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ABSTRACT

ABSTRACT

Nanofluids are advanced heat transfer fluids utilized to enhance the properties of common
fluids used in solar thermal collectors. Prior experimental studies demonstrated the
dependency of the thermal conductivity and viscosity of different nanofluids on their particle
size, shape, concentration, material, hosting fluid properties, acidity (pH value), additives and
fluid temperature. Co3z04 nanoparticles of higher aspect ratio have been reported to enhance
the thermal conductivity of their water based nanofluids. Moreover, it has been reported that
the synthesis of cobalt oxide nanoparticles in the presence of different propanol
concentrations can significantly alter their size, thus improving the properties of the resulting
nanofluids. Despite numerous studies investigating its applications in the energy storage
industry, cobalt hydroxychloride, a precursor to cobalt oxide, has never been used as nano-
heat transfer fluid. The impact of propanol concentration on the size of cobalt oxide
nanoparticles has been studied, but no similar study has been conducted for cobalt
hydroxychloride. Although the relationship between the thermal conductivity of cobalt oxide
nanoparticle-based nanofluids and the impact of their shape has been previously
documented, there has been no other study exploring the utilization of cobalt hydroxychloride
nanoparticles in nanofluid applications. Conflicting trends about the impact of particle size
and shape on the viscosity of various aqueous nanofluids show the need to investigate the
influence of cobalt hydroxychloride particle size and shape on the viscosity of their
nanofluids. A simultaneous Ostwald ripening (OR) and oriented attachment (OA) based
growth of cobalt hydroxychloride micro/nanostructures in  the presence of
triethanolamine/water solvent has been reported. Therefore, time course experiments have
been conducted to understand the growth of cobalt hydroxychloride in the presence of

propanol and water.

In the presence of cobalt chloride hexahydrate, cobalt hydroxychloride nanopowders were
synthesised in pure water and solutions of pure propanol at concentrations ranging from 10%
to 100%. A synthesis temperature and time of 105 5 °C and 6 h were maintained. The
resulting powders were characterised using HR-TEM, XRD, ATR-FTIR and UV-VIS-NIR after
their dispersion in pure water then, their thermal conductivity and viscosity were measured.
In the presence of cobalt chloride hexahydrate, cobalt hydroxychloride nanopowders were
synthesised in 70% propanol concentration solvent and pure water. Synthesis times were
varied from 60 min to 960 min for both solvents, but at a constant synthesis temperature of
105 5 °C. The resulting powders were characterised using XRD and HR-TEM. Both pink
and lavender B-cobalt hydroxychloride nanoparticles were produced from propanol
concentrations ranging from 70% to 100%. Green nanopowders of mixed phases were
encountered for the rest of propanol concentrations. A conversion of the shape of cobalt

hydroxychloride particles from hexagonal nano-plates to spherical-shaped nanoparticles
il
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occurred at 70% propanol concentration. Contrary to a prior trend, increasing propanol
concentration from 0% to 100% led to the size reduction of cobalt hydroxychloride
nanoparticles. Time dependent experiments revealed that changing the solvent medium from
water to 70% propanol while retaining the same processing time modify the morphology of
cobalt hydroxychloride from hexagonal nanoplate to spherical. However, the morphology of
cobalt hydroxychloride was not altered despite the change in solvent medium from pure
water to water:propanol solution (30:70)% at aging times ranging from 9h to 16h. The
production of smaller spherical cobalt hydroxychloride particles in the presence of 70%
propanol was achieved at reaction times ranging from 1 h to 6 h. In water, cobalt
hydroxychloride nanoplates grew first via OR kinetics then OA kinetics while a simultaneous
OR and OA growth kinetics occurred for nanospheres. In propanol, the growth of cobalt
hydroxychloride nanospheres were controlled first by OR kinetics, then by OA kinetics.

An increase in temperature led to reducing the viscosity of cobalt hydroxychloride nanofluids
while increasing their thermal conductivity. All cobalt hydroxychloride nanofluids displayed
absorption peaks in the near infrared region and a considerable increase in light absorption
in the visible range compared to water, demonstrating their potential solar absorption ability.
At 303 K, the cobalt hydroxychloride nanofluid made of cobalt hydroxychloride nanoplates at
~58 nm displayed the highest increase in viscosity of ~11%. The thermal conductivity of the
nanofluid made of cobalt hydroxychloride nanospheres at ~10 nm exhibited the highest
augmentation in thermal conductivity at all temperatures with ~14% at 308 K. The thermal
conductivity enhancement was due to the Brownian motion-induced convection mechanism.
The thermal conductivity enhancement of the aqueous nanofluids was affected by the cobalt
hydroxychloride particle size while their viscosity increase was rather affected by the shape

of cobalt hydroxychloride.
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TERMS AND CONCEPTS

TERMS AND CONCEPTS

Brownian motion: a phenomenon describing the random movement of particles suspended

in a fluid.

Growth kinetics: refers to the rate at which the number of individual particles changes in a

given system.

Hydrothermal synthesis: A synthesis method for the formation of crystallized nanomaterials

by using high temperature aqueous solutions at high pressure.
Nanofluid: refers to a fluid consisting in a mixture of base fluid and nanoparticles.

Nanoparticle: a particle that is 100 nm or smaller in size.

Oriented attachment: the spontaneous growth and self-organization of neighbouring
nanocrystals, leading to crystal growth through the addition of solid nanoparticles that

possess a shared crystallographic orientation.

Ostwald ripening: is a process in which larger particles in a mixture grow at the expense of
smaller ones. In short, it is the phenomenon where small particles dissolve and redeposit

onto larger particles.

Rheological properties: properties related to the flow behaviour of materials or their

response when submitted to applied forces.

Solar thermal heat transfer fluid: a superior thermal-fluid utilized to carry heat through

solar thermal collectors.

Thermal properties: are thermophysical properties associated with the material-dependent

response when heat is supplied to it.
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ABBREVIATIONS AND ACRONYMS

ATR-FTIR: Attenuated Total Reflectance-Fourier Transform Infrared

CTAB: Cetyltrimethyl ammonium bromide

DIW: Deionised water

DLVO: Derjaguin, Landau, Verwey, and Overbeek

EG: Ethylene glycol

IUPAC: International Union of Pure and Applied Chemistry
ICDD: International Centre for Diffraction Data

JCPDS: Joint Committee on Powder Diffraction Standards
LSW: Lifshitz-Slyozov-Wagner

OA: Oriented attachment

OR: Ostwald ripening

PEG: Polyethylene glycol

PSD: Particle size distribution

STC: Solar thermal collectors

TEM: Transmission electron microscopy

UV-VIS-NIR: Ultraviolet-visible and near-infrared

VEROS: Vacuum evaporation onto a running oil substrate
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INTRODUCTION

CHAPTER 1 INTRODUCTION

1.1 Background and motivation

Energy generation from unsustainable sources (coal, petroleum) is one of the major
challenges facing society today. Moreover, the global dependence on unsustainable sources
brings another problem, namely associated emissions (HO6k & Tang, 2013). Consequently,
sustainable energy sources such as solar energy are gaining ground over unsustainable
resources (Shafiee & Topal, 2009). According to Rashidi et al. (2017), solar energy use can
provide humans with all the energy they need over an entire year with little impact on the
environment. One of the principal methods for collecting solar energy is through solar
thermal collectors (STCs) where the collected energy is converted into thermal energy
(Suman et al., 2015) then, transferred to a working fluid (a gas or liquid) flowing inside the
tubes attached to the absorber plate. The efficiency of STC systems is dependent on how
effective the used solar receivers in STCs captures solar energy, and how effectively the
thermal energy or heat is transferred to the working fluid (Otanicar et al., 2010). To address
the considerable heat losses from the absorber plate to the surroundings in conventional
STCs, Minardi and Chuang (1975) developed direct absorption receiver based STC system
which absorb solar flux directly within the fluid volume. However, conventional fluids (water,
ethylene glycol, etc.) used in direct absorption or volumetric STC have been reported to
exhibit poor thermal conductivity and low optical properties over the solar spectrum range (Li
et al., 2020). Nanotechnology has enabled the development of nanosized particles
(nanoparticles) that possess superior properties. Thus, nanoparticles were added to
conventional fluids in volumetric STC to enhance the thermal and optical properties of the
working liquid (Otanicar et al., 2009; Otanicar et al., 2010). Generally, nanofluids, as initially
discovered by Choi and Eastman (1995), represent an advanced category of fluids formed by
dispersing nano-sized particles, typically ranging in size from 1 to 100nm, within

conventional fluids (e.g., water, ethylene glycaol, etc.)

