin films of nanoparticles. This process can be performed in different ways by

utilising a DC diode, radio-frequency diode, and magnetron sputtering (Boone, 1986).
Drawbacks:

e This procedure has a significant advantage as it is able to produce nanoparticles on an
industrial scale in an environmentally benign manor. However, sputtering technologies
must be maintained at high temperatures and vacuums, increasing operating costs and
requiring skilled operators (Aliofkhazraei & Ali, 2014).

e
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2.3.2. Bottom-up Techniques
2.3.2.1.  Sol-gel

The sol-gel method involves converting a homogeneous solution into colloidal particles through
polymerisation reactions catalysed by water. This technique is usually carried out in two steps,
namely, hydrolysis (“sol” formation) and condensation (“gel” formation) when inorganic metal
salts or metal-organic species like alkoxides or acetylacetonate are used. Metal alkoxides are
favourable in this technique as they readily react with water through the nucleophilic attack of
the oxygen atom possessed by the solvent. Hence, this inherently results in the release of
alcohol and the formation of metal hydroxide (Jagadale et al., 2008; Vafaee & Ghamsari, 2007;
Mittal et al., 2013; Hench & West, 1990). After the colloidal solution has aged, the condensation
reaction occurs between two metal hydroxyl/alkoxy species and leads to M-O-M bonds (ref).
This reaction then induces the formation of an interconnected, semirigid colloidal dispersion of
a solid within a liquid phase, in other words, the gel. Thereafter, the gel is dried, and the desired

nanomaterials are obtained (Lu et al., 2002).
Drawbacks:

o Despite the nanoparticle’s controllability of size and morphology, this synthesis route
requires toxic chemicals. In addition, separating the nanostructures from the gel
requires a considerable amount of energy if a high production rate is obligatory
(Niederberger, 2007; Gu et al., 2004; Trewyn et al., 2007).

2.3.2.2.  Hydrothermal

This fabrication path entails dissolving and recrystallising otherwise insoluble materials under
normal conditions by increasing the temperature and pressure of the solution. However,
according to previous research, there have been instances where these conditions were
undermined, and it was concluded that there is no lower limit to the temperature and pressure
of the reaction (Hayashi et al., 2010). Therefore, the method is more accurately defined as a
heterogeneous chemical reaction, with water as a catalyst, above room temperature and

atmospheric temperature in a closed vessel (Késeoglu et al., 2012; Chiu & Yeh, 2007).
Drawbacks:

e This process generates highly crystalline nanostructures with substantial control over
their content and composition. However, agglomeration is the primary concern in the
hydrothermal synthesis of nanoparticles (Baruwati et al., 2006; Daou et al., 2006; Lu et
al., 2011).
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2.3.2.3.  Microemulsions

Emulsions are isotropic, macroscopically homogeneous, and thermodynamically stable
synthesis mediums that consist of a polar phase, a non-polar phase, and a surfactant. On a
macroscopic level, the introduction of the surfactant forms an interfacial film that separates the
polar and non-polar substances and allows the occurrence of microemulsions due to the
establishment of nanodroplets in the aqueous phase. These microstructures range from water
droplets dispersed in a continuous oil phase (water-in-oil) to droplets of oil dispersed in a
continuous water phase (oil-in-water) (Vidal-Vidal et al., 2006; Chhabra et al., 1995; Zhang &
Chan, 2003). More specifically, two identical microemulsions are prepared in the water-in-oil
process: one is comprised of the soluble metallic salt, and the other contains the precipitation
agent dissolved in water. These microdroplets constantly collide, coalesce, and break again.
During the process, inter-droplet exchange and nuclei aggregation occur, which initiates the

formation of nanoparticles in the aqueous core of the microemulsion.
Drawbacks:

e The restricted reaction media provides a degree of controllability over the size of the
nanoparticles by precipitating the metallic salt. However, the procedure is susceptible
to change, requires labour-intensive work, and produces a low yield of nanoparticles
(Hingorani et al., 1993; Malik et al., 2012; Ohde et al., 2001; Singhai et al., 1997).

2.3.2.4.  Chemical Reduction

This approach is deemed one of the most prevalent methods for synthesising colloidal metal
particles. The reaction traditionally involves a precursor and a reducing agent. The precursor
for this reaction consists of a metallic salt, and the reducing compound is used to generate
electrons for the metal ions to initiate nanoparticle nucleation (Pulit et al., 2013; Khandelwal et
al.,, 2019). According to Martinez-Abad (2011), potent reducing agents yield smaller
nanoparticles; however, due to excess surface energy and high thermodynamic instability,
smaller particles rapidly undergo alternating nucleation leading to agglomeration. Therefore,
the reduced nanoparticles need to be stabilised through the use of appropriate agents such as

ligands, polymers, or surfactants (Zhao et al., 2019; Nam & Luong, 2019).
Drawbacks:

o Chemical reduction methods are relatively rapid and straightforward. However, the
reagents possess various negative aspects, such as high costs and elevated toxicities
(Jamkhande et al., 2019).
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2.3.2.5.  Laser Pyrolysis

Laser pyrolysis is a vapour-phase synthesis technique based on the resonance between the
emission of a CO; laser beam and the absorption of a gaseous or liquid precursor (Figgemeier
et al., 2007). The absorption of the laser’s infrared photons increases the overall temperature
of the gas due to the materialisation of a flame in the reaction media. If the precursor molecules
are excited above the dissociation threshold, molecular decomposition, followed by collision-
assisted energy pooling, occurs with the formation of volatile products (Spreafico et al., 2022).
Nucleation is initiated when the condensable products reach a sufficient degree of
supersaturation. Thereafter, particle growth commences at a high rate through coalescence or
coagulation rather than further nucleation. The nucleation and growth of the nanoparticles are
instantaneous and immediately terminated when the particles exit the irradiation region
(Galvez et al., 2002; Lacour et al., 2007).

Drawbacks:

e The laser’s intense nature poses a significant disadvantage as temperatures may
exceed 4000°C. Therefore, this stipulates tremendous energy usage for the minimal

production of nanoparticles (Ghaem et al., 2020; Bomati-Miguel et al., 2008).

2.3.2.6.  Co-precipitation

Co-precipitation is the simultaneous precipitation of an ordinarily soluble component with a
macro-component by forming mixed crystals through adsorption, occlusion, or mechanical
entrapment (Petcharoen & Sirivat, 2012). The procedure generally involves mixing the desired
metal salt solution and a base under inert atmospheric conditions (Kim et al., 2003). The
synthesis is initiated by partially oxidising the metal hydroxide suspensions with various
oxidising agents, followed by the ageing of stoichiometric mixtures of the metal and metal
hydroxides in the aqueous media, therefore, yielding nanoparticles as the precipitate (Sharifi
et al., 2013; Mascolo et al., 2013; Kolthoff, 1932; Rajaeiyan & Bagheri-Mohagheghi, 2013).

Drawbacks:

e This technique is the most widely used method for nanoparticle synthesis due to its
simplicity and lack of hazardous materials and equipment. In addition, it is possible for
large quantities of magnetic nanoparticles to be produced; however, the size
distribution of the structures is vast as they are unstable and succumb to aggregation
easily. This being said, the procedures that follow may become quite costly and require
a substantial amount of maintenance (Wadekar et al., 2017; Kandpal et al., 2014; Sari
et al., 2017).
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2.3.2.7.  Chemical Vapour Deposition

Chemical vapour deposition (CVD), similar to physical vapour deposition, is a method for
depositing non-volatile films on substrates by incorporating chemical reactions between an
organometallic or halide compound and other gases. The process is typically initiated when
the substrate is exposed to one or more gaseous precursors, which then decompose on the
surface of the substrate to produce the desired nanolayer (Martin, 2010). Since the reactions
possess high activation energies, the substrate is heated in a vacuum chamber to aid the
dissociation of the vapours (Madhuri, 2020; Tahir et al., 2020). CVD differentiates from PVD in
that it uses a multidirectional deposition method to deposit material onto the substrate, whereas
PVD employs a line-of-site impingement approach. Furthermore, PVD does not exploit the use
of chemical interactions between the gases and the bulk surface of the material, resulting in
no chemical decomposition on the surface of the base material (Behera et al., 2020; Senapati
& Maiti, 2020).

Drawbacks:

e The CVD process is capable of producing high-purity nanoparticles with fine structural
regularity. However, operating costs are substantial due to the extreme heat required,
and a potentially toxic gas is released through the exhaust of the chamber (Barua et
al., 2020).
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2.4. Biological Synthesis Techniques

Despite most chemical and physical synthesis routes able to fabricate nanoparticles with
precise physio-chemical properties and a high degree of repeatability, they possess an array
of devastating faults linked to the procedures employed. To summarise section 2.3,
conventional methods use aggressive reagents, necessitate high energy input, and pose
potential environmental and biological risks as by-products or waste streams retain toxic

qualities (Genuino et al., 2012).

Rapid industrialisation, urbanisation, and population growth have exponentially increased
modern society's environmental and energy demands; therefore, the nano-industry should not
have to contribute to this. Fortunately, solutions to negate the drawbacks of traditional
synthesis techniques have been sought, striving for a more sustainable approach and a
reduction in the environmental footprint. Recent developments have advertised a revolutionary
technique that has merged nanotechnology and green chemistry by utilising biological systems

as an alternative nanoparticle fabrication method (Hussain et al., 2016; Malik et al., 2014).

For a truly “green” synthesis, three conditions are essential: an environmentally-benign
solvent, a renewable reducing agent, and an innocuous material for stabilisation (Jadoun et
al., 2021). The ecological assemblage of nanoparticles is a simple and cost-effective technique
that effortlessly combines these principles by replacing toxic reagents with biological
components such as bacteria (Lee et al., 2004), fungi (Mustapha et al., 2022), yeast
(Fernandez et al., 2016), algae (Singaravelu et al., 2007), and plants (Moghadam et al., 2022).
This is possible due to the reductive capabilities held by the biomatter to enable the formation
of the desired nanoparticle (Figure 2.2). Besides nullifying the toxicity of conventional synthesis
methods, the procedure maintains a fast production rate under ambient conditions, thereby
eliminating additional energy requirements (Gardea-Torresdey et al., 2002; Kowshik et al.,
2002; Lee et al., 2004; Mukherjee et al., 2002).

The stability of the nanocolloids produced through physical and chemical paths remains an
issue due to the requisite of synthetic additives. However, the organic compounds provided by
biological reactants double as both reducing and stabilising agents as they encase the surface
of the nanostructures (Singh et al., 2016). Therefore, the risk of particle agglomeration is
dramatically reduced while still preserving the fundamental characteristics of the nanopowder
(Li et al., 2011).
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2.4.1. Bacterial Synthesis

Numerous studies have successfully demonstrated the synthesis of nanoparticles through
various bacterial species (Table 2.1). Different bacteria follow diverging mechanisms for
nanoparticle synthesis; however, it has been deduced that the generation of the
nanoarchitectures is initiated through the entrapment of metallic ions on the surface
(extracellular) or within (intracellular) the microbe (Pandit et al., 2022). Typically, electrons
possess the quality to shift from reduced organic to oxidised inorganic compounds through
microbial dissimilatory anaerobic respiration, thus promoting the formation of the nanomaterial
(Ghosh et al., 2021). In addition, some bacteria have developed the ability to resort to specific
defence mechanisms to quell stresses like the toxicity of metals and heavy metal ions, where
it has been observed that specific strains could survive and grow even at high metal ion

concentrations (lravani, 2014).

Table 2.1: Examples of bacteria-mediated nanoparticles

Bacterial Species Nanoparticle Particle Size (hm)  Morphology Reference
Acinetobacter sp. SW30 Se 79 Spherical Wadhwani et al. (2017)
Bacillus subtilis Ag 3-20 Spherical Alsamhary (2020)
Escherichia coli Ag 50 Spherical Aryal et al. (2019)
Klebsiella pneumoniae Au 35-65 Spherical Malarkodi et al. (2013)
Lactobacillus Ag 31 - Garmasheva et al. (2016)

Lysinibacillus
xylanilyticus
Staphylococcus aureus Ag 160-180 Irregular Nanda & Saravanan (2009)

Ag 8-30 Spherical Huq (2020)

Researchers have investigated the bacteria-mediated reduction of metals and reported that
the enzymes and other interactive pathways are responsible for the reduction of the metal ions,
while the proteins within the cell stabilise the nanostructures through encapsulation
(Ghashghaei & Emtiazi, 2015). The core benefit of employing bacteria cells for the
development of nanoparticles is the facilitation of large-scale synthesis with minimal use of
hazardous and expensive chemicals. However, bacterial culture techniques are quite time-
consuming and problematic when controlling the size, shape, and crystallinity of the particles
(Lahiri et al., 2021).

18



2.4.2. Fungal Synthesis

Similar to bacteria, fungal cultures possess the ability to synthesise metallic nanoparticles as
they exhibit intracellular absorption capabilities, metal bioaccumulation characteristics, and
high binding properties (Guilger-Casagrande & Lima, 2019). Previous studies, displayed in
Table 2.2, have demonstrated both extracellular and intracellular reduction locations. The
extracellular mechanism utilises microbial enzymes, cell wall components, and organic
molecules present in the fungal strain (Alavi, 2022). On the other hand, the intracellular process
engages the initial electrostatic attraction of metallic ions to the carboxyl groups of the cell wall,
thereby creating a passage for the ions and allowing reduction to commence through

intracellular proteins and other co-factors (Sastry et al., 2003).

Table 2.2: Examples of fungi-mediated nanoparticles

Fungal Species Nanoparticle Particle Size (nm) Morphology Reference
Aspergillus niger Ag 4-28 Spherical Farrag et al. (2020)
Candida albicans Ag 20-80 - Rahimi et al. (2016)
Fusarium Pt 70-180 ' Rectangular, ' Govender-Ragubeer et
oxysporum Triangular, Spherical al. (2008)
Neurospora crassa Ag/Au 11 Spherical Castro-Longoria et al.
(2011)
Penicillium .
chrysogenum MgO 10 Spherical El-Sayyad et al. (2018)
Pleurotus florida Au 20 Spherical Gurunathan et al. (2014)
Rhodotorula

S Ag 14 Spherical Cunha et al. (2018)
mucilaginosa

Fungi, unlike bacteria, preserve the ability to withstand significant flow and agitation in large-
scale bioreactors due to the high resistance of fungal mycelial mesh (Chauhan et al., 2022).
Furthermore, the fastidious nature of growth enables a high enzymatic production and allows
for a larger metallic uptake capacity, resulting in an increased NP fabrication rate and yield
(Pal et al., 2019).

Despite these advantageous characteristics, the yield of the nanoparticles may be
compromised, considering the necessary downstream extraction procedures. In addition, the
fabrication of fungi-mediated nanoparticles requires 24 hours or more, which could be a
substantial hindrance to further application (Sadowski et al., 2008; Vigneshwaran et al., 2007;
Mishra et al., 2010). Therefore, regardless of fungal synthesis being superior to bacterial
routes, the deficiencies of the procedure defeat the purpose of developing a cheap and

straightforward process (Jeevanandam et al., 2016; Sharma & Tripathi, 2022).
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2.4.3. Plant Synthesis

By virtue of their renewability and wide availability, plants have been utilised as highly
sustainable biological factories for the synthesis of nanostructures (Vanlalveni et al., 2021).
Previous researchers have exploited their outstanding potential in heavy metal detoxification
and accumulation through various species (Table 2.3) (Makarov et al., 2014). The preparation
of the nanoarchitectures can be divided into three phases: reduction, growth, and termination.
Initially, metal ions are reduced to atoms through phytoactive compounds, which are then self-
assembled to form nuclei and, subsequently, nanoparticles (Figure 2.3) (Khan et al., 2022).
Finally, the phytochemicals are enriched around the nanostructures through electronic
interactions to maintain stability, thereby simultaneously acting as a capping agent (Bao et al.,
2021; Parveen et al., 2016).