Different nanoparticles are available on the market for nanofluid formulation including metals,
metal oxides, carbon materials (carbon nanotube, graphene, etc.), carbides and nitrides
(Suganthi & Rajan, 2017). Transition metal oxides nanopatrticles have attracted the attention
of many researchers because of their magnetic, optical, catalytic, and electronic properties
(Sinkd et al., 2011). Cobalt (Il, 1) oxide (Cosz04) which is both a magnetic and transition
metal oxide has been applied as light absorber and hole transporting layer in all-oxide
photovoltaic and polymer solar cells (Kupfer et al., 2015; Wang et al.,, 2015). The
incorporation of nanoparticles dramatically enhances the thermophysical properties of
nanofluids (Patil et al., 2016). Thermal conductivity and viscosity are two of the most studied

thermophysical properties of nanofluids because of their impact on the thermal efficiency of
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STC systems (Yu et al., 2008; Ozering et al., 2010; Kleinstreuer & Feng, 2011; Sundar et al.,
2013). Nanofluids containing CosO4 nanoparticles dispersed in water have been studied for
their thermal conductivity and viscosity (Sekhar et al., 2017; Sekhar et al., 2018; Mitra et al.,
2021; Alsboul et al., 2022; Manoram & Moorthy, 2022). Among the most influential
parameters affecting the thermal conductivity and viscosity are particle concentration, particle
size, particle shape and temperature (Karimi-Nazarabad et al., 2015; Sarviya & Fuskele,
2017). Thermal conductivity of water based Cos;04 nanofluids increased with increasing
nanoparticle concentration and temperature. In contrast, the viscosity of Co304 nanofluids
increased with decreasing temperature and increasing particle concentration. Mitra et al.
(2021) prepared rod-based nanofluids with nanorods of 27 nm in size, while nanoflowers with
32 nm in size were used for flower-based nanofluids. Rod-based Co3:04 nanofluids exhibited
higher thermal conductivity due to the higher aspect ratios of nanorods (Gu et al.,, 2013)
resulting in an increased contact area with the heat source, and hence increased heat
transfer rates (Ghosh et al., 2013). The authors, however, did not discuss the effect of
nanoparticle size on thermal conductivity enhancement of Co304 nanofluids. Furthermore, no
study investigated the impact of Co304 particle size and shape on the viscosity of their
nanofluids. Among the methods used to synthesize Co304 nanopatrticles is the synthesis of
solid cobalt precursors followed by their calcination to produce Cos0O. nanoparticles (Nassar
& Ahmed, 2011). The synthesis of Co30. nanoparticles from the calcination of Co2(OH)sCl
nanoparticles has been reported (Cui et al.,, 2009; Yang et al.,, 2010; Mansournia &
Rakhshan, 2017; Meng & Deng, 2017; Ranganatha et al., 2017). Co2(OH)sCl is part of the
family of cobalt layered basic salts and has different uses including electrode materials for
batteries, electrochemical supercapacitors, microwave absorbers and catalysts (Ma et al.,
2014; Zhao et al., 2019; Wang et al.,, 2020; Ma et al.,, 2021). Furthermore, cobalt
hydroxychloride (Co2(OH)sCl) has also been studied due to the significant electric, magnetic,
and catalytic properties of Co3z04formed upon their thermal decomposition (Ma et al., 2017,
Mansournia & Rakhshan, 2017; Meng & Deng, 2017). It has been shown that the use of
alcohols can control the nanopatrticle size and shape, since the properties of alcohols change
as the alkyl chain length increases (He et al., 2004a; Athawale et al., 2010; Chowdhury et al.,
2014). Heuvel et al. (2021) synthesised Co0304 rhombic like particles by dissolving
CoCl».6H,0 in different alcohols (methanol, ethanol, propanol, butanol and octanol) at 50%
and 100% concentrations. Co3z04 nanoparticle size increased with increasing alcohol
concentration. For instance, the size of Co3z04 nanoparticles increased from 34 nm to 66 nm
with propanol concentration increase from 50% to 100%, respectively. This shows that the
use of propanol during the synthesis of nanoparticles can provide a means of control over

their size, thus improving the properties of the resulting nanofluids.
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1.2 Research problem

STC systems are being investigated as a potential sustainable solution for harnessing solar
energy, aiming to generate both useful heat and electrical energy. The efficiency of these
systems in transferring the generated heat for various technological applications is
significantly influenced by the choice and performance of the used heat transfer fluids
(HTFs). HTFs containing nanopatrticles (also known as nanofluids) have been shown to
demonstrate enhanced heat absorption and heat transfer properties depending on the size,
shape, and concentration of nanopatrticles in the base fluid. Similarly, to several metal oxide
nanoparticles, CosO. nanoparticles have been dispersed in heat transfer fluids and then
studied for their viscosity and thermal conductivity as functions of temperature, particle shape
and particle concentration. However, for Co(OH)sCl nanofluids, the relationship between the
particle size and shape of Co2(OH):Cl nanoparticles, and the viscosity and thermal
conductivity of their resultant nanofluids has not been investigated systematically in one
study. This study undertakes to accomplish this, by first understanding how to achieve
controlled synthesis of Co2(OH)sCl nanoparticles of desired sizes and shapes, then
investigating the effect of temperature, particle size and shape on the viscosity and thermal
conductivity of the ensuing Coz(OH)sCI nanofluids. The attainment of these objectives will
pave the way for the possibility of synthesising Co2(OH)sCIl based nanofluids at industrial

scale for application in solar thermal technologies.

1.3 Research question

What is the effect of propanol on the growth kinetics of Co2(OH)sCl nanoparticles prepared
under different hydrothermal processing conditions (of varying solvent ratios and synthesis
time)? What are the thermal and rheological properties of the resultant Cox(OH)sCl
nanofluids ? What is the relationship between thermal conductivity of Co2(OH)s;Cl nanofluids

and the size, shape of Co2(OH);Cl nanoparticles in solution.

1.4 Aims and objectives

The aim of this research is to investigate the effect of propanol in various mixed solvents
ratio, and reaction times on the growth kinetics of Co2(OH)sCl nanoparticles during
hydrothermal synthesis, as well as the application of Co2(OH)sCl nanoparticles as solar heat

transfer fluid.
The obijectives are as follows:

1. To investigate the effect of propanol on the Coz(OH)sCl crystal growth kinetics under
different hydrothermal processing conditions (solvent ratio and synthesis time).
2. To investigate the temperature-dependent viscosity of Co2(OH)sCl nanofluids and

analyse its variation concerning patrticle size and shape.
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3. To measure the thermal conductivity of Co2(OH)sCl nanofluids as functions of
temperature, particle size and shape.

4. To establish the relationship between the viscosity of Co2(OH)sCl nanofluids and the
size, shape of Co,(OH)sCl nanopatrticles in solution as well as temperature.

5. To establish the relationship between the thermal conductivity of Co2(OH)sCl
nanofluids and the size, shape of Co2(OH)sCl nanoparticles in solution and

temperature.

1.5 Significance

This research will result in the development of Co,(OH)sCl nano-heat transfer fluid to
enhance the heat transfer properties of a conventional fluid for application in solar energy
harvesting devices. This project will help to better understand the growth mechanisms as
well as the factors that facilitate controlled synthesis of Co2(OH)sCl nanoparticles of desired
sizes and shapes. Moreover, this research aims to enhance solar energy harvesting,
diversify the applications of Co2(OH)s;Cl nanopowders, and establish a manufacturing facility
for synthesizing Co2(OH)sCl nanoparticles. Ultimately, the transition of this research from
laboratory experimentation to industrial implementation holds the potential to create essential

employment opportunities in South Africa.

1.6 Delineation

This work will not consist in the synthesis of Co(OH)sCl nanoparticles hybrids or those
coupled with other elements or compounds. Only the synthesis of Coz(OH)sCl nanoparticles
in the presence of varying mixed solvent ratios (propanol/water) forms part of this research.
Further testing of the nanofluid in pilot solar thermal technologies falls outside the scope of

this work.

1.7 Organisation of the thesis

This thesis is structured in different chapters as follows:
Chapter 1: Introduction
Chapter 2: Literature review

The use, properties of Co2(OH)sCl and Cosz04 nanopatrticles, prior literature on the growth
mechanisms of Co(OH)sCl and Cos04 nanoparticles, as well as the effects of various
synthesis parameters on their growth are covered. This chapter also comprises former

research on the stability and measurements of Co3;04 nanofluids properties.
Chapter 3: Research methodology

The preparation of Co(OH)sCl nanoparticles via the hydrothermal route at different

processing conditions are presented in detail. The procedures used for the preparation of
18
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Co2(OH)3Cl nanofluids and the measurement of their properties are described in detail. In
addition, the characterisation techniques used in each part are presented.