Table 2.3: Examples of plant-mediated nanoparticles

Plant Species Nanoparticle Particle Size (nm) Morphology Reference
Azadirachta indica TiO2 15-50 Spherical Thakur et al. (2019)
Capparis spinosa Cu 17-41 Spherical Ebrahimi et al. (2017)
L . . Abd El-Aziz et al.

Lawsonia inermis Au 5-10 Spherical (2018)
Moringa oleifera Co304 20-50 Spinel cubic N Matinise et al. (2018)
Pistacia atlantica Ag 50 Spherical Golabiazar et al. (2019)
Salvia officinalis Fe 5-25 Spherical Z. Wang et al. (2015)
Xanthi

an lum Pt 22 Cubic & Rectangular Kumar et al. (2019)
strumarium

In comparison to microorganisms, the phytosynthesis of nanoparticles is a genuinely green
route that is vacant of complex and multistep processes such as microbial cultivation and
maintenance (Akhtar et al., 2013). Another advantage of plant-assisted synthesis is the
considerably higher kinetics, which induces a fabrication rate almost equivalent to conventional
nanoparticle preparation (Jadoun et al., 2021; Venkat Kumar & Rajeshkumar, 2018).
Furthermore, plants provide low-cost cultivation with better control and stability of the
nanomaterial that can be effortlessly scaled up for bulk production (Hussain et al., 2016;
Ahmed et al., 2022). However, all plant species are known to harbour multitudinous
metabolites, which are crucial factors to consider during synthesis as they can drastically alter
the physio-chemical properties of the nanoparticle (J. Singh et al., 2018). Therefore, it is

essential to determine the composition of the plant material.

It was found that all plant species contain biomolecules categorised as primary and secondary
metabolites, which are responsible for the reduction of metallic ions during nanoparticle
synthesis (Rastogi et al., 2018). The corresponding phytochemicals also have a direct impact

on the size and morphology of the nanostructure (Alharbi et al., 2022). Consequently, the
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composition and concentration of these active compounds, and their reactivity towards the
metallic precursor, are believed to be the major contributing factors to the diverse aspects of
the nanomaterial due to variations in their electron-donating capacities (Jeevanandam et al.,
2022; Das et al., 2017). Hence, achieving complete controllability of these characteristics is of
the utmost importance for further development in the field.

Plahf _e>_<tract Metal salt NP. sblution

l“—ﬂ’

Factors that affect NP
biosynthesis

Figure 2.3: The plant-mediated synthesis of metallic nanoparticles
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2.5. Plant Metabolites

The crude extracts of plants have been known to harbour a wide range of metabolites. Within
a plant cell, two types are produced: primary metabolites, which consist of carbohydrates,
organic and amino acids, proteins, nucleic acids, polysaccharides, and glucosinolates, and
secondary metabolites, comprising phenolics, alkaloids, saponins, terpenoids, and lipids
(Mittal et al., 2013; Jeevanandam et al., 2016).

Primary metabolites are the phytochemicals associated with essential life functions such as
cell division, growth, and development (Hussein & El-Anssary, 2019). Contrarily, secondary
metabolites are derived from primary metabolic pathways. In plants, the main purpose of
secondary metabolites is to assist in the abiotic stress caused by the environment (Akula &
Ravishankar, 2011). In addition, they are utilised in the signalling and regulation of primary
metabolic pathways (Pichersky & Gang, 2000). Ultimately, secondary metabolites help the
plant maintain an intricate balance with its environment through adaptation (Divekar et al.,
2022). However, derivative routes linked to secondary metabolite production are essential for
plant development as they constitute hormones or are necessary for photosynthesis (Twaij &
Hasan, 2022). Therefore, it becomes difficult to distinguish between primary and secondary
metabolites. Nonetheless, secondary metabolites possess specified functions and often
depend on the plants that house them, with concentrations varying enormously between

different species (Bottger et al., 2018).

Other than the secondary metabolites’ purpose in the natural environment, they play a
substantial role in the synthesis of nanoparticles due to the amalgamation of their reducing
and stabilising properties (Fierascu et al., 2022). It is, therefore, crucial to investigate the major
compounds within the plant material responsible for NP synthesis as they may affect
morphologies and, thus, alter the core properties. Due to their vast abundance in plants,
determining these specific compounds is a tedious effort; however, they have been narrowed
down to several classes of metabolites in particular: polyphenols (phenolic acids and

flavonoids), terpenoids, alkaloids, saponins, and proteins (Ovais et al., 2018).

Table 2.4: Plant metabolites involved in nanoparticle synthesis

Plant Species Nanoparticle Metabolites Identified Reference
Andrographis paniculata Zn0 Terpenoids Kavitha et al. (2017)
Bidens tripartitus Pt Flavonoids Dobrucka (2016)
Desmodium gangeticum Ni Flavonoids, alkaloids & phenolics Sudhasree et al. (2015)
Euphorbia granulate Pd Terpenoids Mohl\::’ri:’r?gjhsj}:cej?(?016)
Fumariae herba Pt Alkaloids & phenolics Dobrucka (2019)
Hibiscus rosa-sinesis CuO Phenolics & tannins Rajendran et al. (2018)
Lawsonia innermis MnO2 Flavonoids Bhatnagar et al. (2014)
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Elavazhagan &

Memecylon edule Au Saponins Arunachalam (2011)
Peganum harmala Ag Alkaloids Almadiy et al. (2018)
Pulicaria glutinosa Pd Phenolics & flavonoids Khan et al. (2014)
Punica granatum TiO2 Phenolics Dubey & Singh (2019)
Satureja intermedia Ag Phenolics Firoozi et al. (2016)
Trifolium pratense Zn0 Phenolics & tannins Dobrucka (égznol)l’rg)gaszewska
Yucca gloriosa MnO2 Phenolics Hoseinpour et al. (2017)

In a study conducted by Roy and Bharadvaja (2017), silver nanostructures were fabricated
using the aqueous extract of Centella asiatica. Amongst the several active constituents,
terpenoids and proteins were the bioactive compounds that participated in the synthesis.
According to the FTIR vibrational peaks, the silver nanoarchitectures were encapsulated by a
thin layer of phytochemicals with various functional groups, including alcohols, amines, and
aldehydes. Furthermore, Peganum harmala was successfully utilised to generate platinum and
palladium nanoparticles with spherical morphologies and diameters of approximately 21 nm
(Fahmy et al., 2021). Therapeutically active alkaloids, including B-carboline and quinazoline,
were detected in the extract in addition to oxygenated monoterpenes (eugenol), flavonoids,
and polysaccharides. These phytochemicals were responsible for the bio-reduction of the

metallic ions.

As seen in Table 2.4, phenolic compounds have been the predominant phytoactive
compounds involved in the synthesis of metallic nanoparticles. Salgado and co-authors (2019)
have investigated the effect of these components during the synthesis of iron oxide
nanoparticles. Several plant species, such as Luma apiculate, Phragmites australis, and
Eucalyptus globulus, were employed as precursors for the reaction, resulting in spherical
nanoparticles ranging from 5.4 to 36.5 nm. Using the Ferric-Reducing Antioxidant Power
(FRAP), Folin-Ciocalteu (FC), and FTIR analyses, it was possible to establish a direct
relationship between the concentration of the phenolic compounds and the reducing capacity
of the extracts, and the study concluded that the phenolic content was inversely correlated to

the hydrodynamic size of the obtained nanoparticles.

Polyphenols’ effective radical-scavenging, concerning oxygen-free radicals, is determined by
their reactivity as hydrogen- or electron-donating agents, the stability of the resulting anti-
oxidant-derived radical, and their metal-chelating properties by virtue of both the electron
richness of their phenyl ring and the relative weakness of their -OH bond (Soobrattee et al.,
2005). Hence, these compounds can act as a reducing and capping agent via either single-

electron or hydrogen-atom transfer mechanisms (Zapesochnaya & Ban’kovskii, 2004).
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Equation 1 and 2 demonstrates the two main mechanisms through which polyphenols can

express their radical scavenging-based antioxidant action.

R* + ArOH — RH + Ar0°® (1)
R+ ArOH — R~ + ArOH** (2)
2.6. Coffee

The coffee commonly consumed derives from the seed of the coffee tree, where there are
currently two superior species, namely, coffea Robusta and coffea Arabica (Martin et al.,
1999). The concentrations of phenolic compounds and other secondary metabolites in plants
are influenced by several factors, including soil, irrigation, and climatic conditions (Yang et al.,
2014). A study by Hecimovi¢ and co-authors (2011) showed that C. Robusta exhibited a higher
total phenolic content when compared to its counterpart. In general, the coffee beverage is rich
in volatile (esters, alcohols, aldehydes, ketones, alcohols, and hydrocarbons) and non-volatile
substances: carbohydrates, proteins, fibre, amino acids, lipids, minerals, chlorogenic acids,
trigonelline, and caffeine (Jeszka-Skowron et al., 2015). Of these compounds found in coffee,
chlorogenic acids, trigonelline, caffeine, and diterpenes from the lipid fraction are most likely
to be bioactive (Myo & Khat-udomkiri, 2022).

Among the rich moieties, fresh coffee beans provide a high content of phenolic acids of the
hydroxycinnamic acids derivatives, comprising caffeic, chlorogenic, coumaric, ferulic, and
sinapic acids (Upadhyay & Mohan Rao, 2013). The majority of these compounds can only be
found in trace amounts; however, chlorogenic acids (CGA) are considered to be the main
components of the phenolic fraction in coffee, reaching levels up to 14% (dry matter basis)
(Farah & Donangelo, 2006). Chlorogenic acids include different compounds and related
isomers formed by the esterification of one molecule of quinic acid and one to three molecules
of a specific trans-hydroxycinnamic acid (Mills et al., 2013). The main groups of CGA found in
coffee beans are caffeoylquinic acids (CQA), di-caffeoylquinic acids (di-CQA), feruloylquinic
acids (FQA), p-coumaroylquinic acids (pCoQA), and six mixed diesters of caffeoyl-feruloyl-
quinic acids (Figure 2.4) (Fujioka & Shibamoto, 2008).
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R Ry =OH Caffeic Acid (CA)
f X o Ry = OCHs Ferulic Acid (FA)
Ri=H p-Coumaric Acid
HO
Quinic acid Hydroxycinnamic acids
b
HO,, COH
’ o R = OH 5-CQA
R; = OCHs 5-FQA
Ri=H 5-pCoQA
HOW - o) s
OH
R4
OH
C
Ri1=CA,R;=CA,R3=H 5-CQA
R1=CA,R;=H,R3=CA 5-FQA
Ri1=H,R;=CA, R3=CA 5-pCoQA
Ri=FA,R;=CA, R3=H 3F,4CQA
R1=CA,R;=FA,R3=H 3C,4FQA
R,ON < OR; R1=FA, Ry =H, R3=CA 3F,5CQA
é Ri=CA,R;=H,R3=FA 3C,5FQA
OR, Ri=H,R,=FA,R3=CA 4F,5CQA
Ri=H,R;=CA, R3=FA 4C,5FQA

Figure 2.4: Chlorogenic acids and related compounds. (a) Basic compounds, (b) monoesters of quinic acid and
hydroxycinnamic acids (example of 5-isomers), (c) di-esters of quinic acid with caffeic acid, and mixed esters

During roasting, several complex reactions are initiated, including the Maillard reactions, lipid
oxidations, sugar decompositions, and pyrolysis (Wu et al., 2022). Some compounds are
destroyed, and others are formed, along with various bioactive moieties. More specifically, a
portion of the protein is dilapidated while free amino acids and reducing sugars are consumed
as reactants to form melanoidins and other low-molecular-weight compounds (Van Boekel,
2006). These biochemicals incorporate into their structures’ components, such as
galactomannans, arabinogalactan-proteins, and chlorogenic acids (Trugo & Macrae, 1984).
Experimentation carried out by Tarigan and co-workers (2022) confirmed the gradual
degradation of alkaloids with the addition of diverse polyphenolic compounds. On the other
hand, the study presented a consistent concentration of caffeine throughout the roasting

process (Tarigan et al., 2022).
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Despite the substantial quantity of chlorogenic acids in fresh coffee beans, this bioactive
substance experiences the most drastic degradation during roasting due to its thermal
instability (lzawa et al., 2010). The degradation of this compound is initiated through
isomerisation, followed by epimerisation, lactonisation, and deterioration to formulate other
constituents (Figure 2.5) (Moon & Shibamoto, 2010). The outcome of these mechanisms is
highly dependent on the time and temperature of the roast, where variations in these conditions
directly affect the moisture, protein, carbohydrate, and phenolic acid contents (Grzelczyk et al.,
2022). With shorter roasting times and lower temperatures, chlorogenic acid can be hydrolysed
and temporarily increase caffeic acid concentrations. In contrast, longer roasts at higher
temperatures may result in the degradation of caffeic acid released from CGA (Divi$ et al.,
2019).

According to Divi$ and co-workers (2019), CGA concentrations declined by 67% in a “medium”
roast (210°C for 14 min), while an 85% decrease was witnessed after an increase in roast
intensity (225°C for 19 min). Although the substantial diminution of chlorogenic acids, the
presence of phenolic compounds was still evident. Several reasons can reaffirm the statement
above. Firstly, CGA is known to break down into its various components, thereby increasing
the concentrations of quinic and caffeic acids (de Rigal et al., 2000). Phenolic acids, including
gallic, ferulic, and p-coumaric, have been proven to increase during heat treatment (Beyene &
Sabally, 2013). Also, compounds such as p-coumaric acid and cinnamic acid retain higher
thermal stability, resulting in minimal degradation (Herawati et al., 2022). In addition to the
aforementioned phenolic substances, pyrocatechol, although absent in the analysis of fresh
coffee beans, was discovered in roasted coffee samples as a decomposition product derived
from CGA (Wianowska & Gil, 2019).

Regardless of the physical and chemical changes occurring during the roasting process, the
antioxidant capacity of the extract remains promising. Alterations in the oxidative properties of
the coffee beans are associated with the degradation of chlorogenic acid and the formation of
Maillard reaction products, such as melanoidins (Budryn et al., 2015; Vignoli et al., 2011).
These newly formed compounds exhibit optimistic antioxidant activities due to their metal-
chelating properties and free radical scavenging abilities; therefore, they may be considered
bioactive substances (Nebesny & Budryn, 2003). Furthermore, caffeine is a significant
contributor to the antioxidant capacity by virtue of their “OH radical scavenging characteristics
(Vieira et al., 2020). Despite the impact of these biochemicals, the oxidative strength of coffee

continues to depend on the balance of the compounds formed during this process.
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Figure 2.5: Examples of changes in chlorogenic acids during thermal treatment
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Previous researchers have proven the participation of the aforementioned compounds in
nanoparticle synthesis. Mahmoud and co-authors (2021) successfully fabricated iron
nanoparticles through the use of coffee extract. The FTIR spectrum, depicted in Figure 2.6,
displayed a dominant peak at 3397 cm™ due to the hydroxyl (-OH) stretching vibration groups
caused by the presence of phenols or water. The sharp band at 2930 cm™ indicated the
symmetric and asymmetric stretching of =CH bonds in caffeine molecules, and the peak at
1614 cm™ was detected due to the stretching vibrations of carbonyl (C=0) groups located in
caffeine and chlorogenic acids. In addition, the characteristic bands at 1393, 1272, 1124, and
1054 cm™ emerged by cause of lesser polyphenols. Looking at the FTIR data obtained from
the synthesised Fe-NPs, the shifting of numerous peaks and the disappearance of others
confirmed the crucial interactions between the coffee extract and the nanoparticles. The study
also revealed the bonding of various phenolic substances to the surface of the
nanoarchitectures, thereby increasing their stability (Mahmoud et al., 2021). Other authors
obtained similar results when synthesising silver (EI-Desouky et al., 2022), gold, and selenium

(Abbasian & Jafarizadeh-Malmiri, 2020) nanoparticles through coffee extract.
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Figure 2.6: The redrawn FTIR spectra of iron nanoparticles synthesised using coffee extract (Mahmoud et al., 2021)
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2.7. Cobalt Oxide Nanoparticles

Cobalt, a ferromagnetic transition metal, has unique electrical, optical, magnetic, and catalytic
properties that make it suitable for broad-ranging applications. Cobalt and its metastable
phases with various crystallographic structures, including face-centred cubic, hexagonal
closed packed, and epsilon phases, have been considered one of the most important
ferromagnetic metals as it possesses several possible oxidation states, with the most common
being Co(ll) and Co(lll) (Iravani & Varma, 2020; Brown, 2018). Therefore, cobalt's multi-
electronic valence allows the substance to be present in various spin states in its oxide forms
(Raveau & Seikh, 2012). For example, the presence of Co(lll) introduces an additional degree
of freedom associated with the nature of their spin states. More specifically, in an octahedral
environment, the competition between low-spin (LS), intermediate-spin (1S) and high-spin (HS)
states is particularly subtle, leading to a situation prone to the development of spin state
transitions (SST) (Guillou et al., 2013). In a dilute and isolated solution, a general equilibrium

exists between the LS and HS states which are characterised as follows:

LS & HS

These transitions mainly occur for metal ions characterised by the electronic configurations
3d*, 3d°, 3d°, and 3d’ if the cubic crystal-field splitting of the 3d energy level and the Hund'’s
rule exchange energy is comparable in magnitude (Konig et al., 1985). Furthermore, cobalt
oxide is a recognised antiferromagnetic p-type semiconductor with both positive and negative
polar termination (Tian et al., 2018). The metallic compound with a valence of more than three
has an unstable nature; however, cobalt oxide forms such as CoO and Co304 are considerably
more reliable (Makhlouf et al., 2013). This allows for cobalt oxide nanoparticles to have a wide
range of applications comprising the removal of dyes from wastewater, catalysts for fuel cells,
lithium-ion battery enhancement, electrochemical sensors, and treatment of diseases (Shi et
al., 2012; Hussain et al., 2016; Choi et al., 2019; Khalil et al., 2017; Benchettara & Benchettara,
2015).

Previous researchers have demonstrated the successful synthesis of cobalt-based
nanoparticles using plant extracts such as Moringa oleifera (N. Matinise et al., 2018), Citrus
medica (Siddique et al., 2021), Populus ciliate (Muhammad et al., 2020), Piper nigrum (Haq et
al., 2021), and Trigonella foenumgraceum (Akhlaghi et al., 2020). The proposed mechanism
for the green synthesis of cobalt oxide nanostructures involving phenols is displayed in Figure
2.7.
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Figure 2.7: The proposed mechanism for the green synthesis of Co304 NPs

2.8. Nanocatalysis

Catalysis is a procedure known across numerous scientific and technological fields involving
the acceleration of a chemical reaction through the addition of foreign material (Chorkendorff
& Niemantsverdriet, 2005). This foreign substance is defined as a catalyst. The catalyst
accomplishes the increased reaction rate by reducing the required activation energy for the

reaction to commence without affecting any resulting products (Schldgl, 2015).

Nanomaterials have become an emerging technology that has produced outstanding results
with an array of advantages in nanocatalysis (Figure 2.8). For these catalysts, the reactants
are generally adsorbed onto the surface of the dedicated nanoparticle, where they exhibit
unique electron transfer capabilities (Ratautas & Dagys, 2020). Therefore, the large surface
area of the nanostructures provides more active sites for reactions to take place, and
controlling the morphology, size, and composition of these catalytically active particles may
catapult efficiencies (van Santen, 2012). More specifically, the catalytic activity of the
nanoparticles depends on the quantity, strength, and spatial arrangement of the chemical
bonds that are momentarily created between the reactants and the surface, which relies on
the unique characteristics of the nanomaterial (Roque-Malherbe, 2019). In addition, Roduner
(2014) also stated that rough surfaces with defects in the crystal facets, corners, and edges
had been proven to possess considerably higher catalytic activities than perfect single-crystal
surfaces. Therefore, this could give an advantage to biologically synthesised nanoparticles due

to the imperfections present in the structures.
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Nanocatalysts may be classified as either homogeneous or heterogeneous types. Regarding
homogeneous systems, the nanoparticles are suspended in a solvent where the reaction
occurs, while heterogeneous nanocatalysts tend to be a solid or immobilised on a solid inert
matrix (Somwanshi et al., 2020; Schlégl & Abd Hamid, 2004). Despite the reusability and ease
of recovery of heterogeneous catalysts, they often display poor catalytic activity and selectivity
compared to the latter (Nasrollahzadeh et al., 2014). On the other hand, homogenous catalysts
tend to agglomerate and cluster together to form larger particles if not prevented appropriately;
thus, the nanoparticles experience a decrease in their surface area, catalytic activity, and other
significant features (Narayanan et al., 2008). However, nanoparticles mediated through green
methods negate these aspects due to the biomolecule-induced capping. In spite of this, it
remains crucial for research to be furthered in nanocatalysts for the economic development

and growth of the chemical industry.

Figure 2.8: The advantages of nanocatalysis
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2.8.1. Azo Dyes

Industries that produce textiles, tanneries, dyes, paint, and paper necessitate an important
class of pollutants, in other words, dyes (Anastopoulos et al., 2018). During these processes,
inefficiencies in the colouring generate substantial amounts of dye residues, where
approximately 10-15% is lost and released into water bodies (Ventura-camargo & Marin-
morales, 2013). Subsequently, the presence of these constituents in industrial effluents can

adversely affect aquatic ecosystems (Sabzoi et al., 2018).

Azo dyes are favourable for industrial applications as they are versatile, resilient, and cost-
effective agents. Due to these characteristics, azo dyes account for approximately 70% of all
dyes utilised within industrial processes (Benkhaya et al., 2020). These compounds are
chemically represented as R—N=N-R’, where —N=N- is the azo group linked to phenyl and
naphthyl radicals ( Table 2.5). The diversity of the vivid colours usually arises from the
replacement of the radicals with combinations of functional groups: amino (-NHz), chlorine (-
CI), hydroxyl (-OH), methyl (-CHs), nitro (-NO), sulphonic acid and sodium salts (SOsNa)
(Chung, 2016). Unfortunately, several studies have mentioned that the uncontrollable
discharge of azo constituents into the environment is unnerving due to the genotoxic,
mutagenic, and carcinogenic properties of these dyes and their biotransformation products
(Puvaneswari et al., 2006). In addition, these pollutants create undesirable turbidity in aquatic
bodies, reducing sunlight penetration and thereby restricting the nourishment of marine life
(Ismail et al., 2019). Therefore, maintaining a sustainable concentration of dyes in industrial
effluents, or the development of efficient methods for the treatment of polluted waters, is vital

for the environment.
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Table 2.5: Examples of different azo dyes and their respective chemical structures

Azo Dye Abbreviation Structure A (nm)
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2.8.2. Advanced Oxidation Processes

The degradation of dye residues as a form of wastewater treatment is a promising way to
combat the accumulation of these harmful substances in water bodies. Currently, several
physical and chemical degradation methods exist, such as filtration, reverse osmosis,
ozonation, electrolysis, oxidation, adsorption, coagulation-flocculation, ion exchange, and
precipitation (Mahmood, 2022). However, these processes are often criticised for the high

production of solid waste and secondary contamination.

Advanced oxidation processes (AOPs) have been vastly applied in refractory pollutant
degradation as they are simple, highly efficient, environmentally compatible, and capable of
oxidising a wide range of contaminants (mineralisation to CO,, H>O, and inorganic ions)
(Saratale et al., 2011). More specifically, generated free radicals such as hydroxyl radicals
(*OH), superoxide radicals (05~), and sulfate radicals (SO ) play a substantial role in degrading
recalcitrant micro-contaminants including hormones, pharmaceuticals, herbicides, and dyes
(Brienza et al., 2014; Q. Zhang et al., 2015; Ahmed et al., 2014; D. Wang et al., 2015; Bagheri
et al., 2019). Despite the dominant focus and abundant research, *OH-based AOPs are known

to be accompanied by several limitations (Kurian, 2021):

o Hy0O; instability
¢ Necessitates acidic process conditions (pH 2 — 4)

e Production of sludge.

e
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Among the aforementioned AOPs, sulfate radicals have recently become of interest as they
possess relatively longer lifetimes (30—40 us), greater redox potential (Eo =2.5— 3.1 V vs NHE)
than that of *OH (Eo = 1.8 — 2.7 V vs NHE), more moderate reactional pH conditions (pH 2 —
8), and higher oxidation capacity in both carbonate and phosphate buffer solutions compared
to the latter (Guerra-Rodriguez et al., 2018). Hence, sulfate-radical AOPs are regarded as the
most promising for the removal of pollutants from water. Familiar sources for the generation of
sulfate radicals are peroxymonosulfate (PMS: HSOZ) and persulfate (PS: S,0%7), where the
compounds require activation through either (1) conventional heating, (2) ultraviolet irradiation,
(3) ultrasonic waves, (4) alkaline activation, (5) strong oxidisers, (6) electrochemistry
activation, or (7) transition metal nanoparticles (Yang et al, 2007). Generally,
peroxymonosulfate is considered a more favourable reactant as it retains the ability to produce
both sulfate and hydroxyl radicals when its peroxide bond (-O-O-) is homolytically cleaved

(Brienza & Katsoyiannis, 2017).

Various heterogeneous materials, such as Fe-, Co-, Ag-, Cu-, Mn-, Ru-, and Ni-based
catalysts, have been reported to effectively activate PMS/PS for the removal of contaminants
(Rao et al., 2014; M. Zhang et al., 2015; Zhang et al., 2020; Shan et al., 2021). Compared with
other activation methods such as microwave, thermal, ultrasonic, and illumination, activation
by heterogeneous materials has its advantages, including requiring less energy, ease of
scaling up, and having high reactivity (Chowdhury et al., 2015). Transition metals can initiate
the decomposition of PMS/PS through the mechanisms depicted in equations 3 and 4 (Xiao et
al., 2018):

M™ 45,05 » MWD+ £ 50,°” 4+ 50,% (3)
M™ + HSOs™ » MM+D+ £ 50," + OH~ (4)

In a recent study, Nagar & Devra (2019) displayed the successful activation of PMS through
Azadirachta indica-mediated silver nanocatalysts, where the resulting sulfate radicals induced
the degradation of Acid orange 10 (AO10) and Acid orange 52 (AO52). The maximum
degradation efficiency of AO10 reached 84% in 32 minutes, while 90% in 15 minutes was
achieved with AO52 (Nagar & Devra, 2019). Similarly, the spontaneous generation of SO,"~
was demonstrated using a combination of green Co304-NPs and peroxymonosulfate. The
mixture was applied in the degradation of a model compound Acid orange 7, resulting in 12%

removal within 60 minutes (D. Wang et al., 2015).
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2.9. Photo-nanocatalysis

Another interesting procedure for the degradation of dyes is an environmentally-benign
technique involving the conversion of light energy into chemical energy; this process is known
as photocatalysis. Initially, the nanoparticles come into contact with light, where photons are
absorbed onto the surface of the nanostructure, thereby generating electron-hole pairs
(hw'/ecy’) as the electrons are transferred from the valence to the conduction band (Figure 2.9).
Depending on the nanoparticle, the electron-hole pairs react in the solution to form free radicals
that violently interact with the undesirable dye, oxidising the stable organic compound into
reactive intermediates and inhibiting the hy*/e«” recombination process. The surface charge
of the photocatalyst then speeds up the mineralisation of the intermediate species into CO.,

H20, and less toxic inorganic acids (ljaz et al., 2017; Prakash et al., 2018).
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Figure 2.9: The general mechanism for the photo-induced degradation of pollutants through nanoparticles

Furthermore, the combination of metallic nanoparticles and ultraviolet illumination has proven
beneficial to the degradation of pollutants by numerous researchers. The addition of this factor
allows for the enhanced activation of PMS/PS, thereby increasing the available radicals in the
system (Fan et al.,, 2019). Zazouli and co-authors (2017) compared the PMS-induced
degradation of Brilliant Blue FCF (BBF) between solitary FesO4-TiO2 nanoparticles and the
nanostructures in conjunction with UV light. The research displayed interesting results, as the
Fe-Ti-based nanoparticles alone only achieved 60% degradation; however, with the
introduction of UV irradiation, complete decolourisation of the dye was accrued (Zazouli et al.,
2017).

35



Moreso, the photocatalytic efficiency of ZnFe>Os nanocomposites, coupled with PMS, was
tested against Orange Il (Zhu et al., 2016). The study observed virtually negligible deterioration
of the azo dye in the NP/PMS system, while complete degradation was attained through the
application of UV radiation therapy. Therefore, it can be deduced that majority of the radical
generation was carried out by the UV-activated PMS. Despite the success of the irradiation,
the nanomaterials mentioned above were initially deemed as unreactive substances in the
presence of PMS; hence, a substantial efficiency hike was expected (Sun et al., 2021).
Nonetheless, integrating several AOPs into one system is an ideal strategy for improving

pollutant removal efficiencies.

2.10. Conclusion

It is clear that biological nanoparticle synthesis routes show promise in negating the adverse
aspects of physical and chemical techniques through the utilisation of natural precursors. As
mentioned in this section, despite the degradation upon roasting, spent coffee retains a
substantial number of bioactive compounds that possess potent reductive capabilities.
Furthermore, nanoparticles used for the activation of PMS in advanced oxidation processes
have displayed enhanced reactivity towards pollutant removal compared to other methods.
Hence, this study focuses on the green synthesis of Co03z04-NPs from spent coffee and

evaluates the catalytic/photocatalytic properties in the degradation of an azo dye.
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Chapter 3

Research Methodology

3.1.

Introduction

In this chapter, the materials, equipment, and procedures employed have been divided into

relevant sections and discussed. This includes:

o nh =

5.

The extraction of phytochemicals from spent coffee

The synthesis and analysis of cobalt oxide nanoparticles from the spent coffee extract
The characterisation of the cobalt oxide nanoparticles

The catalytic/photocatalytic activity of the cobalt oxide nanoparticles against Tartrazine
dye

A detailed study of the nanoparticles

All experiments were conducted at the Cape Peninsula University of Technology’s Chemical

Engineering and Chemistry Building in lab 1.27.
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3.2. Extraction and Analysis of Phytochemicals from Spent Coffee

The extraction of phytochemicals was carried out through simple maceration, which is
considered an effective solid-liquid extraction technique (Abubakar & Haque, 2020). The
experiments were conducted to evaluate the effect of varying the extraction parameters on the
solution's phytochemical concentration and antioxidant capacity. These tests include the effect

of drying on the spent coffee grains. All experiments were performed in duplicates.

3.2.1. Materials
Arabica Coffee Beans, Folin-Ciocalteu reagent, Sodium carbonate (Na;CO3), Gallic acid, 1,1-
diphenyl-2-picrylhydrazyl (DPPH), and methanol were all analytical grades. Deionised (DI)

water, obtained from the laboratory purification system, was used to prepare all solutions.

3.2.2. Equipment

The following apparatuses were utilised in the extraction of the phytochemicals:

e A Mellerware Coffee machine was used to maintain the quality and consistency of

spent coffee being generated.

¢ Anincubator maintained temperatures over extended periods to remove any remaining

liquid within the samples.
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e The combination of a heating mantle, 500 mL round-bottom flask, condenser, and
water-cooler was utilised as a closed system for the extraction of the phytochemicals

from the spent coffee.

e A 1L Bichner flask and funnel, coupled with a vacuum, were employed to clear the

solution from unwanted debris.

e The CECIL CE2000 Spectrophotometer was used to analysis the extract through
absorbance.
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3.2.3.