Chapter 4: Effects of propanol on the characteristics and growth kinetics of Co2(OH)sCl

nanoparticles

This chapter provides the results obtained from the effect of propanol concentration on the
phase, size and shape of Co»(OH)sCl nanopatrticles, at constant synthesis temperature and
time. The effect of propanol concentration on the growth of Co,(OH)sCl nanoparticles at

different synthesis times is also reported.

Chapter 5: Impacts of particle size/shape and temperature on the properties of Coz(OH)sCl

nanofluids

Results from the change in Co2(OH)sCl particle size and shape on the viscosity and thermal
conductivity of their aqueous nanofluids were provided. The results obtained from measuring
the viscosity and thermal conductivity of Co,(OH)s;CI nanofluids at varying temperature were

also presented.
Chapter 6: Conclusions

Outlines the conclusions of the study and provides recommendations for future research.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

STC systems convert solar energy into heat that is widely used in applications such as
domestic and industrial heating (Evangelisti et al., 2019). Nevertheless, the utilization of solar
energy presents several challenges, including high initial costs and the relatively low
efficiency seen in traditional STCs (Otanicar et al., 2010; Gupta et al., 2015). This reduced
efficiency is often attributed to the inherently low thermal conductivity of conventional heat
transfer fluids such as water, air, and thermal oils. Micron-sized particles were dispersed in
fluids to enhance their thermal conductivity, but they generated some problems, such as
particle settling, pipe clogging, abrasion of devices, etc. (Yoo et al., 2007). It was reported
that nanoparticles exhibit large surface-to-volume ratios, which can result in a significant
enhancement of the thermal conductivity of fluids (Hong et al., 2005). Different nanosized
particles including metals, metal oxides, and carbon nanotubes can be dispersed in common
fluids. Metal oxide nanoparticles are the most applicable materials for nanofluid preparation
because they are chemically stable, less prone to oxidation (Saidina et al., 2020) and settle
less during nanofluid preparation due to their lower density (Suganthi & Rajan, 2017). The
thermal conductivity of Cos0s-based nanofluids have been investigated (Singh, 2008;
Ahmadi et al., 2018). It was reported that the thermal conductivity of nanofluids is greatly
influenced by the particle size, particle shape, nanofluid temperature and particle
concentration (Ahmadi et al., 2018). The following section goes in-depth concerning the
parameters affecting the synthesis of Co2(OH);Cl nanoparticles, its application as well as the

parameters affecting its growth mechanisms.

2.2 Cobalt hydroxychloride

The calcination (heat treatment) of solid cobalt precursors is one of the most used methods
to produce Co304 nanopatrticles (Nassar & Ahmed, 2011). Cos;0. nanoparticles have been
manufactured from the calcination of different type of precursors. One of them is cobalt
hydroxychloride (Co2(OH)sCl) which is part of the cobalt layered hydroxy salts (cobalt basic
salts). According to Zenmyo and Tokita (2009), Co2(OH)sCl has a hexagonal structure with
lattice constants a = b = 6.84 A and ¢ = 14.5 A as well as a rhombohedral space group R3m.
Figure 2.1 shows the crystal structure of Co(OH)sCl which is composed of Co?* ions forming
a three dimensional network of linked tetrahedrons where stacked layers of Kagome and
triangular lattice planes alternate in the [001/001] directions. There exist two kinds of Co
atoms in lattice with different coordination patterns (features 1 and 2 in Figure 2.1). One
which is the Kagome Co?" surrounded by four O atoms and two Cl atoms; the other one
which is the triangular Co?* surrounded by six O atoms (Zenmyo & Tokita, 2009; Jiang et al.,
2019).
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Figure 2.1: Crystal structure of Co2(OH)sCl with two types of Co atoms with different
coordination patterns (Jiang et al., 2019)

Different polymorphs of Co,(OH):Cl have been reported namely, the green Co2(OH):ClI
(Feitknecht & Fischer, 1935), the lavender-coloured B-Co2(OH)sCl (Feitknecht, 1935; de
Wolff, 1953; Oswald & Feitknecht, 1964) and the pink 3-Co2(OH):Cl (Garcia-Martinez et al.,
1988). According to Garcia-Martinez et al. (1988), the green Co2(OH)sCl is less stable than
the lavender-coloured B-Co2(OH):Cl, hence the Ilatter has been extensively studied
(Feitknecht, 1935; de Wolff, 1953; Oswald & Feitknecht, 1964; Meng & Deng, 2017). A range
of applications exist for Co2(OH):Cl, including electrode materials for batteries,
electrochemical supercapacitors, microwave absorbers and catalysts (Ma et al., 2014; Zhao
et al., 2019; Wang et al., 2020; Ma et al., 2021).

2.3 Hydrothermal synthesis of Co2(OH)sCl particles

Various researchers have reported different methods for the synthesis of Co2(OH)sCl
particles including, epoxide assisted precipitation, spray pyrolysis, hydrothermal synthesis,
sol-gel and solvothermal synthesis (Cui et al.,, 2009; Park et al.,, 2014; Ma et al., 2017;
Mansournia & Rakhshan, 2017; Jiang et al., 2019; Wang et al., 2019; Wang et al., 2022;
Liang et al., 2023). Among these methods, the hydrothermal or solvothermal method offers a
versatile method for regulating the particle size, particle shape, microstructure, and phase
composition by altering parameters like reaction temperature, reaction time, reaction media
and pH value (Tang et al.,, 2009). Moreover, this method is simple to use, can produce
uniform products, requires low energy consumption and is less expensive than other
methods, thus, this approach was used to synthesize Co,(OH)s;Cl nanostructures with unique
shape and controlled particle size. Rabenau (1985) defined hydrothermal synthesis as a
heterogeneous reaction taking place in an agueous media beyond critical conditions (100 °C

and 1 bar). In the case where organics are used as solvent medium, the process is referred
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to as “solvothermal”. Generally, the hydrothermal synthesis occurs within a sealed reactor
called autoclave, pressure vessel, or high-pressure bomb. The synthesis of Co2(OH)sCl
particles may be accomplished by using anhydrous or hydrated cobalt (II) chloride salts
coupled with hydroxyl sources in the required medium. Depending on the process, a
surfactant might be added to the solution. The resulting solution is then transferred to the
autoclave in which the reaction takes place at the required temperature for a certain amount
of time. As the synthesis process concludes, the wet precipitates (cobalt precursor) are
collected then they are washed and dried. During the Co2(OH)sCl particle synthesis, different
reactions occur. The use of ammonium hydroxide, allows for the hydroxyl ions to be utilised

as follows:
NH,OH - NH,™ + OH~ (2.1)

Dissolving cobalt (Il) chloride in aqueous medium:

CoCl, + 6H,0 - [Co(H,0)¢]** + 2CI~ (2.2)
Resulting in:
2[Co(H,0)6)** + Cl™ + 30H™ - Co,(0H)3Cl + 12H,0 (2.3)

2.4 Factors affecting the size and shape of Co2(OH)sCl particles
Here the effects of processing conditions on the phase, size and shape of Co2(OH)sClI

particles are discussed.

2.4.1 Effect of solvent medium

Wang et al. (2019) prepared Coz(OH)sCl nanoparticles via the solvothermal method. They
dissolved CoCl..6H.O and urea (Co(NH.)2) in various solvent ratios of water/glycol to
determine the effect of solvent on the formation of Co,(OH)sCl. Then, the mixture was heated
at 180 °C in an autoclave for 12 h. In a water/glycol volume ratio of 1.0, they obtained a
mixture of two phases: Co3z04 and Coz(CO3)(OH), nanowires with 2 ym in length and 60 nm
in diameter. Increasing the water/glycol ratio to 1:1 resulted in a mixture of two phases:
Co02(C0O3)(OH)2 and Co2(OH)sCl nanowires with 5.5 ym in length and 110 nm in diameter
along with some scattered granular nanocubes. In 1:2, 1:3, and 1:4, only pure Co2(OH)sClI
nanocubes were obtained. This shows that glycol facilitated the formation of Co2(OH)sCl
nanocubes. Wang et al. (2019) suggested that the disappearance of the nanowire structure
was caused by a reduction in nucleation rates and an activation of substrates due to a higher
amount of glycol during the synthesis. Wang et al. (2022) synthesised Co,(OH)sCl particles

via the hydrothermal route using a binary triethanolamine (TEOA)/water solvent and
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CoCl,.6H,0 at 200 °C for 24 h. To investigate the formation of Co»(OH)sCl, the amine was
varied. Replacing TEOA with diethanolamine (DEA) resulted in the formation of a mixture of
C02(OH)sCl and Co(OH),. When using monoethanolamine (MEA), only Co(OH), was
produced. The amines used have the following alkaline ranking: MEA>DEA>TEOA. The
weak alkaline environment provided by TEOA allows for the formation of Co2(OH)sCl,
whereas a high alkaline environment led to the formation of Co(OH)a.