1.

3.24.

Experimental Procedure for the Spent Coffee Generation

Coffee beans were manually ground into fine granules in preparation for the coffee
machine.

100 g of the fresh coffee grains were introduced into the coffee machine with 1 L of tap
water to simulate realistic consumer waste.

The spent coffee obtained from the machine was then evenly placed on a tray and
inserted in an incubator with a designated temperature (30°C, 60°C, 90°C) for 18 hours.
The spent coffee grounds were then stored in an air-tight container at room

temperature.

Table 3.1: The experimental runs for spent coffee drying temperature.

Run Drying Temperature (°C)
Al 30
A2 60
A3 90

Experimental Procedure of Phytochemical Extraction

The water-cooler and heating mantle were powered on and set to their respective
temperatures.

200 mL of deionised H,O was measured and deposited into the round-bottom flask,
where it was heated to the required temperature (25°C, 50°C, 100°C) using a heating
mantle.

The desired mass of the dried spent coffee was accurately measured for
concentrations of either 25 or 50 g/L.

Using a funnel, the spent coffee was inserted into the round-bottom flask and briefly
stirred to ensure equal extraction throughout the liquid.

The extraction was allowed to proceed for either 10 or 30 minutes.

6. After completion, the solution was immediately decanted into a suitable beaker to halt

the process.

The Buchner flask and funnel filtered the remaining spent coffee particles from the
extract.

The spent coffee extract (SCE) was then stored in the appropriate glass bottles at a

temperature of 2°C.
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Table 3.2: The experimental runs for spent coffee extraction.

Run Concentration Temperature Time

(/L) (°) (min)
B1 25 50 10
B2 50 50 10
B3 50 25 10
B4 50 50 10
B5 50 100 10
B6 50 50 10
B7 50 50 30

3.2.5. Experimental Procedure for the Analysis of the Extract

3.2.5.1. Total Phenolic Content

The concentration of total phenolic content was determined using a modified method
introduced by Singleton & Rossi (1965). Initially, a 10 mL vial was used to host 0.2 mL of SCE
with 1 mL DI-H2O. The solution was then mixed with 0.2 mL of Folin-Ciocalteu reagent and left
to settle for 5 minutes before 1 mL of a saturated sodium carbonate solution (8% w/v) was
added (Singleton & Rossi, 1965). The solution was then incubated for 30 minutes at room
temperature in the absence of light. Thereafter, the sample was centrifuged for 15 minutes at
4000 rpm to remove any turbidity. The resulting liquid was measured at a wavelength of 765
nm through the spectrophotometer. The sample blank was generated by replacing the SCE
with the equivalent volume of distilled water. The following equation depicts how the true

absorbance was calculated:
A=A — A, (5)

Where As = the absorbance of the sample and A, = the absorbance of the blank. The results
were presented as mg gallic acid equivalent/mL (mg GAE/mL) of coffee extract, on the basis
of a standard curve of gallic acid (25-150mg/L, Y = 0.006x — 0.1619, R? = 0.9935)

3.2.5.2. DPPH Free Radical Scavenging Activity

This analysis enabled the quantification of the antioxidant activity against the stable free-
radical DPPH. The assay was done per the method of Hemalatha et al. (2010) with minor
alterations (Hemalatha et al., 2010). The test samples comprised 1 mL of the spent coffee
extract and 3 mL of 0.1 mM DPPH-Methanol solution, with an additional 5 mL of methanol for
further dilution. The samples were then immediately investigated at a wavelength of 517 nm
using the CECIL CE2000 spectrophotometer. The SCE was replaced with methanol in order
to obtain the absorbance of the control. The radical scavenging activity was calculated from

the control sample using the equation 6:
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Ac—As

Radical Scavenging Activity (%) = (A—) x 100 (6)

Where Ac and As are the absorbances of the control and sample, respectively.

3.3. Co0304 Nanoparticle Synthesis from Spent Coffee Extract

The synthesis of the cobalt oxide nanoparticles was carried out using the SCE that displayed
the optimal total phenolic content and antioxidant activity. However, the phytochemical
extraction was scaled up, with each batch generating a 5 L solution for further application.
These experiments were conducted to investigate different nanoparticle synthesis parameters

and how they affect catalytic efficiencies. All experiments were performed in duplicates.

3.3.1. Materials
Optimal spent coffee extract, Cobalt nitrate hexahydrate (Co(NO3)2-6H-0), Sodium hydroxide
(NaOH), Hydrochloric acid (HCI), Tartrazine (C1sHgN4sNaz09S;), and Oxone (KHSOs). Stock

solutions were made using deionised water.

3.3.2. Equipment

The equipment involved in the synthesis process was as follows:

e Appropriate volumetric cylinders and pipettes were employed to accurately measure
solutions, with the addition of a water bath to maintain the temperatures of the

mixtures.

o > -

¢ A 500 mL glass beaker was used to house the synthesis reaction, coupled with a

hotplate magnetic stirrer and thermometer for temperature control.

]




An Ohaus Frontier 50 mL centrifuge was selected for primary solid-liquid separation.

A Scientific series 2000 oven was brought into practice for further solid-liquid
separation.

A Labotec Precision furnace was used to elevate and maintain temperatures beyond
200°C.




3.3.3.

10.

Experimental Procedure for Co3sO4 Nanoparticle Synthesis

A 0.06 M Co(NO3)2-6H20 stock solution was made.

The required volume of the SCE and metallic salt (MS) solutions were accurately
measured using volumetric cylinders.

The reaction vessel was then covered with aluminium foil and heated to the desired
temperature (25°C, 50°C, 75°C) in a water bath.

Thereafter, the two solutions were poured into a beaker with their respective SCE to
MS ratios (4:1, 1:1, 1:4).

The pH of the mixture was immediately adjusted to the required value (3, 7, 11) by
adding either 30% HCI or 0.1 M NaOH solutions.

The resulting liquid was then transferred onto a hotplate, where the temperature was
maintained for the duration of the reaction while continuous stirring commenced.

After completion, the solution was centrifuged at 6000 rpm for 15 minutes. This was
repeated 3 times with the addition of DI water to ensure thorough rinsing of the
nanoparticle precipitate.

The samples were then dehydrated in an oven at 60°C over a 12-hour period.

Finally, the remaining product was transferred into a suitable crucible, which was
annealed in a furnace for 3 hours.

The nanomaterials were then stored in vials at room temperature.

Table 3.3: The experimental runs for Co304-NP synthesis.

Run Temperature | Concentration | Time oH Calcination
(°C) (SCE:MS) (h) Temperature (°C)
C1 25 1:1 2 7 400
Cc2 50 1:1 2 7 400
Cc3 75 1:1 2 7 400
ca 50 4:1 2 7 400
C5 50 1:1 2 7 400
Cé 50 1:4 2 7 400
c7 50 1:1 2 7 400
C8 50 1:1 4 7 400
C9 50 1:1 8 7 400
Cc10 50 1:1 2 3 400
C11 50 1:1 2 7 400
C12 50 1:1 2 11 400
c13 50 1:1 2 7 200
Ci4 50 1:1 2 7 400
C15 50 1:1 2 7 800
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3.3.4. Experimental Procedure for the Analysis of Co3O4 Nanoparticles

1.

Stock solutions of 30 mg/L Co304-NPs, 0.1 mM Tartrazine, and 0.02 M Oxone were
made.

The nanoparticles were resuspended using an ultrasonic bath set to 25°C for 15
minutes.

In a quartz cuvette, 1.5 mL of the NP solution was mixed with 0.5 mL of the dye solution
and allowed to rest until equilibrium was reached.

The degradation reaction was then initiated through the addition of 1.5 mL Oxone
solution.

The mixture was immediately placed in the UV-vis spectrophotometer, where the
reaction commenced without light.

The absorbance of the solution was taken at 1-minute intervals.
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3.4. Characterisation of the Co304 Nanoparticles
The characterisation of the nanoparticles was carried out to create a more detailed study of
the optimal nanoparticles synthesised in section 3.3. In other words, the nanoparticles with the

highest degradation efficiency were deemed optimal and, thus, studied further.

3.4.1. Ultraviolet-visible (UV-vis) Spectroscopy
The UV-vis spectrum of the cobalt oxide nanoparticles was carried using a GBC Cintra 2020

at a wavelength range of 200 to 600 nm.

3.4.2. Transmission Electron Microscopy (TEM)

The size and morphology of the nanoparticles were determined using the FEI F20 TEM
situated at the University of Cape Town. The instrument was coupled with a Bruker Quanta
200 XFlash 6 EDX spectrometer capable of giving spectra that indicate which elements are
present in the area illuminated by the electron beam. The image recording system is a Direct
Electron DE-16 camera featuring continuous streaming at up to 92 frames per second. It
features a DDD sensor with 16.8 million-6.5 um pixels optimised for 200 kV, delivering high-

resolution images.

3.4.3. X-Ray Diffraction (XRD)

The crystallographic structure, chemical composition, and physical properties of the
nanoparticles were studied at the University of Cape Town using the Bruker D8 Advance. The
machine is capable of 0D, 1D, and 2D detection modes for identifying both crystalline and
amorphous phases and determining specimen purity. In addition, the quantitative analysis of
both crystalline and amorphous phases in multiphase mixtures. The software, coupled with the
equipment, was PLAN.MEASURE. ANALYSE and DIFFRAC.SUITE.

3.4.4. Fourier-Transform Infrared Spectroscopy (FTIR)
The PerkinElmer Spectrum Two was used to obtain the infrared spectrum of the optimal
nanoparticles. The resolution of the scan was 1 cm™ with a range from 4000 to 400 cm™, using

60 scans. Dry atmosphere samples were analysed at room temperature.
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3.5. Catalytic Activity of Co304 Nanoparticles

After characterisation, the optimal nanoparticles were synthesised in bulk using the
experimental setup displayed in Figure 3.1 and employed in the catalytic activation of
peroxymonosulfate (PMS) for the degradation of Tartrazine dye. Reaction parameters were
varied to determine the effects on reaction rates and efficiencies (calculated using equation 7).

Dye removal % = (C"C_Ct) x 100 (7)

0

Where G is the initial concentration of the dye solution and C; is the concentration after time
t. All experiments were performed in triplicates and with the absence of light.

Figure 3.1: The experimental setup for the bulk synthesis of the optimal Co304 NPs
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3.5.1. Materials
Optimal Co304-NPs, Tartrazine, Oxone, and a 0.1 M phosphate buffer solution.

3.5.2. Equipment

The following apparatus was utilised in the degradation of Tartrazine dye:

e A Kern balance to accurately measure the required mass of the substances for stock

solutions.

e Several 100 mL beakers were used to house the respective reactions
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e A pH meter was used to determine the pH of the reaction solution.

e The Cintra UV-vis was used to analyse the solution at certain time intervals.

3.5.3. Experimental Procedure for Catalytic Activity

—

A 0.1 mM stock solution of Tartrazine was prepared.

2. 100 mL of the Tartrazine solution was measured using a volumetric cylinder and
transferred to a beaker with an equivalent volume.

3. A known mass of the nanoparticles was measured using a balance and introduced into
the Tartrazine solution.

4. The mixture was inserted into the sonicator and set to 25°C for 15 minutes for
nanoparticle resuspension.

5. Thereafter, the solution was placed onto a hotplate magnetic stirrer and heated to the
desired temperature while under constant agitation.

6. Once the required temperature was obtained, Oxone was mixed into the existing
solution, initiating the reaction.

7. The pH of the reaction was adjusted using a 0.1 M Phosphate buffer solution where
necessary.

8. 1.5 mL of the reaction mixture was extracted at 2-minute intervals until equilibrium was

reached.

©

The analysis was completed using the UV-vis spectrophotometer.
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Table 3.4: The experimental runs for the catalytic activity of the Co304-NPs.

Run NP Concentration Oxone Concentration Temperature pH
(mg/L) (mg/L) (°c)

D1 2 100 25 2-3
D2 5 100 25 2-3
D3 10 100 25 2-3
D4 5 50 25 2-3
D5 5 100 25 2-3
D6 5 200 25 2-3
D7 5 100 25 2-3
D8 5 100 40 2-3
D9 5 100 60 2-3
D10 5 100 25 2-3
D11 5 100 25 7

3.6. Kinetic Study

All adsorption phenomena may follow one combination from different pathways, such as mass
transfer, diffusion, and chemical reactions. Analysing the experimental data at various time
intervals makes it possible to calculate the kinetic parameters and retrieve valuable information
for designing and modelling adsorption processes. Therefore, the kinetic modelling of

Tartrazine removal through Cos04 NP-activated PMS was determined using the best fit of

either:

The first-order kinetic model,

In[C;] = —kt +1n [Cy]

or the second-order kinetic model:

1 1
ﬁ_kt+m

In equations 8 and 9, Co is the initial concentration of the dye, C; is the concentration of the

dye at time t (min), and k is the reaction-order-rate constant for the degradation of Tartrazine.
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3.7. Reusability Study

These tests were carried out to evaluate the efficiency of the optimal nanoparticles after
withstanding several batch-degradation processes. Therefore, an estimate could be made

whether the catalyst could be viable for industrial use.

Due to the mass of the nanoparticles employed in the conventional degradation reaction,
retrieving the catalyst was strenuous. Therefore, the test was altered by increasing the
reaction’s volume, along with the mass of the reactants, to enable a swift nanomaterial
recovery. More specifically, the volume of 0.1 mM Tartrazine was 300 mL, and the
concentration of Co304 nanoparticles was 70 mg/L, with 15 mg of Oxone added to commence
the reaction. The recovery was accomplished by centrifuging the reaction mixture after

equilibrium was reached.

3.8. Quenching Tests

The quenching study aimed to determine the active radicals responsible for the degradation of
the Tartrazine dye, with the chemical species in question being hydroxyl (‘OH) and sulfate
(SO;™) radicals. Therefore, 2 mL of methanol or isopropyl alcohol was added to their respective
mixtures at the start of the reaction. Reference process parameters (5 mg/L NPs, 100 mg/L
Oxone, 25°C, and pH 2-3) were utilised for each run. Experiments were performed in

duplicates.

3.9. Industrial Effluent Simulation

This test was used to determine the efficiency of the optimal nanoparticles when faced with an
industrial dye effluent. Therefore, a mixture with equal volumes of 0.1 mM Tartrazine, 0.1 mM
Methyl Orange, and 0.1 mM Remazol Brilliant Red was constructed to replicate an industrial
effluent. All stock solutions were made with deionised water, and reference parameters were

utilised for the reaction.

3.10. Chemical Oxygen Demand (COD) Study
The COD tests employed the HANNA Multiparameter Photometer to detect the concentrations

within the reference degradation reaction of Tartrazine dye. The samples (2 mL) were
withdrawn from the mixture at the start and finish of the reaction, where they were inserted into
their respective COD test vials. The vials were then incubated at 180°C for 2 hours. Thereafter,

the samples were analysed using the photometer, and the data was recorded.

3.11. Cobalt Leaching Study
The University of Cape Town conducted the cobalt leaching study in the Hair and Skin
Research Lab. The equipment employed to detect elemental cobalt within the catalytic

degradation reaction was the Agilent Technologies 7800 ICP-MS. Only ICPMS-grade plastic
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wares were used for the assay as quality assurance measures. IV-STOCK-27 (Inorganic
Ventures) was used as a stock solution for elemental analysis. ICPMS was tuned and
calibrated before the run with blanks and quality control samples analysed after each sample.
Quality control variations were less than 2%. All samples were analysed in duplicate, and

average values were reported alongside their standard deviation values.

3.12. Photocatalytic Study

The light study was accomplished using the reference degradation mixtures, and the
experiments were performed without ambient light. Initially, the azo dye and nanoparticle
mixture was allowed to reach equilibrium, with the light source placed 5.0 cm away from the
reaction vessel. After the addition of the Oxone, samples were analysed using the UV-vis

spectrophotometer at 2-minute intervals. All experiments were performed in triplicates.
The following equipment was introduced for the light study:

e A 100 mL cubic quartz cuvette was utilised to contain the degradation reaction.
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e A Sciencetech 300W arc lamp was employed to simulate solar light exposure.

3.12.1. Photocatalytic Activity under Natural Solar lllumination

The photocatalytic properties of the cobalt oxide nanoparticles were also evaluated using
sunlight using the experimental setup in Figure 3.2. The nanoparticle and PMS mixture was
placed on magnetic stirrers wrapped with aluminium foil to enhance UV irradiation. The

degradation reaction was analysed at 5-minute intervals.

Figure 3.2: The experimental setup for the photocatalytic evaluation of solar illumination

3.13. Conclusion

A detailed description of spent coffee extraction and nanoparticle synthesis techniques have
been included in this chapter, along with the characterisation methods utilised to determine the
properties of the cobalt oxide nanostructures. In addition, the catalytic and photocatalytic
procedures for the degradation of azo dyes were disclosed. The methods for an in-depth study
of the Co3z04-NPs were also introduced.
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Chapter 4

Results & Discussion

4.1. Introduction

The methodologies described in the previous chapter were employed to synthesise, optimise,
and characterise the spent-coffee-mediated Co30s nanoparticles. Furthermore,
experimentation was conducted to evaluate the feasibility of the nanostructures in
catalytic/photocatalytic oxidation processes for the removal of azo dyes from water. The results

presented within this chapter are divided into the following sections:

Spent coffee analysis
Synthesis and analysis of Co304-NPs from spent coffee

Characterisation of Co30O4 nanoparticles

o nh =

The catalytic/photocatalytic activity of Co3O4 nanoparticles

4.2. Spent Coffee Analysis

The effect of various parameters on the oxidising strength of spent coffee (SC) was
investigated. The main objective of this section was to preserve most of the fresh coffee’s
reductive capabilities for further application. The analysis was conducted using the techniques

presented in section 3.2.5.

4.2.1. Effect of Drying Temperature on Spent Coffee

The analysis of samples through FTIR spectroscopy allows for accurate and rapid detection of
the subtle differences in composition and concentration of the compounds in coffee. The FTIR
analysis of coffee, situated in Figure 4.1, displays similar characteristics to other reported
literature, where the peaks of interest associated with various chemical compounds such as
caffeine, chlorogenic acids, proteins, carbohydrates, and water have been identified (Craig et
al., 2011; Linlin et al., 2017; Q. Zhang et al., 2015; Chou et al., 2012).
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According to Linlin and co-authors (2017), the emergence of the broad absorption band located
at 3200-3600 cm™ may be linked to the stretching vibration of hydroxyl groups (phenols,
alcohols, carboxylic acids, or water). The sharp peaks expressed at 2840-2920 cm™ were
assigned to C-H asymmetric and symmetric stretch of the methylene (CH) and methyl (CHs)
groups, where lipids and caffeine may be substantial contributors to the intensity of the peaks
(Craig et al., 2015). Furthermore, while unique for each organic molecule, the fingerprint region
of the spectra (1600-1000 cm™') is a complex area of C-H, C-O, C-N, and P-O vibrations, which
makes it challenging to analyse (Saragih et al., 2022). However, specific compounds in coffee
have been narrowed down, and assumptions can be made due to the particular bonds within

the molecules.

Flores-Valdez et al., (2020) reported that the ester group OC=0 of quinic acids gave rise to
steep peaks found at 1746 cm™. Also, caffeine and chlorogenic acids have been detected in
the range of 1600-1650 cm™ due to the stretching vibration of C=0 groups (Reis et al., 2017).
The bending vibrations of the C-H bond in aliphatic groups, such as phenols, resulted in
fingerprint bands at 1377-1460 cm™" (Lyman et al., 2003). Furthermore, chlorogenic acids were
also identified to lie between 1155 and 1300 cm™ (Guzman et al., 2018). More specifically,
1060, 1160, and 1260 cm™ are known to be characteristic peaks of CGA and its derivatives,
which are related to the vibrations of the C-O bonds found in the compound (Abreu et al.,
2020). Lastly, peaks from 650 to 900 cm™' have been mentioned to be associated with proteins

and amino acids (Singh et al., 1998).
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Figure 4.1: The FTIR spectra of spent coffee at different drying temperatures
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The FTIR (Figure 4.1) presents the various peaks and transmittance obtained for fresh coffee
and spent coffee dried at 30, 60, and 90°C. The deterioration of bioactive compounds found in
coffee is distinctly evident in all the spent coffee samples. However, there are definitive
discrepancies amongst the various drying temperatures in biochemicals such as caffeine
(1644, 2853, and 2922 cm™), chlorogenic acids (1028, 1155, 1240, 1377, and 1743 cm™) and
other phenols (811, 870 cm™). By virtue of its thermal instability, chlorogenic acid, along with
minor phenolic compounds, underwent severe dilapidation through heat application. On the
other hand, the caffeine content of the spent coffee has proven to be slightly more resistant,

where the characteristic bands of the substance remained prominent.

From the data gathered, the SC dried at 90°C experienced the greatest degradation of its
constituents. Similar consequences were observed by Kieu Tran and co-authors (2020), where
it was mentioned that increased thermal activity in the presence of air promotes the oxidation
of some phenolic compounds due to oxygen exposure combined with high temperatures. This
can be witnessed while inspecting the more moderate drying conditions herein; however, 60°C
revealed peak strengths closely related to fresh coffee. Therefore, minimal degradation was

observed, with most essential substances still intact.

However, the moisture content (3314 cm™) of the spent coffee gave interesting results, as
higher temperatures should increase the evaporation rate of water. In spite of this, 60°C gave
a stronger band compared to 30°C, which could be attributed to the slight differences in the

thickness of the spent coffee layer on the drying tray (Martinez, 2019).

4.2.2. Total Phenolic Content

The total phenolic content of fresh coffee extract (FCE) and spent coffee extract (SCE) was
determined to grasp the effect of roasting on the samples' reducing capabilities. In addition,
tests performed on coffee were a good indication of the concentrations of CGA, CGA
derivatives, and CGA degradation by-products, as they are substantial contributors to the
phenolic content of the extract (Nosal et al., 2022). The analytics in Figure 4.2 display the total
phenolic content of FCE (154.25 mg GAE/g) and SCE (57.91 mg GAE/g), which exhibits a
62.5% decline. However, this was expected due to the multiple heat treatments and thermal
instability of the compounds. The SCE obtained in this study is commendable due to the
abundance of phenolic content and lack of degradation compared to other reports using similar

extraction methods (Boyadzhieva et al., 2018; Diaz-Hernandez et al., 2022).
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Figure 4.2: The total phenolic content of fresh and spent coffee. (30-minute extraction times
were used for all experiments unless stated otherwise)

The impact of extraction parameters on TPC was also investigated, including the spent coffee
concentration, extraction temperature, and reaction time. It can be noticed from Figure 4.3-a
that the concentration of SC had a positive linear effect on the TPC, where higher
concentrations experienced greater TPC outcomes (18.56 mg GAE/g of sample) compared to
the latter (8.70 mg GAE/g of sample). These findings could be due to the abundance of spent
coffee as a source of phytochemicals, resulting in more phenolic compounds in the extraction
mixture (Do et al., 2014; Hou et al., 2016).

Furthermore, the temperature was directly correlated to the phenolic concentration of the
solution (Figure 4.3-b), with optimal TPC obtained at 100°C (46.87 mg GAE/g of sample),
essentially roasting the coffee grounds twice as conventional roasting temperatures are
approximately 80°C. The enhancing ability of the parameter was in agreement with previous
research, where it was reported that the yield of phenolic compounds increased with an
increase in temperature (Thoo et al., 2010; Tan et al., 2013). This may be attributed to the
elevated diffusivity of the solvent into the cells of the biomaterial while simultaneously
increasing the solubility of phenolic compounds (Jiménez-Moreno et al., 2019). In addition,
raised extraction temperatures increases mass transfer of phytochemicals and reduces
surface tension and solvent viscosity, thus promoting the extraction of phenolic compounds
(Ibafez et al., 2003; Liyana-Pathirana & Shahidi, 2005). It is also noteworthy to mention that
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the denaturation of polyphenols may commence if certain temperatures are exceeded
(Mokrani & Madani, 2016).

Regarding the duration of the procedure, 30-minute extraction periods were favoured, with
phenolic concentrations reaching 25.2 mg GAE/g of sample (Figure 4.3-c). Rajha et al. (2014)
stated that higher temperatures and shorter reaction times could avoid the significant
degradation of phenolic compounds (Rajha et al., 2014). On the other hand, with prolonged
periods, the effects are inverted as severe oxidation or degradation becomes imminent
(Chirinos et al., 2007). This can be seen in the following section (Figure 4.4-c); hence,

extraction times surpassing 30-minute periods were not studied.
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Figure 4.3: Total Phenolic Content — The effect of a) spent coffee concentration, b) extraction temperature, and c) reaction time




4.2.3. Antioxidant Capacity

It is known that phenolic compounds exhibit strong reducing capabilities, and the total phenolic
content is the sum of their reaction potential, including radical scavenging and metal-chelating
properties (Saeed et al., 2012). Despite playing a major role in reduction, polyphenols are not
the sole contributors. Therefore, antioxidant assays have assisted this matter by depicting the
combined effect of all radical scavenging components (Niroula et al., 2019). For coffee, the
presence of antioxidant compounds such as chlorogenic acids, caffeine, Maillard reaction
products, and other minor phenolic and non-phenolic compounds have been known to
contribute to this assay (Gigliobianco et al., 2020). Nonetheless, previous researchers have
still reported a distinct correlation between the antioxidant capacity (AOC) and total phenolic

content of extracts (Kumar et al., 2014; Paixao et al., 2007).

The range of antioxidant activity achieved in this study was analogous to the results of the
spent coffee analysis carried out by Bravo et al. (2012), ranging from 46.0 — 57.8%. From the
data gathered in Figure 4.4-a, variations in the AOC can be observed when concentrations of
the coffee material are altered. With a 25.0 g/L solution, the antioxidant activity was examined

to be 49.59%, while doubling the concentration only led to a 4.68% increase in AOC.

Furthermore, the free radical scavenging activity of the spent coffee saw a drastic increase
with higher temperatures, from 34.88 to 54.57% for 25 and 100°C, respectively (Figure 4.4-b).
However, temperatures exceeding 50°C started to experience a slope in oxidative strength,
considering the substantial temperature hike. Mokrani and Madani, (2016) stated that applying
> 60°C of heat during extraction significantly reduces the total flavonoid content of the solution,
which could explain the deterioration of the AOC as flavonoids are conspicuous donators to
the volume of the assay. In spite of this, increased temperatures were still favoured, and these
results have been backed by several studies that reported the enhancement of AOC through
the introduction of heat (Farida et al., 2014; Vatai et al., 2009; Dorta et al., 2012).

Lastly, the phytochemical extraction time was the only parameter that encountered adverse
effects as the variable increased (Figure 4.4-c). However, the 20-minute difference only
accounts for a 2.64% change in AOC. This could be explained by Fick’'s second law of
diffusion, which predicts the inevitability of equilibrium between solute concentrations in the

solid matrix and bulk solution after a particular time.

In conclusion, spent coffee is far from being exhausted, with its extracts containing significant
amounts of antioxidants ready for utilisation. For the remainder of the study, spent coffee
extracts were optimised to obtain the highest TPC and AOC possible; therefore, concentrations

and temperatures of 50 g/L and 100°C were employed with 30-minute periods.
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4.3. Synthesis of Coz04 Nanoparticles

The formation of Co304-NPs occurs in two stages: (1) the generation of nuclei and (2) the
growth of the nanoparticle. Therefore, optimising synthesis process parameters for faster
fabrication and slower growth is crucial. The nanostructures were synthesised using the
method described in section 3.3, where the ideal spent coffee extract was utilised. All
nanoparticle samples were analysed through their Tartrazine degradation efficiency. The

optimal nanoparticles obtained from the experimentation in this section will be further studied.

4.3.1. Effect of Precursor Concentration

The concentration of reaction components, such as plant substances and metallic precursors,
plays a vital role in the production of green nanoparticles. Despite the exact effect of this
property being unpredictable, one aspect remains constant: the reaction necessitates sufficient
antioxidants for the reduction of metallic ions (Kaningini et al., 2022). According to Bala and
co-authors (2014), an insufficient amount of bioactive compounds lowers the yield of NPs
generated, while sufficient phytochemicals should effectively reduce all available ions in the
solution, thereby producing higher nanoparticle yields (Bala et al., 2014). However, surpassing
this optimal concentration will decline the overall conversion rate, subsequently lowering the
yield. This is caused by the excess number of biomolecules present, where primary reduction
(nucleation) becomes overpowered by secondary reduction (growth) (Nagar & Devra, 2018).
Therefore, as depicted in Figure 4.5, the 20% and 80% spent coffee mixtures experienced
lower yields when compared to the 42 mg of Co304-NPs obtained from the 1:1 extract to

metallic precursor (E:M) ratio.

44 o

Mass (mg)

4:1 1:1 1:4
Concentration (E:M)

Figure 4.5: The Co304-NP yield obtained from varying precursor concentrations
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Regarding the size and morphology of the nanoparticles, previous researchers have revealed
distinct outcomes where an increase in reactant concentration led to smaller particle
diameters. For instance, Ehrampoush et al. (2015) synthesised iron nanoarchitectures from
tangerine peel extract. It was found that varying the concentration of the fruit extract from 2 to
6% resulted in a substantial reduction of NP size from 200 to 50 nm. The effect was
contradicted by increasing the concentration beyond 6%, where the nanoparticles witnessed
a gradual size increase due to aggregation (Ehrampoush et al., 2015). Furthermore, Nagar &
Devra (2018) mentioned that an increase in the precursor salt concentration results in larger
quantities of metallic nuclei and, ultimately, smaller particle sizes. However, an excess of nuclei
will be generated at high reactant concentrations, subsequently aggregating the nuclei and
initiating the growth of the nanoparticles (Mohammadi & Ghasemi, 2018). Other authors
reported similar results in the field, where an increase in either reactant led to a decrease in
particle size. However, with excessive concentrations, the diameters tend to increase (L. B.
Anigol et al., 2017; Iravani & Zolfaghari, 2013; Ebrahiminezhad et al., 2018).
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Figure 4.6: The effect of precursor concentration on Cos04-NPs, analysed against the degradation of Tartrazine dye
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This study was no different from the research mentioned above, where an extract-to-precursor
ratio of 1:1 was favoured due to superior dye degradation (Figure 4.6), indicating the presence
of smaller nanoparticles with higher reactivities. The batch synthesis of Co03z04-NPs using
higher concentrations of reactants resulted in weaker degradation efficiencies, which suggests

that the structures have greater diameters or have undergone aggregation.

4.3.2. Effect of Reaction Temperature

The influence of temperature on the cobalt oxide nanoparticles was studied using three
different reaction temperatures: 25, 50, and 75°C. Previous researchers have demonstrated
positive outcomes by altering this process parameter, where higher temperatures have been
deemed essential for achieving greater ionic conversion with plant-based reduction, thereby
increasing the overall nanoparticle yield (Zheng et al.,, 2013). These results were in
coordination with the yield obtained in this study, where the product mass increased from 5.4
mg at 25°C to 83.0 mg at 75°C (Figure 4.7).