2.4.2 Effect of synthesis temperature

To the best of our knowledge, no study investigated the influence of temperature on the
synthesis of Co,(OH)sCI microparticles via the hydro/solvothermal route. However, Park et al.
(2014) synthesised Co2(OH):Cl nanoparticles via spray pyrolysis from a 0.15 M CoCl»
solution under nitrogen atmosphere at different temperatures. At 500 °C, they obtained
CoClz(H20), microparticles while at 700 °C a mixture of Co2(OH)sCl, CoCl»(H20), and CoO
microparticles were produced with Co2(OH)sCl being the major phase product. At 900 °C,
more CoO microparticles were obtained. Therefore, the suitable temperature for preparing
Co2(OH)sCl particles via spray pyrolysis is between 500 °C and 900 °C. Park et al. (2014) did

not report the impact of aging time on the size of Co2(OH)sCl micropatrticles.

2.4.3 Effect of synthesis time

Mansournia and Rakhshan (2017) prepared Co2(OH)sCl nanoparticles by mixing a
dichlorobis(thiourea)cobalt(ll) ethanolic solution (0.01 M) with ammonia solution (0.1 M) as
precipitating agent. The mixture was heated in an oven at 50 °C for different times. After 1 h
of synthesis, nucleation was observed. After 6 and 24 h of synthesis, the growth of
Co2(OH)sCl nanoparticles occurred. Meng and Deng (2017) synthesised Coz(OH)sCl
particles which were obtained from the reaction of aqueous CoCl; solution (1 M), surfactant
cetyltrimethyl ammonium bromide (CTAB) and NaOH (1 M) in an eggshell reactor which was
placed in an oven at 50 °C for different synthesis times. After 6 h of synthesis, they obtained
Co2(OH)sCl nanoplates and small particles which was interpreted as the initial nucleation and
growth on the surface of eggshell membrane. After 12 h of synthesis, they observed
Co2(OH)sCl nanoplates and plate shaped aggregates. After 1 day of reaction, Co2(OH)sCl
microparticles (0.5 to 1 ym in size) with a highly rough surface were produced. The growth of
microparticles is believed to have resulted from the dissolution and recrystallisation
mechanism of aggregated nanoplates. In 3 days of reaction, the size of Co2(OH)sClI
microparticles increased and its surface became smooth. Wang et al. (2022) synthesised
Co2(OH)sCl particles by the hydrothermal reaction of a binary TEOA/water solvent and
CoCl,.6H-0 at 200 °C for different reaction times. After 1 and 3 h of reaction, some regular
Co(OH), nanosheets were produced. Further increase to 6, 12 and 24 h resulted in the
transformation of Co(OH). nanosheets into Co2(OH)sCl octahedrons which then self-

assembled to form microspheres. It is believed that Co»(OH)s:Cl octahedrons grew via
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Ostwald ripening mechanism. Therefore, controlling the reaction time is crucial for the
formation of Co2(OH)sClI.

Based on the above studies changes in synthesis conditions such as solvent medium,
synthesis temperature or synthesis time can affect the formation of Co2(OH)sCl or result in
Co2(OH)sCl particles of different sizes and shapes.

2.5 Basic concepts on the growth process of nanoparticles

One of the challenges encountered in the field of hanotechnology has to do with the precise
control over size, size distribution and surface chemistry of nanoparticles. This control is
necessary to generate nanoparticles with unique properties (Nguyen & Do, 2011). Lee et al.
(2016) stated that there is a gap between the understanding of the mechanisms leading to
nanoparticle formation and the necessity for synthesizing them purposefully. Therefore, it is
necessary to investigate the mechanisms responsible for nanopatrticle formation. According
to Jolivet et al. (2000), the formation of nanoparticles from both liquid and gaseous solutions,
is divided in four steps namely, the precursor formation, nucleation, growth and aging

processes as illustrated in Figure 2.2 below.
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Figure 2.2: Precursor concentration against time for the formation and growth of nanoparticles
(LaMer & Dinegar, 1950)
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2.5.1 Precursor formation

Initially, precursor molecules are formed by hydroxylation and hydrolysis reactions to
facilitate condensation (Oskam, 2006). An increase in the concentration of precursor
molecules leads to a state of supersaturation as illustrated in Figure 2.2. Due to the instability
of the supersaturated system, the process enters the second part of nanoparticle formation,
which is the nucleation of particles.

2.5.2 Nucleation

Once the precursor concentration is above the nucleation threshold, nucleation can occur
until the precursor concentration is again below that threshold (Oskam, 2006). Nucleation is
defined as a process whereby an initial solid of critical size (n*) called “cluster” is formed from
a chemical reaction. It is possible for the reaction to be reversible in that the cluster can

dissolve back into ions as shown in Figure 2.3.

° Nucleation Growth
030 < >
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in critical size Nanoparticle
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Figure 2.3: Reversible nucleation and growth of nanoparticle (Denis et al., 2015)

The process of nucleation may occur naturally or may be induced atrtificially (Mullin, 2001).
During nucleation, the formation of a cluster from solution is because of the difference
between the chemical potential of the cluster molecule (Uc) and that of the species in solution

(Kg) as illustrated in Equation 2.4 (Kashchiev, 1982) below:

A= g — He (24)
Where Ap is the thermodynamic driving force for nucleation.

The thermodynamic driving force can also be written as:

Ap = kgT In(S) (2.5)
Where kg, T and S are the Boltzmann constant, the temperature and the supersaturation.

In the case of insufficient supersaturation, there will be no formation of critical size cluster

(Kashchiev & Van Rosmalen, 2003). If a cluster has a size larger than the critical size, it will
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become stable and grow to form a nanoparticle. However, in the case where a cluster does

not reach the critical size, it may dissolve (Denis et al., 2015).

2.5.3 Growth of nanoparticles

Once the precursor concentration is below the supersaturation level, the growth of
nanoparticles from solution can occur. Depending on the incorporation kinetics of precursor
atoms to the formed cluster turned stable nanoparticle, nanoparticle growth can either be
diffusion limited or kinetic limited (Cushing et al., 2004). In case of a fast incorporation of
precursor atoms to the particles, the growth will be diffusion limited. In the other case, for a
slow incorporation of precursor atoms to the particles, the growth will be dependent on the
rate of reaction (kinetically limited) (Cushing et al., 2004; Sugimoto, 2007). According to
Jolivet et al. (2000), the growth rate for kinetically limited growth is expected to be
proportional to the particle surface area. The diffusion limited growth rate is determined by
diffusion to a small spherical object and is proportional to the inverse radius of the object.
Hence, smaller particles grow at a faster rate (Oskam, 2006). Due to the possibility of smaller
particles catching up with larger particles, diffusion-limited growth could result in a narrow
particle size distribution. In general, diffusion-limited growth is expected for the synthesis of

metal oxide nanopatrticles (Jolivet et al., 2000).

2.5.4 Aging process of nanoparticles

The aging process is responsible for further changes in the particle size, particle shape and
particle size distribution (Oskam, 2006). Nanoparticles possess high surface energy, which
causes them to attract nearby precursor atoms and small clusters to their surfaces (Jolivet et
al., 2000). This results in an increase in particle size whereas the number of particles
decreases (Zhang et al., 2010). In this process, other mechanisms come into action: the

classical Ostwald ripening (OR), coalescence and oriented attachment (OA).

e Ostwald Ripening mechanism
According to the terminology of the International Union of Pure and Applied Chemistry
(IUPAC), the OR mechanism which is also known as “coarsening” mechanism (Figure 2.4)
refers to the growth of larger particles from those of smaller size which have a higher
solubility than the larger ones (Ostwald, 1897; Ostwald,1900). In a system consisting of solid
particles in a liquid at chemical equilibrium. Larger particles have a lower equilibrium
concentration of solute ions at their surfaces than smaller ones, which results in
concentration gradients that cause the solute ions to flow from small particles to larger ones
(Campbell et al., 2002). OR mechanism is driven by the decrease in the total surface free
energy associated with particle-liquid interfaces (Zhang et al., 2010). There are two ways in
which OR mechanism kinetics can be controlled: either by the diffusion rate of solute ions

between large and small particles (Khamlich et al., 2011), or by the rates of growth (or
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dissolution) at solid-liquid interfaces (Wagner, 1961). Moreover, nanoparticle growth via OR
mechanism normally results in an unsymmetrical particle size distribution curve due to the

systematic growth of particles (Chowdhury et al., 2014).

The Lifshitz-Slyozov-Wagner (LSW) kinetic model, which is based on the Gibbs-Thomson
equation (Kirchner, 1971; Joesten & Kerrick, 1991; Huang et al., 2003), describes the OR
mechanism and the general kinetic equation used in this case is:

D = Dy + k() (2.6)

Where D, Do, t, k, n is the average particle diameter, initial average particle diameter, time,
rate constant for the limiting step that is a function of temperature and exponent that is

determined by the nature of coarsening mechanism, respectively.

Interface-controlled OR growth occurs if the value of n is 2, which means that the crystal
growth is controlled by ions diffusing along the matrix-particle boundary. An exponent, n,
value of 3 corresponds to diffusion-controlled OR growth where a volume diffusion of ions in
the matrix occurs. A dissolution-controlled kinetics occurs at the particle-matrix interface if
the value of n is 4 (Wagner, 1961; Huang et al., 2003; Ribeiro et al., 2005). The OR particle
growth is not governed by the first order kinetics model because the exponent n can never

be equal to 1 and the ratio 1/n will always be less than 1 (Tehrani et al., 2019).
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Figure 2.4: lllustration of Ostwald ripening process (Werz et al., 2014)

The only study reporting an OR-based growth of Co2(OH)sCl patrticles is that of Wang et al.
(2022), where Co02(OH)s;Cl octahedrons grew via the OR mechanism. Co2(OH)sCl
octahedrons were prepared via the hydrothermal route with a binary TEOA/water solvent and
CoCl,.6H,0 at 200 °C for different reaction times. Some regular Co(OH), nanosheets were
produced after 1 h and 3 h of reaction. Extending the synthesis to 6, 12 and 24 h resulted in
the production of Co2(OH)sCl octahedrons from Co(OH). nanosheets. OR based growth of
Co304 patrticles of different shapes has been reported in previous studies. For instance, Liu
and Zeng (2005) synthesised asymmetrical Coz04semi-hollow nanostructures (8.7- 21.2 nm)

via the hydrothermal reaction of Co(NO3)..6H>0, pure ethanol, ammonia solution and NaOH
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aqueous solution at 100 °C for 12 and 24 h in an autoclave. After 12 h of synthesis, they
obtained solid Cos0a4 crystallite aggregates. After 24 h of synthesis, they obtained
asymmetrical CosO4 semi-hollow nanostructures via OR mechanism as shown in Figure 2.5.
Asymmetrical semi-hollow nanostructures resulted from the evacuation of smaller Co304
crystallites (for only certain regions) that dissolved in solution to reduce the total energy of
the system and then they regrew on larger crystallites (Liu & Zeng, 2005).

b)

200 nm
Figure 2.5: TEM image of asymmetrical Co3z04 semi-hollow nanostructures (Liu & Zeng, 2005)

Tian et al. (2011) obtained hollow Co3s0.4 nanocubes using the solvothermal method at 180
°C for different reaction times. They mixed cobalt (ll) acetate tetrahydrate
(Co(CH3C00)2.4H20) in a mixture of n-butanol, ammonia, and distilled water (DW). After 3 h
of reaction, they obtained hexagonal flower like B-Co(OH). particles. After 6 and 12 h, they
obtained a mixture of hexagonal p-Co(OH), nanoflakes and cubic spinel Cosz04 nanocubes.
After 18 h, the products obtained were pure cubic spinel Cosz04 nanocubes with tiny hollow
interiors. When the reaction was extended to 24 h, the smaller crystals located in the centre
of the crystal particles dissolved continuously due to their higher thermodynamic solubility,
and were relocated then evacuated, while the larger crystals did not move. This resulted in
hollow Co30,4 nanocubes with larger cavities (nanoboxes) as shown in Figure 2.6, which

were attributed to OR mechanism.
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Figure 2.6: TEM image of hollow Co304 hanocubes with larger cavities (Tian et al., 2011)

Cao et al. (2014) prepared Co304 octahedra hollow particles via solvothermal synthesis at
200 °C for different synthesis times by dissolving CoCl,.6H-O in a mixture of ethanol and
deionised water (DIW) as well as a certain amount of NaOH solution. After 1.5 h of synthesis,
they obtained a mixture of CoOOH (cobalt oxide hydroxide) and Cos0O. nanocrystals. When
increasing the synthesis time to 2 h, they obtained quasi-octahedra Co3z04 along with some
dispersed nanoparticles. After 4 h, they noticed the dissolution of the core region of quasi-
octahedra Cos04 which recrystallized on the outer nanocrystalline particles of the octahedron
to reduce the surface energy and form regular CoszO4 octahedra hollow particles with an
increased crystallite size. They attributed the formation of hollow nanostructures to OR
process (Liu & Zeng, 2005; Tian et al.,, 2011). Kanie et al. (2017) synthesised Co0304
nanocubes by direct hydrothermal synthesis in a highly condensed system. Co(NO3)..6H20
was used as cobalt source, tetramethylammonium hydroxide (TMAH) as basic agent and
nitric acid (HNO3) for pH adjustment in an autoclave at 250 °C for 3 h. The effect of reaction
time at 250 °C was investigated. After 1 h, Cos04 nanocubes were slightly formed. An
increment in the reaction time from 3 to 6 h resulted in an increase in particle diameter of
Co304 nanocubes from 61 nm to 65 nm. According to Voorhees (1985), OR process is a co-
existing particle growth mechanism, in which both synthesis temperature and time increment
results in an increase in particle diameter. At 250 °C, patrticle size increased from 3 hto 6 h,
indicating particle growth dominated by OR. However, an opposite trend was noticed in the
case of reaction temperature which was increased from 225°C to 250°C, resulting in a
reduction in particle size (66 to 61 nm). Therefore, OR was not the predominant growth

mechanism when increasing the synthesis temperature.

OR growth kinetics has been extensively investigated, however experimentally reported
particle size distribution differs somewhat from that predicted by the OR mechanism. Below

are some examples:

1. Peng et al. (1998) have reported the size distribution of different colloidal

semiconductor nanocrystals and under these conditions; the smaller nanocrystals
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grew faster than the larger ones. Their results were clearly incompatible with the OR
theory.

2. Huang et al. (2003) found that Equation 2.6 could not fit the first growth stage of
hydrothermal coarsening of nano-ZnS capped with mercaptoethanol that resulted in
an exponent value (n>10) with no physical meaning.

3. Several studies obtained irregular morphologies (elongated crystals, butterflies)
during the synthesis of nanostructured materials (Penn & Banfield, 1999; Sampanthar
& Zeng, 2002). In addition, the microstructure features of nanocrystals often
incorporate defects. However, such features are rare for materials formed via OR
mechanism (Dalmaschio et al., 2010; Zhang et al., 2010; Zhan et al., 2020).

e Coalescence and oriented attachment mechanism
Coalescence and oriented attachment are other growth mechanisms that can result in a
particle size increment. In both cases, two or more particles join to form a new particle. In
case of a random attachment of particles, it is called coalescence. In case of an attachment
occurring in a specific direction or on a specific plane, it is called OA mechanism (Huang et
al., 2003; Penn, 2004; Zhang et al., 2010). The principal driving force for OA mechanism
observed in patrticles is linked to their tendency to decrease the surface energy between
particles. According to Chowdhury et al. (2014), particle growth via OA mechanism results in
wider and asymmetrical size distribution curve due to random attachment symmetry. The
microscopic growth process of particles via OA mechanism is divided in two steps (Penn,
2004; Ribeiro et al., 2005). The first one is the diffusion of particles in the solution until the
formation of a complex due to collision. The second one is the attachment of particles having
similar crystallographic orientation followed by desorption of the surface species. In the case
where two particles collide without having the same orientation, the particles will be free to
rotate into different orientations, which results in a low-energy configuration, thus forming a
coherent grain—grain boundary and eliminating the common grain boundary, to produce a
single larger nanopatrticle. In this case, the OA mechanism is also called the grain-rotation-
induced grain coalescence (GRIGC) mechanism (Moldovan et al., 2002; Leite et al., 2003).
The coalescence of particles is a very instable state in terms of energy, which generally lead
to an adjustment of morphology known as “self-recrystallization” (Zhuang et al., 2009). The
self-recrystallization of particles, as shown in Fig. 2.7 starts with state A via OA mechanism
and it is not easily noticed though transmission electron microscopy (TEM) images. Then,
there is a quick change from state A to state B. Because of the slow rate of self-
recrystallization from state B to state C, irregular small particle attachment geometries (state