25°C 50°C 75°C
Temperature

Figure 4.7: The Cos304-NP yield obtained from varying the reaction temperature

Moreover, prior temperature evaluation on the size of nanoparticles has brought about some
mixed conclusions. Iravani & Zolfaghari (2013) analysed their Pinus eldarica-mediated silver
nanoparticles after varying reaction temperatures. It was noted that an increase in temperature
upped the production of colloidal silver along with the rate of reaction, while the particles
experienced a sharp decrease in diameter. This could be attributable to the rapid reduction
rate and the subsequent homogeneous nucleation of metallic ions, allowing for the formation
of smaller nanoparticles (Zhan et al., 2011; Khalil et al., 2014; Vanaja et al., 2013). The effect

on the nucleation rate caused by temperature outweighs that of the growth rate due to most of
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the ions being consumed by the initial nucleation process, thereby stalling nucleic growth
(Bharadwaj et al., 2016). In other words, high temperatures promote nucleation, while low
temperatures are conducive to growth. However, extreme temperatures enhance the surface

activity of nuclei and, in turn, encourages agglomeration (Zheng et al., 2013).

On the other hand, some researchers have encountered opposing results to the effects above.
For instance, silver nanoparticles synthesised using Pulicaria glutinosa experienced negative
thermal consequences, where diameters effectively increased with an increase in temperature
(Sun et al., 2014). Like the nucleation rate, the temperature can potentially increase secondary
reduction, provided sufficient precursor exists. In theory, the nanoparticles’ growth rate is only
limited to the amount of precursor available, as the ions present could grow abundantly on the

crystal nuclei, thereby increasing particle diameters (Liu et al., 2020).

- 0,13

i .‘MH
0,12 4 T
1,0 - ] ”
0,11 \
1 ‘,-';‘0:10-
0,8 :0.09—-
E 0.03- \
0:07-
0,6 - ]
o
g o 20 30 40 50 60 70 a0
O i Temperature (°C)
0,4
—=—25°C
. —+—50°C
——75°C
0,2 -
—\"\H+—_+__‘
0,0 T T T T T T T T T | T T T | T I
0 4 8 12 16 20 24 28 32

Time (min)

Figure 4.8: The effect of reaction temperature on Co304-NPs, analysed against the degradation of Tartrazine dye
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Herein, it may be assumed that each synthesis reaction contained sufficient precursor as
degradation efficiencies decreased with an increase in temperature (Figure 4.8), stipulating
that particle growth and aggregation were evident with elevated reaction temperatures (50 and
75°C). This may have resulted from the high Co (lll) conversion rate and the abundance of
ions that readily form nuclei and, subsequently, larger colloids (Mamdooh & Naeem, 2022).
Therefore, lower temperatures were favoured due to minimal ionic conversion, allowing
primary reduction to be the main focus of nanoparticle synthesis where smaller diameters are

retained.

4.3.3. Effect of Reaction Time

The reaction time for the green synthesis of nanoparticles was investigated by extending
fabrication periods to 2, 4, and 8 hours. Previous research on this subject revealed that contact
time undeniably affected the elected nanoparticles' concentration and size. Within this study,
the yield of the nanoparticles increased alongside the reaction time (Figure 4.9). These findings
may have been the outcome of the drawn-out nucleation and growth periods, therefore
allowing the nanoparticles to increase in concentration (Behravan et al., 2019). This was in

agreement with the data obtained from previous reports (Ahmad et al., 2016; Cao et al., 2022).
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Figure 4.9: The Co304-NP yield obtained from varying the reaction time
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Regarding the size of the nanostructures, it has been mentioned that higher reaction times

enhance nucleation and particle growth processes, inducing the formation of larger diameters

(Karade et al., 2018). On the other hand, Elemike and co-authors (2017) observed a decrease

in particle sizes as time progressed; however, the diameter of the structures increased after

exceeding 45 minutes, indicating the occurrence of agglomeration (ELEMIKE et al., 2017).

Herein, the slower degradation efficiency of the 8-hour nanoparticle sample may illustrate

aggregation due to the overwhelming concentration of colloids (Figure 4.10) (Jain & Mehata,

2017). The lower contact times of 2 and 4 hours display like-degradation capabilities, which

could stem from the similar size and stability of Co3z0O4 nanoparticles (Ibrahim, 2015).

Nevertheless, using a higher reaction time is unjustifiable due to increased operating costs.
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Figure 4.10: The effect of reaction time on Co304-NPs, analysed against the degradation of Tartrazine dye
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4.3.4. Effect of pH

The solution pH is a critical factor in controlling the concentration and size of green
nanoparticles. By virtue of its effect, numerous studies have investigated this parameter for
enlightenment on the subject. Herein, the synthesis pH of 2-3, 7, and 11 were utilised in the
fabrication of cobalt oxide nanoparticles. Initially, as seen in Figure 4.11, the unadjusted
solution (pH 2-3) resulted in negligible product mass, with the yield accumulating to 0.5 mg;

therefore, the samples could not be further analysed.

On the other hand, a neutral pH obtained 51.7 mg of annealed nanostructures, while the
alkaline solution experienced extreme results, with the yield amounting to 576.1 mg. This data
was in agreement with multiple other reports (Ramesh et al., 2015; Aziz & Jassim, 2018; Al-
Radadi, 2019). According to Ghaffari-Moghaddam & Hadi-Dabanlou (2014), the presence of
pH-adjusting additives was correlated to the stability of the nanoparticles as hydroxide ions
can alter the surface charge of the material. At alkaline pH, the stability of the
nanoarchitectures was enhanced due to the complete charging of the clusters, thus
maximising the repulsive electrostatic/electrosteric interactions and increasing colloid
formation (Ghaffari-Moghaddam & Hadi-Dabanlou, 2014; Anigol et al., 2017).
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Figure 4.11: The Co304-NP yield obtained from varying the pH of the solution
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Looking at Figure 4.12, it can be assumed that the drastic decrease in degradation efficiency
from pH 7 to 11 was associated with the enlargement of particle sizes. Similar results were
obtained by Traiwatcharanon and co-authors (2016), where reaction solutions of pH 6 and 10
were prepared, which resulted in the expansion of average diameters. In addition, a neutral
pH was also favoured during the production of colloidal copper nanoparticles (Nagar & Devra,
2018), where an increase in concentration and reduction rate was observed with basic
mediums. This indicated that acidic pH suppresses the synthesis of the nanomaterial due to
the inactivity of the biomolecules (Kredy, 2018). At neutral pH, the availability of functional
groups for ionic binding led to the fabrication of smaller nanoparticles. Furthermore, elevated
pH solutions were found to be efficient in generating NPs; however, agglomeration negatively
impacts the structures by forming larger particles as growth is favoured over nucleation (Singh
& Srivastava, 2015; Iravani & Zolfaghari, 2013).
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Figure 4.12: The effect of pH on Co304-NPs, analysed against the degradation of Tartrazine dye
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4.3.5. Effect of Calcination Temperature

Calcination temperatures are considered capable of enhancing the electrical and optical
properties of green nanoparticles through extreme heat treatment. Within this research,
calcination temperatures of 200, 400, and 800°C were utilised. The vyield retrieved from the
fabrication process is depicted in Figure 4.13, where the lowest annealing temperature
achieved the greatest accumulation of Co304-NPs (80.9 mg). On the other hand, temperatures
exceeding 200°C witnessed a drastic decrease in mass, with 400 and 800°C amounting to
36.2 and 39.4 mg, respectively. These developments could be the consequence of the
remaining phytochemicals that showed considerable resilience towards heat treatment at
200°C. In spite of this, higher temperatures were able to surpass the biological threshold and
decompose impurities, thereby obtaining pure CosO4 nanoparticles (Syahirah Kamarudin et
al., 2018).

90

Mass (mg)

200°C 400°C 800°C
Calcination Temperature

Figure 4.13: The Co304-NP yield obtained from varying the calcination temperature

Furthermore, the response of size and morphology through the alteration of annealing
temperature has been investigated by several studies. For example, Bano and Pillai (2020)
found that crystallite sizes tend to increase at higher temperatures due to the coalescence of
grains with heat treatment. The larger particles stem from the movement of atoms to more
favourable positions, thus merging into adjacent particles. In addition, defects in the crystal
lattice were also detected; however, these flaws decreased as calcination approached higher
temperatures, thus generating a more crystalline structure (Govindasamy et al., 2021). Similar
results were experienced by Ariyanta and co-authors (2021), where lower annealing

temperatures displayed a weak NP crystalline phase, while higher temperatures indicated a
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strong crystalline phase with increased crystallite sizes due to thermally promoted growth
(Ariyanta et al., 2021).

Moreover, Tijani et al. (2019) mentioned that the sintering temperature significantly affected
nanoparticle morphology and agglomeration rate. According to their results, the increase from
250 to 650°C produced larger particles with minimal aggregation. The direct linear relationship
between the particle size and calcination temperature may have been induced by the stepwise
disappearance of crystal defects, thereby enhancing the crystalline nature of the
nanoarchitectures (Tijani et al., 2019). Several other investigations have displayed relatable
findings, where increased thermal energy led to heightened crystallinity and enlarged particle
sizes (Moorthy et al., 2015; da Silva et al., 2019; Karam & Abdulrahman, 2022).
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Figure 4.14: The redrawn FTIR spectra of spent-coffee mediated Cos04-NPs at different calcination temperatures
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Herein, the catalytic properties of the Co304-NPs fabricated using 200°C could not be analysed
due to their inability to redisperse in the reaction solution. However, the FTIR spectrum was
employed to analyse all nanoparticle samples (Figure 4.14), where no characteristic bands for
cobalt oxide were detected at the lowest calcination temperatures. The data retrieved from
200°C closely corresponds to uncalcined nanoparticles as a result of insufficient thermal
energy for the completion of the synthesis process (Rameli et al., 2018). Nonetheless, 400 and
800°C have strong peaks at 559 and 666 cm™. These bands are associated with Co-O
stretching vibration and the bridging vibration of O-Co-O bonds (Bhargava et al., 2018). The
increase in peak intensity with temperature may have also indicated a greater degree of
particle crystallinity (Kombaiah et al., 2018). Furthermore, little differences in degradation
efficiencies were observed despite doubling the calcination temperature (Figure 4.15), thereby

deeming 800°C an unnecessary increase in energy consumption.
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Figure 4.15: The effect of calcination temperature on Co304-NPs, analysed against the degradation of Tartrazine dye
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4.4. Characterisation of Co304 Nanoparticles

The cobalt oxide nanoparticles within this section were chosen according to the optimal
catalytic efficiencies achieved in section 4.3 while simultaneously minimising the energy usage
throughout the process. Therefore, the nanoparticles were synthesised using a 1:1 extract to
precursor volume at 25°C, with a neutral pH and a 2-hour reaction time. The calcination of the
nanomaterial was done at 400°C for 3 hours. Nanoparticles were characterised using XRD,

TEM, and UV-vis analysis techniques.

4.4.1. X-ray Powder Diffraction

The confirmation of the spent-coffee mediated Co30s-NPs was carried out through x-ray
diffraction techniques. As observed in Figure 4.16, the 20 peaks at approximately 22.06°,
36.42°, 42.99°, 45.00°, 52.45°, 65.53°, 70.07°, and 77.36° correspond to the (111), (220),
(311), (222), (400), (422), (511), and (440) cubic crystal planes of cobalt oxide (JCPDS card
file No. 01-080-1533). However, no sharp peaks were detected in the analysis, indicating that

the Co304 nanostructures were poorly crystalline.
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Figure 4.16: The XRD characterisation of the optimal Co304-NPs
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4.4.2. Transmission Electron Microscopy

Electron microscopy was employed to determine the size and morphology of the cobalt oxide
nanoparticles. It was discovered that the nanostructures were significantly clustered, with a
mixture of spherical and irregularly shaped colloids (Figure 4.17a — c). A study was done on
the diameters of the architectures using ImagedJ software, where the lengths of the particles
ranged from 12.08 — 69.05 nm with a narrow size distribution (Figure 4.17-d). The average
diameter of the individual nanoparticles displayed in the TEM images was 29.01 nm, which
was well in line with other reports on cobalt oxide nanoparticles (Muhammad et al., 2020;
Jeong et al., 2015; Chekin et al., 2016).

30

Particle Diameters {nm)

Figure 4.17: The TEM images of the Co304-NPs at (a) 200 nm, (b) 100 nm, and (c) 50 nm magnifications,
with (d) the particle size distribution
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4.4.3. UV-Visible Spectroscopy

The origin of light absorption by metallic nanoparticles arises from the consistent oscillation of
electrons in the conduction band induced by the interaction of an electromagnetic field (Bibi et
al., 2017). Therefore, the optical analysis of the cobalt oxide nanoparticles was accomplished
through UV-vis spectroscopy. The absorption profile, depicted in Figure 4.18, reveals two
peaks: the appearance of the first band is situated from 300 — 320 nm, while the overshadowing
second peak is located between 410 — 440 nm. The peaks derive from the charge transfer
processes of 0> — Co?* and O% — Co*, respectively. Hence, further confirming the presence
of Co304 nanostructures (Dewi et al., 2019; Yarestani et al., 2014). According to previous
literature, these results agree with the characteristic bands of Co304-NPs, which range
between 300 and 550 nm (Alrehaily et al., 2013; Bala et al., 2004; Bhargava et al., 2018; Dubey
et al., 2018).
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Figure 4.18: The UV-vis spectra of the Co304-NPs
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The band gap energy of a material describes the energy needed to excite an electron from the
valence band to the conduction band (Qiao et al., 2013). For an estimation of this value, the

Tauc relation may be utilised:
(F(Rw) - hv)™ = B(hv — Ej) (10)

Where hv is the photon energy, E, is the band gap energy, and B is a constant, F(R,,) is the
Kubelka-Munk function, and n is the factor dependent on the electron transition's nature. For
Co304, direct-allowed transition bands are employed; therefore, n = 2 (Bhargava et al., 2018).

In addition, the Kubelka-Munk function can be expanded as follows:

F(Rm)zizw (11)

S 2Roo

Where R, = RRS“ﬂ is the reflectance of an infinitely thick specimen, while K and S are the

standard

absorbance and scattering coefficients, respectively (Makuta et al., 2018). According to
previous literature, the band gap for the bulk material of cobalt oxide was reported to be 2.85
eV for the transitions from the valence band to the cobalt ion sub-bands (Sarfraz & Hasanain,
2014). It is known that the band gaps generally increase with a decrease in particle size; this
is a result of electron-hole pairs being significantly closer together, and the Coulombic
interaction between them can no longer be neglected, thereby leaving an overall higher kinetic
energy and initiating the effect of quantum confinement (M. Singh et al., 2018). Hence, the
energy difference between the filled and empty states widens the band gap and further restricts
the movement of electrons. Within this study, the band gap energy of spent-coffee-mediated
Co0304-NPs was approximately 3.09 eV (Figure 4.19), thus confirming the effects of quantum
confinement. The results obtained were in agreement with findings published by previous

researchers (Yarestani et al., 2014; Vennela, 2019).
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4.5. Catalytic Activity of CozO4 Nanoparticles

The spent coffee-mediated nanoparticles were utilised for the remediation of dye-polluted
water, where the efficiency was tested against Tartrazine dye. The adsorption kinetic study of
the data was accomplished through first-order kinetics (Figure 4.20), as it displayed the

strongest correlation (R? = 0.9837) when concentrations were plotted accordingly: In [C] vs .