B) are often captured when the sizes of the assembling units are small (Zhang et al., 2010).
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Figure 2.7: Self-recrystallization of primary particles via OA mechanism (Zhang et al., 2010)

The first model for OA growth kinetic was developed by Huang et al. (2003) as part of their
efforts to explain the growth of mercaptoethanol-capped ZnS nanopatrticles. In this model,
the combination of two small particles into a larger particle, without either particles dissolving
was assumed. Hence, the coalescence of two small nanoparticles in suspensions is as

follows (Huang et al., 2003):

kq
A, +A,-B 2.7)

Where B is the product resulting from the coalescence of two particles and k; is the reaction
kinetic constant. Hence, the OA based growth model is represented by the following equation
(Huang et al., 2003):

p = 2o(Y2kit+1) (2.8)

(kqt+1)

Where D, Do, ki, t is the particle diameter, initial particle diameter, temperature dependent

growth rate constant and time, respectively.

The only study to report an OA-based growth for Co,(OH):ClI particles is that of Wang et al.
(2022), where hierarchical Co2(OH)sCl microspheres grew via OA mechanism. Microspheres
of Co2(OH)sCl were synthesised hydrothermally using a binary TEOA/water solvent and
CoCl,.6H,O at 200 °C for different reaction times. An assembly of regular Co(OH).
nanosheets was obtained after 1 h and 3 h of reaction. Increasing the synthesis to 6, 12 and
24 h resulted in the production of self-assembled Co2(OH)sCl octahedrons then Coz(OH)sCl
microspheres (Figure 2.8). A fast nucleation and crystal growth resulted in the formation of
spheres while TEOA served as template for directing the self-assembly of first nanosheets

then octahedrons into microspheres.
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Figure 2.8: SEM image of Co2(OH)sCl microspheres (Wang et al., 2022)

Prior studies reported an OA based growth for CozOa particles of different shapes. He et al.
(2004a) synthesised spherical mesoporous Coz04 nanoparticles (with 2 nm wormlike pores)
from the OA of primary Cos;0.nanocrystals (5-20 nm in size) as shown in Figure 2.9.

Figure 2.9: OA of primary Co304 nanocrystals (He et al., 2004a)

Initially, the intermediate product (Co(NOs)..7CsH130H) was obtained from the reaction of n-
hexanol and Co(NOs3),.6H,0. Monodispersed Coz04 nanocrystals of 5-20 nm in size were
produced from the thermal decomposition of Co(NO3)..7Ce¢H130H in the presence of n-
octanol. Controlled addition of water to Co(NOs3)..7CsH130H in the presence of n-octanol
resulted in the OA of Cos04 nanocrystals forming spherical mesoporous nanopatrticles. As
the water content increased, so did the particle size of Co304 aggregates. When the molar
ratio of water to (Co(NO3)..7CsH130H) was 1.5, some aggregates of 40 nm in size were
yielded. When the ratio was increased up to 5 and 12, the aggregate particle size increased
to 90 and 200 nm, respectively. Growth of aggregated particles occurred due to the
conversion of water into surface hydroxyls that acted as binders between the primary

particles (He et al., 2004a). However, when the water amount was reduced, the smaller
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surface hydroxyl density on the nanoparticle surface resulted in the formation of smaller
monodispersed particles. He et al. (2004a) also reported that an increase in synthesis
temperature and time led to an increase in particle size and a broadening of particle size
distribution. He et al. (2004b) produced hollow CoszO4 nanospheres via the solvothermal
synthesis using Co(NOs3)..6H,O, water, absolute methanol and sodium dodecyl
benzenesulfonate (SDBS) as surfactant. The solvothermal process was performed at 180 °C
for 1 h, which yielded spherical Co(OH). —NO3 particles of ~ 400 nm in size. When the
synthesis time was increased to 4h, there was a formation of 200 nm Co0304 hollow
nanospheres. The presence of "dimples" and "creases," as well as nanocrystals in the hollow
nanospheres, indicated that the walls were constructed by aggregated Coz04 nanocrystals
(Figure 2.10).

.w’

Figure 2.10: Dimples and creases in hollow nanospheres (He et al., 2004b)

Ganguli et al. (2019) synthesised pure Co030.4 nanocubes using CoCl,.6H.O in water-
ethylamine mixture and ethylamine in water-ethanol mixture, respectively. The synthesis was
conducted at 120 °C for different synthesis times via the solvothermal method. In the case of
water-ethylamine mixture, large B-Co(OH). sheets along with a small amount of C0304
nanocubes were obtained after 30 minutes (min). The majority of B-Co(OH). sheets had
converted into larger Co304 nanocubes and small aggregated nanocubes after 90 min. The
small aggregated nanocubes resulted from the progressive OA of patrticles as their identical
planes perfectly coalesced at their intersection. When extending the synthesis to 360 min,
larger Co304 nanocubes were produced. In the case of ethylamine in an equal water-ethanol
ratio, an imperfect attachment of nanocubic Cos04 particles along with multiple cracks was
reported. Fuchigami et al. (2020) obtained a raspberry like structure of Co304 nanoparticles
using cobalt glycolate, ethylene glycol (EG), water and sodium sulphate solution via the
hydrothermal route. The synthesis occurred at 180 °C from 0.5 to 24 h. After 0.5 h, they
observed the self-accumulation of CosO. particles in the form of raspberry via OA

mechanism along with dispersed particles (10-20 nm). When increasing the synthesis to 1 h,
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the raspberry structure of nanoparticles was retained, and they were integrated into a larger
secondary particle still via OA mechanism. After 6 and 12.5 h, particles were said to have
grown by a dissolution-precipitation process due to the presence of small gaps among
primary particles. After 24 h, primary particles grew further then split leading to the
decomposition of raspberry like structure and their crystallographic orientation. In addition,
Fuchigami et al. (2020) reported an increase in the size of primary particles on the outer
surface from 6.8 to 11.2 nm, whereas the size of raspberry shaped particles remained
unchanged (~100 nm) from 1 to 12.5 h.

It has been reported that both OR and OA based growth of Co»(OH)sCl particles is influenced
by an increase in synthesis time resulting in larger particles. The OA based growth of
Co2(OH)sCl particles is also affected by the type of solvent used during synthesis. It was
shown in the study of Heuvel et al. (2021) that synthesizing Cos04 nanopatrticles in solvents
at 50% and 100% propanol concentration via solvothermal synthesis can result in a decrease
in particle size from ~34 nm to ~67 nm. There is however no study examining the growth
mechanism of Coz(OH)sCl particles using propanol as a solvent, to our knowledge.
Therefore, the microscopic structures of Co2(OH)sCl particles grown in propanol will be
observed then, the corresponding growth kinetic models will be proposed to explain the

particle growth mechanisms identified from the microscopic structures.

The following section reviews previous experimental studies on the preparation and
properties of Cos0. nanofluids. Considering that no study has previously dispersed
Co2(OH)sCl nanoparticles in any solar heat transfer fluid, the following review will serve as a

guide for the preparation and measurement of some properties of Co2(OH)sCl nanofluids
2.6 Application of Co3z04 nanoparticles in solar thermal heat transfer fluids

2.6.1 Introduction

In flat-plate solar thermal collectors (STCs) , solar irradiation passes through a transparent
cover then it hits the absorber plate. The heated plate transfers heat via conduction. In
contrast, heat transfer via convection occurs in the working fluid. Researchers have
investigated different techniques to develop efficient flat plate STCs with a high thermal
efficiency. The techniques include modifying the geometry of the absorber tube and/or
collector, using nanofluids, coating the absorber with solar selective coatings, using heat
pipes, and mini/macro channels in the collector (Khamlich et al., 2012; Khamlich et al., 2013;
Alam et al., 2021). This issue can be minimized by allowing the direct absorption of solar
irradiation by the working fluid without heating any other structures within the receiver . In
flat plate STCs, heat is extracted from the plate by means of heat transferring fluids

possessing desirable heat transfer characteristics (Alam et al., 2021). However, conventional
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fluids such as DIW, EG, polyethylene glycol (PEG), therminol VP-1 used in STC have been
reported to be transparent to solar radiant energy (Drotning, 1978; Otanicar et al., 2009).

As a result of that, additives are needed to enhance the optical properties of conventional
fluids. Although, micron sized particles have the ability of enhancing the thermal and optical
properties of heat transfer fluids, they are denser than nanosized particles leading them to
settle out of suspension, causing sedimentation and eventually clogging problems in
microchannels (Dharmalingam et al., 2014; llyas et al., 2014). The settling out of particles
occurs because of the competing forces (Brownian motion and gravitational force) occurring
between particles in a suspension, which is discussed in detail in section 2.7. In recent years,
nanofluids have gained popularity due to their superior properties (high surface to volume
ratio, high thermal conductivity etc.) in comparison with those of the base fluids (Sani et al.,
2011). Furthermore, an enhanced stability coupled with high solar energy absorption
capability make nanofluids suitable for solar energy absorption in solar thermal systems
(Tyagi et al., 2009; Khullar et al., 2012; Lenert & Wang, 2012).

2.6.2 Impact of CoszOs0ptical band gap for solar energy absorption

Nanosized semiconductors such as Cos0. exhibit properties between molecules and bulk
solid materials (Ghobadi, 2013). The energy bandgap which is known as the states nearby
the valence and conduction bands of semiconductor materials is useful for determining the
semiconductor abilities for future device applications (Zanatta, 2019). The light emitted from
the sun is a form of electromagnetic radiation energy. The sun gives off gamma rays, X-rays,
ultraviolet, visible light, infrared, microwaves and radio waves radiations. However, sunlight
reaches the Earth mainly through visible and near-infrared radiations (Liu et al., 2018).
Hence, a semiconductor with the capability of absorption in the visible and near-infrared
region of the solar spectrum would be ideal for applications in STC systems. Semiconductors
with wide band gaps such as titanium dioxide (TiO2) or ZnO are restricted to absorption in the
ultraviolet region of solar spectrum (Gondal et al., 2015; Ravi Dhas et al., 2015; Zhang et al.,
2019). Co304 has been reported to have a narrow band gap of 2.1-1.2 eV (Li et al., 2021,
Serrano de la Rosa et al., 2021). The reported band gap range for Co30, is equivalent to
wavelength values ranging from approximately 590 to 1033 nm. According to Zwinkels
(2015), the visible to near-infrared region of the electromagnetic spectrum corresponds to
wavelength values ranging from ~400 to 2500 nm therefore, Cos04 can absorb solar

radiation in this region.

2.6.3 Types of nanofluids
According to Chamsa-ard et al. (2017), several studies was conducted on nanofluids, which
included different types of nanoparticles such as pure metals (Au, Ag, Cu, Al, and Fe), metal

oxides (AlOs, CuO, Fes04, SiO2, TiO2 and ZnO), a variety of carbon materials (diamond,
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graphite, single/multi wall carbon nanotubes) and carbides (SiC, TiC). Because of the cost of
noble metals, researchers have turned to metal oxide nanoparticles (Al.Os, CuO, Fez0s4,
SiOy, TiO», etc.) for nanofluid preparation. Nanopatrticles of these types have been dispersed
in fluids such as water, EG, water/EG mixtures and oils (thermal oil, silicon oil etc.)(Li et al.,
2010; Teng et al., 2010; Nallusamy, 2015; Kamila & Venugopal, 2019). Prior to discussing
the properties of Cos0O4 nanofluids, it is essential to understand the techniques used for their
preparation.

2.6.4 Preparation methods for nanofluids

A nanofluid is obtained through the dispersion of powdered nanoparticles within a
conventional fluid. Two techniques are used to prepare nanofluids (Devendiran & Amirtham,
2016):

e One-step technique
This technique refers to the simultaneous production and dispersion of nanoparticles in the
base fluid in a single step. Different one-step techniques exist such as the one-step direct
evaporation method (Akoh et al., 1978) that is similar to vacuum evaporation onto a running
oil substrate (VEROS). One of the common one-step methods is “vapour deposition” which
consists in producing nanofluids when gaseous nanoparticles solidify when in contact with
the base liquid film (Ali et al., 2018b). Another example of the one-step technique is the laser
ablation method used to prepare alumina-DIW, Cu-DIW and Cu-EG based nanofluids
(Piriyawong et al., 2012; Khamliche et al., 2021; Aligholami et al., 2023; Khamlich et al.,
2023).The major problem of the one-step technique is that only low vapour pressure fluids

are compatible with it.

e Two-step technique

This technique consists in first producing nanoparticles via various routes (biological,
chemical or physical) then dispersing them in the required base fluid. Nowadays, various
chemical companies sell different nanopowders, which have made this method widely
applicable on an industrial scale. However, stability is a big concern for this technique
because nanoparticles easily aggregate due to strong van der Walls attractive forces
between them. Regardless of such disadvantages, this technique is known as the most
economic technique for the production of nanofluids (Mukherjee & Paria, 2013). Several
studies reported the preparation of various metallic, non-metallic, and hybrid-based
nanofluids using the two-step technique (Su et al., 2011; Hajian et al., 2012; Zafarani-Moattar
& Majdan-Cegincara, 2012; Esmaeilzadeh et al., 2013).
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2.7 Stability of nanofluids

2.7.1 Introduction

Stability poses a key challenge in nanofluid preparation due to its direct influence on the
thermophysical properties of these fluids. Particles suspended in a fluid are subjected to
three types of interactions namely molecular forces, electrical forces, and magnetic forces
(Pietsch, 2004:7-23). Molecular forces comprise Van der Waals attractive forces, valence
forces (or free chemical bonds) and non-valence forces (or hydrogen bonding). Particles can
interact via electrical forces due to various factors such as electrical double layer repulsive
forces, electrostatic forces or excess charge found on the particle surface (Pietsch, 2004:7-
23; llyas et al., 2017). According to the classical Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory (Verwey et al., 1948), when particles are dispersed in a fluid, the total
interaction potential of particles is associated to Van der Waals attractive potential and
electrical double layer repulsive potential. Particles in suspension are characterized by the
Brownian motion of particles resulting from the collision between particles and surrounding
fluid molecules (Mitchell & Kogure, 2006). A nanofluid is stable when the repulsive forces are
large enough to overcome the attraction forces between particles resulting from the collision
process. If the repulsive forces are not large enough, nanoparticles dispersed in the base
fluid will adhere to one another, form agglomerates then settle out of suspension under the
effect of gravity (Ali et al.,, 2018). According to McNaught and Wilkinson (2014), an
agglomerate occurs when dispersed particles are held together by weak physical
interactions, eventually resulting in sediments larger than the colloidal size (1 nm to 1 ym).
The whole process is reversible. Aside from agglomeration, aggregation can also occur
among dispersed particles in a fluid, namely when strong physical interactions hold
dispersed particles together (McNaught & Wilkinson, 2014). Aggregation can result in cluster
formation and is irreversible. Technigues used to obtain and/or maintain stable nanofluids
are discussed in the next section followed by the inspection methods used to determine the
stability of nanopatrticles dispersed in heat transfer fluids via the two-step method in sections

2.7.2. and 2.7.3., respectively.

2.7.2 Stabilisation techniques for nanofluids

Stability of nanofluids is an important parameter because it plays a major role in not only the
lifespan of nanofluids but also in conserving their thermophysical properties. Stability of
nanofluids can be improved by the physical or chemical techniques listed below (Matusiak &
Grzadka, 2017):

e Addition of surfactants: This chemical technique is simple and economic.
Surfactants are amphiphilic compounds containing hydrophobic groups (tail portion)

and hydrophilic groups (polar head portion). The presence of the hydrophilic group is
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responsible for increasing the hydrophilic behaviour between the dispersing medium
and the nanoparticles (Ali et al., 2018a). Surfactants are used to lower the surface
tension of the dispersing medium hence, improving the immersion of nanopatrticles.
According to Yu and Xie, (2012), surfactants are classified in four classes based on
the head group composition as shown in Table 2.1 below:

Table 2.1: Classification of surfactants (Yu & Xie, 2012)
Surfactant class Head group characteristics & | Examples
classes
Cationic Positively charged (long-chain | e.g., dodecyl trimethyl ammonium

quaternary ammonium compounds and | chloride, CTAB.
long-chain amines).

Anionic Negatively charged (carboxylates, | e.g., oleic acid (OA), sodium
sulphates, sulphonates, phosphates | dodecyl sulphate (SDS) or sodium
and others). lauryl sulphate (SLS).