4.0 Equation y=a+b%
'\ Adj. R-Squar | 0,98371
i \ Value Standard Error
3,5 Ln[C] Intercept = 3,83488 0,04195
Ln[C] Slope -0,07174 0,00238

_ 3.0+
9
ol
-
2.5
2.0 1
1.5 . T v T T ) - ) . T v T
0 5 10 15 20 25 30
Time (min}

Figure 4.20: The first-order kinetics for the degradation of Tartrazine dye

Initially, the degradation of Tartrazine was investigated by separately introducing each reaction
component, as seen in Figure 4.21-a. Alone, the Co304 nanoparticles experienced the lowest
efficiency, with a minor accumulation of 2.12%, suggesting that the contribution of adsorption
to Tart was weak as a result of the relatively small particle sizes (Dai et al., 2021). Furthermore,
peroxymonosulfate is a strong oxidant with a redox potential of 1.82 V and has been employed
in a wide range of oxidation reactions (Zhang et al., 2017). However, adding PMS to the dye
solution only brought about 12.93% decolourisation. On the other hand, the nanostructures
coupled with PMS resulted in 89.01% degradation of the Tartrazine within 30 minutes, thereby
indicating the excellent catalytic performance of the Coz0O4 nanoparticles for PMS activation

and, ultimately, sulfate radicals (SO}~) generation.

Moreover, the reproducibility of nanoparticle synthesis and catalytic dye degradation
procedures is one of the fundamental problems faced by researchers (Cukic et al., 2006).
Improving this aspect is considered crucial for applications in research and industrial fields.
Herein, a remarkable degree of repeatability with high accuracy was achieved, indicating that

the unique properties of the nanoparticles were preserved during synthesis (Figure 4.21-b).
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Figure 4.21: The (a) degradation kinetics of Tartrazine dye and (b) repeatability of the decolourisation process

4.5.1. Influence of Temperature

Previous research has reported that various degradation temperatures have had profound
effects on the rate and efficiency of the process (Tan et al., 2022). The results of this study
strongly correlate with this statement. Depicted in Figure 4.22 are temperatures of 25, 40, and
60°C with efficiencies of 93.86, 96.10, and 99.42%, respectively. Despite the differences being
minuscule, the time taken to achieve equilibrium drastically diminishes. Therefore,
unprecedented degradation rate (k) values were produced: 0.09, 0.21, and 0.34 min™ for 25,
40, and 60°C, correspondingly. Due to higher temperatures, molecules in the solution possess
elevated thermal energies, raising the collision frequency between the nanoparticles and the
dye molecules and initiating a higher rate of reaction (Salama et al., 2018). In addition, an
increased rate of sulfate radical generation is simultaneously experienced alongside valent
cobalt species, further accelerating the dye degradation rate (Siddique et al., 2018). Also, with
the enhanced activity at the surface, free radicals are allured to the surrounding film of the
nanoparticle. Subsequently, fast-cracking reactions of the dye molecules take place (Rafique
et al., 2019).
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Figure 4.22: The effect of temperature on the degradation of Tartrazine dye

Another imperative factor is the proportion of reactant molecules that possess sufficient energy
to react. This means: the greater the difference between the energy and the activation energy,
the faster the reaction rate will be. The Arrhenius equation was utilised to determine the

activation energy of the Tartrazine degradation through Co304-NPs.
k = Ae(“Ea/RT) (12)

Where 4 is the pre-exponential factor and e(~%a/RT) represents the fraction of collisions that
have enough energy to overcome the activation barrier at temperature T. By rearranging the
equation, a linear relation between In [K] and 1/T may be drawn, with the slope of the graph
equating to -E4/R, where E; is the activation energy (J/mol), R the ideal gas constant (8.3145
J/IK.mol), T the temperature (K), and k the reaction rate constant. Therefore, from the data in
Figure 4.23, the activation energy was calculated to be 30.61 KJ/mol. Similar investigations on
cobalt oxide-based catalysts present activation energies ranging from 26.5 — 75.5 KJ/mol,
suggesting that the energy barrier of the Co304-NPs obtained herein was relatively low (Shukla
et al., 2011; Yao et al., 2012; Chowdhury et al., 2015).

79




10 Equation y=a+hx
T Adi. R-Squa 09156
1 = Value Standard Err
-1,2 4 Ln [k] Intercept  10,03453 2,46213
4 Ln [k] Slope -3681.41 77273351
1,4
1,6
<
E
—-1,8 o
=
S204
22
2.4 _J | |
2,6 T T T T v T '
0,0030 0,0031 0,0032 0,0033 0,0034
-1
1T (K )

Figure 4.23: The activation energy of Tartrazine dye through the Cos04-NPs

4.5.2. Influence of Catalyst Loading

The degradation of Tart dye through alterations of Coz04-NP concentrations was examined.
As delineated in Figure 4.24, increasing the cobalt oxide content from 2 to 5 mg/L slightly
increases the reaction efficiency by approximately 6%. Catalyst loads surpassing 5 mg/L saw
almost no increase in the overall decolourisation of the solution. Furthermore, elevated NP

concentrations clearly display superior rates of azo dye degradation, with rate constants (k)

estimated to be 0.032, 0.094, and 0.193 for 2, 5, and 10 mg/L, respectively.

The efficiency and reaction rate enhancement has been mentioned in preceding reports
(Esmaeili et al.,, 2019; Dung et al., 2020). According to Ali and co-authors (2017), these
observations can be rationalised by the increased availability of active sites for PMS activation,

thus accelerating the oxidation of organic compounds through the generation of more sulfate

radicals (Kuriechen & Murugesan, 2013).
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Figure 4.24: The effect of catalyst loading on the degradation of Tartrazine dye

4.5.3. Influence of PMS Dosage

In pursuance of oxidant dosage effects, assorted masses of peroxymonosulfate were
introduced into the dye-nanoparticle mixture. As seen in Figure 4.25, the reaction rate
significantly increased when Oxone concentrations were elevated from 50 to 100 mg/L;
however, 200 mg/L solutions obtained slightly slower initial degradation rates than 100 mg/L.
This phenomenon is consistent with several other heterogeneous catalytic reactions for the
activation of PMS (Shi et al.,, 2022; Liu et al., 2017). Nonetheless, the highest PMS
concentrations remained the most effective, with efficiencies amounting to 94.82% in 22

minutes.

At low concentrations of PMS, the increased decolourisation may have been induced by the
increased production of reactive species, deeming that PMS prevails as the limiting factor. On
the other hand, higher dosages experienced minimal increases in efficiency due to the
limitations of available active sites for radical production (Mo et al., 2022). In addition,
redundant radicals react with unused PMS in the self-quenching reactions exhibited in
equations 13 and 14 (Ma et al., 2018):
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S0;™ + HSO3 — SO~ + HSO;

"OH + HSOZ - SO~ + H,0

(13)

(14)

Therefore, an overdose of PMS molecules will inevitably lead to a decrease in the reactivity of

the degradation system.

1,0—%\
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1 Parameter Time (min) | Efficiency (%) | k (min™)
50 mg/L 68 85,74 0,0231
100 mg/L 28 89,27 0,0713
200 mg/L 22 94,82 0,1256
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Figure 4.25: The effect of PMS dosage on the degradation of Tartrazine dye

4.5.4. Influence of Reaction pH

The pH of dye degradation reactions is a critical variable, as the concentration of cobalt ions
and the speciation of free radicals are highly pH dependent. In order to obtain the optimal pH,
a series of experiments were conducted in acidic (pH +£3.5) and neutral (pH 7) systems. Initially,
the nanoparticles dispersed in the dye solution presented a pH of approximately 8.3. After
adding PMS, the pH dropped to +3.5 due to the acidic quality of the substance (Zazouli et al.,
2017). The tests executed with the unadjusted pH displayed the most efficient outcome,
resulting in 91.00% decolourisation within 22 minutes (Figure 4.26). However, modifying the
pH to 7 brought about a dramatic decrease in the dye removal capabilities, with only 50.06%

degraded after 30 minutes.

Nagar and Devra (2018) reported similar findings, where an increase in degradation was
observed up to a pH of 6.5. This may have been attributed to the catalyst’s surface charge and
stability of PMS at acidic conditions. When dispersed in water, the surface of the nanoparticles

becomes cationic, providing more coverage of hydroxyl groups (Keshta et al., 2022).
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Therefore, the uncharged surface hydroxyl groups become the main active sites for generating
radicals and, in turn, deteriorating pollutants (Huang et al., 2017; Lou et al.,, 2014).
Furthermore, at a low pH, the dye degradation rate is only limited due to the H* ion scavenging
effects of the radicals *OH and SO}~ (Eqn 15 — 16):

‘OH+ H*+ e~ - H,0 (15)
S0;~+H* + e~ - HSO;~ (16)

At a neutral pH, the surface of the catalyst transitions to anionic, and higher electron repulsion
forces drive the reactive species away (Bouzayani et al., 2019). Consequently, fewer
molecules reach the surface of the nanoparticles, decreasing the degradation rate (Ahmadi &
Ghanbari, 2019). It is also noteworthy that Ball and Edwards (1956) witnessed the
spontaneous decomposition of PMS in the range of 6.00 — 11.65; hence, no attempt was made
to further adjust the reaction pH past 7. If the pH is increased from the natural one, then the
degradation of the dye would only be accomplished by the self-decomposition of PMS
(Madhavan et al., 2006).

1,0 5
Parameter Time (min) | Efficiency (%) | k (min™)
3-4 22 91,00 0,0712
0,8 1 7 30 50,06 0,0173
8 i e .
© 04 \
] \ —=—pH 3-4
\.\ e pH 7 [
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Figure 4.26: The effect of solution pH on the degradation of Tartrazine dye
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4.5.5. Possible Activation Mechanism of PMS

During advanced oxidation processes, the generation of various radicals is crucial for the
degradation of organic contaminants. Within the metal-catalysed activation of PMS, five main
types of reactive species arise: sulfate radical (SO;~), hydroxyl radical (*OH), superoxide radical
(057), peroxysulfate radicals (SO:~), and singlet oxygen (*0,) (Ghanbari & Moradi, 2017). In
order to ascertain the dominating radicals in the Cos04/PMS system, quenching experiments
were conducted using methanol (MeOH) and isopropanol (IPA). It is well known that MeOH
possesses the ability to scavenge both SO (k = 8 x 108 M's™") and *OH (k = 1 x 10"° M-'s™")
radicals (Farooq et al., 2022), while IPA has been reported to effectively quench *OH reactive
species 1000-fold higher than the rate of quenching occurring between IPA and SOj
(Govindan et al., 2020).

The evaluation of the Tartrazine removal rate in the presence of the radical scavengers is
presented in Figure 4.27. The decrease in reaction rate from 0.0712 min-' to 0.0385 (IPA, 50.0
mM) and 0.0219 min™' (MeOH, 50 mM) substantiates the involvement of sulfate and hydroxyl
radicals. This was further confirmed by the overall deterioration of the dye declining from
90.90% to 70.38 and 48.63% for IPA and MeOH, respectively. Also, since MeOH could not
completely halt the degradation of the azo dye; therefore, the participation of the other reactive

species (057, SO:~, and 10,) may be assumed.
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Figure 4.27: The quenching study on the degradation of Tartrazine dye
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Based on the above results and previous studies, the possible mechanism for activating PMS
through spent coffee-mediated Co3O. nanoparticles is summarised by equations 17 — 30. In
the presence of cobalt oxide nanostructures, PMS is activated to generate SO,~ and SOz~
radicals (Eqn 17 — 18). In addition, the same reactions describe the regeneration of Co?* and
Co®" in the redox cycle (Cheng et al., 2020). Equations 19 — 20 indicate the reaction between
the sulfate radicals and H,0/0H™ to produce *OH species. Furthermore, hydroxyl radicals may
also be formed by the reaction between SOz~ and hydroxylated metallic sites (M3* — H;0%)
(Egn 21 — 22) (Dung et al., 2020). In the oxidation system, PMS would be hydrolysed to
produce 05~ (Egn 23 — 24), with the dissolved oxygen also being able to contribute to 05~
concentrations (Eqn 25) (Mo et al., 2022). Moreover, the generated superoxide species can
consume PMS and accelerate the production of SO}~ (Eqn 26), thereby improving the oxidation
performance of the system (Peng et al., 2018). Equations 27 — 28 represent the formation of
10, from the self-reaction of SOz~ and self-decomposition of PMS. Simultaneously, the reaction
between 05~ /SO~ and water molecules would also generate singlet oxygen species (Eqn 29
— 30) (Kohantorabi, Moussavi & Giannakis, 2021). Lastly, the resulting radicals attack the Tart
dye molecules, open the aromatic rings, and form intermediate products, which are ultimately

mineralised into H,0 and CO,.

Co?* + HSOZ — Co®* +50;~ + OH™ (17)
Co3* + HSOZ — Co** +S0:™ + H* (18)
S0;~ + H,0 —» +H* + 503~ (19)
S0;~ + OH™ - "0H + S0%~ (20)
M3* —H;0% + 502~ —» M3t —- OHOSO; + H,0 (21)
M3* —-OHOSO; + 2e~ —» M?* + 50;~ + *OH (22)
HSO5 - SO~ + H* (23)
SO0 + H,0 - 05~ +S02~ +H* (24)
0, +e” - 05" (25)
HSOZ + 03~ - S0;” + 0, + OH~ (26)
S0:™ + S0:~ - 2502 + 10, (27)
HSO5 + S0%™ - HSO; + S0%™ + 0, (28)
205" + 2H,0 — 10, + H,0, + 20H~ (29)
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Ct/CO

250%™ + H,0 - 2HSO; + 1.50, (30)

4.5.6. Reusability

Three recycling runs of the nano-Co304 catalyst were carried out to determine the performance
and stability of the nanoparticles after use. Figure 4.28-a and -b depict the exponential
deterioration of the efficiency of the degradation process, with the reaction rate decreasing by
95.03% from the first to the third cycle. These results were mainly caused by the difficulty of
nanoparticle recovery for further use, as a substantial decrease in the yield was observed after
each cycle. Therefore, it may be suggested that the nanostructures necessitate a growth
template for easy retrieval. This aspect would be critical for the feasibility of the material within

industry.
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Figure 4.28: The reusability of the spent-coffee mediated Co304-NPs
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4.5.7. Industrial Effluent Simulation

The efficiency of the spent coffee-mediated Co304-NPs was analysed against a mixture of
three dyes that may mimic a typical industrial effluent (Kulasooriya et al., 2020). The mixture
consisted of equal volumes of Tartrazine, Methyl Orange, and Remazol Brilliant Red, with

concentrations of 0.1 mM (Figure 4.29).

Figure 4.29: The images of the industrial dye simulation and its constituents

Figure 4.30 displays the UV-vis spectrum of the mixed dye degradation process. Compared to
the average degradation of Tartrazine (k = 0.082 min™'), the catalytic activity of the
nanoparticles in the mixed dye solution presented promising results, with the reaction rate
constant (k) equating to 0.086 min'. Therefore, a 4.65% increase in the reaction rate was
observed. Moreover, the efficiency of decolourisation also withessed a minor increase from
91.99 to 92.77% for the degradation of Tart and mixed dye solutions, respectively. This is an
excellent indication that there was no substantial effect on the performance of the Co304
catalyst, despite the high load of organic pollutants with a wide variety of chemical

compositions.
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Figure 4.30: The UV-vis spectra of the industrial dye degradation through Cos04-NPs and PMS

4.5.8. Stability of Co304 NPs

The leaching of redox metal ions is a major issue regarding cobalt-activated AOPs. Due to its
toxicity, there is a dire need for strategies that can combat or prevent the release of cobalt ions
during oxidation reactions. Typically, the permissible level for dissolved cobalt is 1 ppm or
lower (Achola et al., 2020). In addition to the carcinogenic properties, ionic leaching may

negatively impact the catalyst through gradual deterioration, thereby limiting the lifespan.

The leaching of Co?* ions was studied during the degradation of Tartrazine dye, with the
standard solution comprised of deionised water (Figure 4.31-a). These curves do not exhibit a
clear trend in the dissolved cobalt concentrations; however, a peak of 0.86 ug/g can be
observed at 25 minutes. This equates to approximately 0.0001% of the total cobalt in the
reaction mixture, which is significantly lower than the cobalt leaching in similar reports (Gao et
al., 2021; Lin & Lin, 2017; Zhang et al., 2016). Considering the low cobalt ion concentrations,
it is suggested that the activation of PMS by Co304-NPs follows a heterogeneous pathway,
indicating that the nanoparticles function as a stable cobalt source and accelerate the
generation of sulfate radicals from PMS (Zhou et al., 2013). Nonetheless, it is worth noting that
any measurable release of heavy metal ions into the reactant solution is a potential limitation

for real-world applications.

Furthermore, the degradation of azo dyes is usually accompanied by the removal of chemical

oxygen demand (COD). Figure 4.31-b demonstrates the decrease of 21.88% in COD after a
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30-minute reaction period. Therefore, this implies that not only does the catalytic system
degrade the azo dye linkage (—-N=N-), but it could also decompose the reaction products (Shen
et al., 2010). In spite of this, the removal of COD was relatively low compared to previous
findings (Cai et al., 2015; Shi et al., 2012).
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Figure 4.31: The (a) cobalt leaching of the Co304-NPs and the (b) COD removal of the dye degradation reaction
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4.6. Photocatalytic Activity of CozO4 Nanoparticles

The photocatalytic degradation of Tartrazine dye in the presence of spent-coffee mediated
Co304 nanocomposites was investigated under two different light sources: a 6 W LED emitting
white light and a solar simulator producing 100 W/m? UV irradiation, both situated 5.0 cm from

the reaction cell (Figure 4.32).

Figure 4.32: The experimental setup for the photocatalytic degradation of Tartrazine dye

As presented in Figure 4.33-a, the introduction of light had an apparent effect on the reaction
rate of the system. As expected, the use of a UV light source resulted in a significant increase
of 37.60%, while the LED accrued a relatively negligible increment of 6.04%. Therefore, only

solar illumination was investigated from here-on out.

To better understand the mechanism, quenching tests were conducted on the photocatalytic
degradation of Tart dye using the same reagents described in section 4.5.5 (50 mM IPA and
50 mM MeOH). Compared to the prior catalytic outcome, an overall increase in reaction rate
was observed after adding the simulated solar light in quenched systems (Figure 4.33-b).
Although both the employed radical scavengers resulted in a substantial drop in oxidation rate,
it is clear that hydroxyl radicals may have been the dominating species in the UV-assisted
reaction as dye deterioration was quenched by 51.81% (IPA). Nonetheless, the introduction of
methanol confirmed the presence of sulfate radicals with a quenching accumulation of 67.63%.
These findings were in accordance with the data obtained from similar research (Li et al., 2016;
Mohamed Reda et al., 2017).
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Figure 4.33: The (a) effect of light on the catalytic degradation of Tartrazine dye, (b) the quenching benchmarks of the UV-
induced reaction, and (c) the photoinduced degradation kinetics of the azo dye

Based on the aforementioned results and previous reports, the proposed mechanism is shown
in Figure 4.34. The enhanced efficiency of Co304-NPs under UV irradiation is possible due to
the excitement of the valence band electrons to its conduction band, thus leaving
corresponding holes in the valence band (Egn 31) (Nagajyothi et al., 2020; Yang et al., 2005).
Subsequently, PMS possesses the capability to capture the migrating electrons to generate
SO;~ and reduce the quick recombination of electron-hole pairs (Eqn 32) (Meng et al., 2020).
Depicted in equations 33, 34, and 39 are the possible paths the photoinduced holes may follow,
where they react with H,0/0H~, PMS, or Tart molecules to produce hydroxyl radicals,
peroxysulfate radicals, or CO, and H,0 as degradation products, respectively (Kohantorabi,
Moussavi, Mohammadi, et al., 2021; Mahmoud et al., 2009). Therefore, the separation
efficiency of photoinduced electron-hole pairs is effectively improved. Despite the minor role,
superoxide radicals were also implicated in the photo-degradation of the azo dye, brought

about by dissolved oxygen concentrations (Eqn 35) (Gao et al., 2018). Furthermore, the
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activation of PMS through UV irradiation should not be neglected (Eqn 36). However, Figure
4.33-c presents argumentative results, as no degradation was observed after the addition of
PMS in the UV system. According to Meng and co-authors (2020), this may have been the
outcome of the solar simulator’s high optical power density, as the increased presence of
photons quenched the reactive oxygen species and decreased the performance. Lastly, in
equations 37 — 38, the Tartrazine is inevitably mineralised into carbon dioxide and water after

sufficient SO;~ and ‘OH generation.

Catalyst + hv — Catalyst (ecg + hyjg) (31)
ecg + HSO; —» S0;~ + OH™ (32)
his + H,0/OH™ — "OH (33)
hig + HSO; — SO~ + H* (34)
ecg +0, = 05 (35)
HSOg + hv - S0,~ + "OH (36)
S0;™ + Tartrazine — Intermediates — CO, + H,0 + SO;~ (37)
‘OH + Tartrazine — Intermediates —» CO, + H,0 (38)
hifg + Tartrazine - (Tartrazine)'t - C0O, + H,0 (39)
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Figure 4.34: The possible mechanisms for the photocatalytic degradation of Tartrazine dye using Coz04 NPs.
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4.6.1. Techno-economic Analysis
At ambient temperature, the degradation of Tartrazine dye through Co3z04-NP-activated PMS
resulted in 89.27% decolourisation within 30 minutes (k = 0.0713 min'), with continuous
agitation being the only contributor to the operating costs of the process. On the other hand,
the photocatalytic degradation of the azo dye involving the solar simulator exhibited an
efficiency of 96.09% within the same period (k = 0.1141 min™). Therefore, this indicates a
6.82% increase in pollutant removal and a 37.60% increase in degradation rate. However,
introducing artificial light to the advanced oxidation process is accompanied by additional
electricity consumption, increasing operating costs. With a 300 W lamp employed for a 30-
minute reaction, the energy expenditure accumulates to 0.15 kWh. In South Africa, the current
price of electricity per kWh is R2.558, which brings the lamp’s overall operating cost to 38
cents, ultimately deeming the introduction of a UV source an economically viable method for

improving the efficiency of the degradation process.

Contrarily, UV irradiation from the sun could negate the need for artificial light sources. Herein,
the decolourisation of Tartrazine dye was carried out in direct sunlight, with the weather

conditions presented in Table 4.1.

Table 4.1: The apparent weather conditions for the sunlight-assisted degradation of Tartrazine dye.

Time 12:00 - 14:00
Temperature 30°C

UV Index 11
Wind 13 km/h
Precipitation 0mm
Humidity 45%
Visibility 35 km
Pressure 1013 hPa

The results depicted in Figure 4.35-a and -b demonstrate the substantial influence sunlight has
on the degradation of Tartrazine dye, with 97.11% decolourisation in 30 minutes (k = 0.1306
min'). Despite the abundance of UV light, the efficiency of pollutant removal may have also
been attributed to the thermal energy introduced by the sun, thereby implementing another
enhancing aspect of the degradation process. Therefore, artificial light is entirely replaceable
by renewable energy radiating from the sun; however, the limitation of the earth’s revolution

should still be considered.
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Figure 4.35: The (a) degradation kinetics of Tartrazine dye in direct sunlight and (b) reaction rate constant
comparison between simulated solar light and sunlight.

4.7. Conclusion

This chapter has demonstrated the extraction of valuable phytochemicals from spent coffee
while retaining potent oxidative capabilities as the extraction mixture successfully reduced
metallic ions to form Co304-NPs. The cobalt oxide nanoparticles were characterised using
FTIR, XRD, TEM, and UV-vis techniques, where they were found to be poorly crystalline, with
spherical and irregular morphologies that possessed an average size of 29.01 nm. Also, the
nanostructures exhibited exceptional catalytic performances against the degradation of

Tartrazine dye, further enhanced through the addition of UV irradiation.
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Chapter 5

Conclusion & Future Recommendations

Herein, the successful synthesis of Coz04-NPs with a remarkable degree of repeatability has
been demonstrated, thereby deeming spent coffee an ideal waste material for developing a
clean, nontoxic green approach for producing nanoparticles at ambient temperature. The
characterisation of the cobalt oxide nanoparticles was accomplished using XRD, TEM, and
UV-vis techniques. The XRD pattern displayed a poorly crystalline nanomaterial correlated
with the cubic crystal planes of cobalt oxide. The TEM images indicated aggregates of
spherical and irregular nanostructures with an average size of 29.01 nm. Moreso, the UV-vis
spectrum further confirmed the formation of Co03z04-NPs and the band gap energy was
calculated to be 3.09 eV.

The catalytic activity of the nanoparticles illustrated a highly efficient Cos0s NP/PMS system,
where 89.27% of the Tartrazine dye was degraded within 30 minutes. Throughout the reaction,
a maximum of only 0.0001% of the cobalt leached into the solution. Therefore, the toxicity of
the nanoparticles had negligible effects. Furthermore, the cobalt oxide nanostructures were
not overwhelmed by the mixture of Tartrazine, Methyl orange, and Remazol brilliant red as
they retained high decolourisation efficiencies and fast degradation rates, indicating a solid

viability for industrial effluent treatment.

After the addition of simulated solar irradiation, the efficiency and rate of Tartrazine removal
increased by 6.82 and 37.60%, respectively. Hence, indicating that the nanoparticles were
photoactive. However, introducing this aspect required additional operating costs to the
procedure. Therefore, sunlight was used as a natural replacement that achieved an overall
Tartrazine degradation of 97.11% and a 45.41% increase in reaction rate compared to the

standard oxidation process.

In conclusion, the Co0304-NPs presented within this study displayed exceptional
catalytic/photocatalytic performance for the remediation of dye-stained water and, due to the
availability of the raw material, is an extremely cost-effective and environmentally sustainable

procedure that is highly suitable for future industrial implementation.
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Recommendations

In order to improve the viability of this study, the following should be considered:

e The use of a nanoparticle growth substrate is suggested to assist in the recovery of the
catalyst.

e A sulphur leaching study should be considered.

e The efficiency of the nanoparticles should also be tested in a continuous flow system
to simulate traditional wastewater treatment processes.

o A feasibility study for the full scale-up of the degradation process should be

contemplated.
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Western Cape Coffee Data
Page 1

This short electronic survey aims to assistin the retrieval of data regarding the daily consumption of coffee in the Western Cape
and the disposal of the coffee waste in order to gain new insight on the industry.

Please complete the following fields *

Name & Surname [:Clem(q\ﬁo F‘:\\'ﬂ\ T

Company/Franchise

Employment Position| n Gt l -

J
Suburb l M:lhbﬂof\ l

Giving an average estimation, how many bags of coffee does your store use each month *

Please provide the mass of each coffee bag below *

L0 4 [pn  Joums Lo K | menth

Do you discard your daily coffee waste to landfills? *

©r vos
O no

If you selected no to the previous question, please state how your store handles its daily coffee waste
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Western Cape Coffee Data
Page 1

This short electronic survey aims to assist in the retrieval of data regarding the daily consumption of coffee in the Western Cape
and the disposal of the coffee waste in order to gain new insight on the industry.

Please complete the following fields *

Name & Surname L‘\),ﬂe.,.. Hq/\.(/{uv-\ ]

~.

Employment PositionL cff-f\&f'M M@\Auv _ ’
v

Suburb L M: | v\dh—w i

Giving an average estimation, how many bags of coffee does your store use each month *

Please provide the mass of each coffee bag below *

Y ~3% | grams kg W

Do you discard your daily coffee waste to landfills? *

@/yes
O o

If you selected no to the previous question, please state how your store handles its daily coffee waste

Land B3Y\
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Western Cape Coffee Data
Page 1

This shor electronic survey aims to assistin the retneval of data regarding the daily consumption of cofee in the Western Cape
and the disposal of the coffee wasle in order to gain new insight on the industry

Please complete the following fields *

Name & Sumame I__h 5 :‘b E-\fons

Employment Position| ]
oy " k__lﬁ.a.m% e

Suburb XN

Giving an average estimation, how many bags of coffee does your store use each month *

Please provide the mass of each coflee bag below ~

1‘— a3 Y\%la Jgrams

Do you discard your daily coftee waste to landfills? *

11 you selecied no 10 the previous question, please state how your store handles its dally coffee waste

Puoy coltee Yo ma ke fzccl cofher §.
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Western Cape Coffee Data
Page 1

This short electronic survey aims to assist in the retrieval of data regarding the daily consumption of coffee in the Western Cape
and the disposal of the coffee waste in order to gain new insight on the industry.

Please complete the following fields *

Name & Surname L’()e),_-,b 2 I

Employment Positionl f\f\amc\e( J

Suburb JE‘&__IE c\e, 4‘

Giving an average estimation, how many bags of coffee does your store use each month *

Please provide the mass of each coffee bag below *

A Yo /1D | arams [A, 1Bo K3 | monil,
<y - J

Do you discard your daily coffee waste to landfills? *

S
O no

If you selected no to the previous question, please state how your store handles its daily coffee waste
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Western Cape Coffee Data
Page 1

This short electronic survey aims to assist in the retrieval of data regarding the daily consumption of coffee in the Western Cape
and the disposal of the coffee waste in order to gain new insight on the industry.

Please complete the following fields *

Name & Surname I 'BL‘/ CATS A I

Employment PositionLhNuaU— ]
\
Suourd [ {rogrvala Mol |
B J :

Giving an average estimation, how many bags of coftee does your store use each month *

Please provide the mass of each coffee bag below *

.L/L‘i\/ﬁ\ Jgrams 5L3 19h 1(3 / mon M

Do you discard your daily coffee waste to landfills? *

®/{85
O no

If you selected no to the previous question, please state how your store handles its daily coffee waste
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Western Cape Coffee Data
Page 1

This short electronic survey aims to assist in the retrieval of data regarding the daily consumption of coffee in the Western Cape
and the disposal of the coffee waste in order to gain new insight on the industry.

Please complete the following fields *

Name & Surname [ N\ ox ‘\\w\u{ 1

Employment PositionL‘\ Al |
Q)

SHbUD | Confeence \\0\&\ |

Giving an average estimation, how many bags of coffee does your store use each month *

Please provide the mass of each coffee bag below *

grams E\: K.as } P\Of\)'\-.

I 1 g [W
\

Do you discard your daily coffee waste to landfills? *

@ yes
O no

If you selected no to the previous question, please state how your store handles its daily cotfee waste
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Western Cape Coffee Data

Page 1

This short electronic survey aims to assist in the retrieval of data regarding the daily consumption of coffee in the Western Cape
and the disposal of the coffee waste in order to gain new insight on the industry.

Please complete the following fields *

Name & Surname [ 0 ]\! Q‘i‘t"\ Wao we JF

Company/Franchise

Employment PositionL ?\m\?d‘i\ J
Suburb l \\W\M\\A\\\L . J

.

Giving an average estimation, how many bags of coffee does your store use each month *

Please provide the mass of each coffee bag below *

[ 00 g !A Jgrams (h.KBtG‘)

Do you discard your daily coffee waste to landfills? *

®/ yes
O no

If you selected no to the previous question, please state how your store handles its daily coffee waste
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Western Cape Coffee Data

Page 1

This short electronic survey aims to assist in the retrieval of data regarding the daily consumption of coffee in the Western Cape
and the disposal of the coffee waste in order to gain new insight on the industry.

Please complete the following fields *

Name & Surname L M,}\ ]

Employment PosilionL Dot o '

Suburb l Q V\P\ch\":\\\b R ]

Giving an average estimation, how many bags of coffee does your store use each month *

Please provide the mass of each coffee bag below *

'”SL"\ ]grams
l A St

Do you discard your daily coffee waste to landfills? *

®/yes
O no

If you selected no to the previous question, please state how your store handles its daily coffee waste
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