Non-ionic Neutrally charged (alcohol ethoxylates, | e.g., alcohols, triton X-100, decyl
sorbitan ester ethoxylates, glucosides). | glucoside, polyethylene oxide,

spans.

Amphoteric (and Positively and negatively charged (N- | e.g., dodecyl betaine, lauryl amido

zwitterionic) alkyl betaines, N-alkyl amino | propyl dimethyl betaine.

propionates).

The selection of a suitable surfactant for nanofluid stabilization is dependent on the base fluid

to be used in the preparation of nanofluids. If the base fluid is a polar solvent, then a water-

soluble
2012).
nanoflu
bonds

appariti

surfactant is required; otherwise, an oil-soluble should be used instead (Yu & Xie,
One of the disadvantages of using surfactant as a way of enhancing the stability of
ids is its sensitivity to hot temperature. When temperature rises, this causes the
between nanoparticles and the surfactant to be damaged and it results in the

on of foams (Yu & Xie, 2012). Furthermore, excessive amounts of surfactants will

alter the properties of nanofluid by increasing its viscosity and reducing its thermal

conduc

tivity (Mingzheng et al., 2012; Yu & Xie, 2012; Kong et al., 2017).

Surface modification technique: is known as the surfactant free method, which
consists in injecting functional nanopatrticles in the dispersing medium to obtain stable
nanofluids. Several examples on surface modification techniques have been
reported. For instance, Chen and Xie (2010) improved the stability of carbon
nanotubes (CNT) by introducing hydroxyl groups onto the surface of CNT. Yang and
Liu (2011) maintained the dispersion of SiO2/DIW nanofluids (30 nm in size and 10
wt%) for 12 months by functionalizing the nanoparticles with silanes of (3-
glycidoxylpropyl) trimethoxysilane. Additional details regarding the surface
modification techniques can be found in the study by Yu & Xie (2012).

Ultrasonic agitation: is a homogenisation technique where above 20 kHz of
ultrasonic rates/frequencies are used to agitate the agglomerated nanoparticles in the

dispersing medium (Noroozi et al., 2014; Mahbubul et al., 2016). The instrument used
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for this technique is called a sonicator, which aims to disperse nanoparticles in the
base fluid while decreasing the nanoparticles size in the fluid (Zhang et al., 2008).
There are two types of sonicators namely, bath-type and probe-type (Figure 2.11).

Figure 2.11: Probe-type and bath-type sonicators (Ali et al., 2018a)

Due to their high intensity, probe-type sonicators are more effective than the bath-type
(Green & Hersam, 2010; Son et al., 2020). Petzold et al. (2009) investigated the distribution

of fumed silica (aerosol) particles (7—40 nm in size) dispersed in water. Particles dispersion,

within the base fluid, was performed using a magnetic stirrer, high intensity ultrasonic probe,

and an ultraturrax, each for 10 min. Zeta potential analysis results have shown that, unlike

the samples stabilized using the magnetic stirrer and ultraturrax, those prepared using the

ultrasonic probe displayed a uniform particle dispersion. Among the disadvantages of

ultrasonic agitation are the unknown optimum sonication time, wave, and pulse mode.

Moreover, increasing the sonication time does not necessarily improve particle reduction. On

the contrary, it may cause the patrticle size to increase (Kole & Dey, 2012).

pH control of nanofluids: This chemical technique consists in adjusting the pH value
of nanofluids hence, changing the surface charge of nanoparticles (Choudhary et al.,
2017). It is known that the stability of nanofluids is dependent on their electro-kinetic
properties therefore, this technique can improve their stability (Mukherjee & Paria,
2013). The pH value of a nanofluid can be increased or decreased via the addition of
an appropriate nonreactive alkaline or acidic solution, respectively (Azizian et al.,
2016). Numerous studies have been conducted on the effect of pH on the stability of

nanofluids. For instance, Witharana et al. (2012) investigated the stability behaviour
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of alumina (Al.O3)/H>O nanofluids (0.5 wt% & 46 nm particle weight concentration and
particle size, respectively) initially at pH 4.7. According to Gulicovski et al. (2008), the
isoelectric point (IEP or pHep) is the pH at which a molecule or surface of a dispersed
solid has no zeta potential (no net charge). In the study of Witharana et al. (2012), the
IEP was equal to 8.9. Using dilute NaOH solution, they found that the suspensions
were stable at a pH value of 6.3 for more than 30 min compared with the pH value of
7.8 that displayed a complete particle separation and settlement after 30 min. A
similar study was conducted by Vickers et al. (2009) regarding the stability of Co30a-
DIW nanofluids. Using 0.1 M HCI or NaOH solution, they adjusted the pH of Co304
nanofluids to pH values ranging from 2 to 12. They reported the zeta potential of
Co0304 nanofluids as function of different pH values. The IEP of particles was equal to
8. In a neutral medium, they noted that the zeta potential was +8.7 mV. In acidic
media (~pH 2-2.5), the zeta potential was large and positive (~ +30 mV) whereas in
basic media (~pH 10-11.5), the zeta potential was large and negative (~ -38 mV).
Leong et al. (2017) investigated the stability of TiO.-water nanofluids by varying their
pH values using acetic acid and ammonia hydroxide solutions. They found that the
most stable suspension was at pH 5 (+38.9 mV) followed by the suspension at pH 3
(+14.5 mV) and that at pH 9 (+0.0182 mV).

2.7.3 Stability inspection techniques for nanofluids
This section contains detailed information on different techniqgues used to determine the

stability of nanofluids:

e Zeta potential analysis: evaluates the quality of nanofluids stability through the
observation of their electrophoretic behaviour (Ghadimi et al., 2011). In aqueous
systems, most solid particle surfaces acquire charges which are balanced by
oppositely counterions in solution forming an adsorbed double layer called
electrochemical double layer (Pfedota et al., 2016). That layer comprises the stern
layer and diffuse layer which are illustrated in Figure 2.12. Oppositely charged ions of
the fluid get attracted to the negatively charged particle surface, hence forming the
inner region (stern layer) where ions are firmly associated. The outer region is known
as “diffuse layer” where same and oppositely charged ions are loosely bound.
According to Kaszuba et al. (2010), the potential at the slip plane (shear plane) of a
suspended particle moving under electric field is known as zeta potential (0). In other
words, the zeta potential measures the degree of repulsion between similarly charged
particles in dispersion by using an instrument called zeta sizer nano. Zeta potential is

expressed in millivolts (mV) (Chang et al., 2007).
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Figure 2.12: Zeta potential of nanoparticle dispersed in a fluid (Mukherjee & Paria, 2013)

If particles suspended in the fluid have a high zeta potential value (both positive and

negative) this implies a higher repulsive force between them. Therefore, particles will not

tend to come closer (Setia et al., 2013). As shown in Figure 2.13, a nanofluid with a zeta

potential > + 60 mV shows excellent stability and that with a zeta potential equal to + (40 to

60) mV has a good stability. For a zeta potential that is equal to

(30 to 40) mV, the

nanofluid is relatively stable, and if the zeta potential is < £ 30 mV, the nanofluid undergo

significant aggregation (Setia et al., 2013).
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Figure 2.13: Zeta potential diagram against pH values (Chakraborty & Panigrahi, 2020)

e Sedimentation photograph capturing technique: is one of the simplest techniques

for inspecting the stability of nanofluids (Wei & Wang, 2010). Sedimentation occurs

when nanoparticles settle out of the base fluid and finally reach a resting point against
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an external force. According to Wei et al. (2009) to observe the sedimentation
process, a sample of the nanofluid is placed in a transparent glass vial; successive
photographs of the vial are taken at equal intervals of time to observe the formation of
sediments. A comparison of the captured images is then performed to assess the
stability of the nanofluid. According to llyas et al. (2013), an unstable nanofluid can
display three different behaviours of sedimentation namely: (1) dispersed
sedimentation where the sediment height is gradually increasing as the solution
clarifies, (2) flocculated sedimentation where the sediment height reduces as the
solution becomes clear and (3) mixed sedimentation when previous phenomena
occur simultaneously, as shown in Figure 2.14.

The characterised nanofluid is considered stable when the size of the nanoparticles
and their dispersion remain constant over time (no sedimentation occurs) (llyas et al.,
2013). Many researchers have confirmed that the stability of nanofluids can be
indicated using the sedimentation method (Xian-Ju & Xin-Fang, 2009; Witharana et
al., 2012; llyas et al., 2013). Though this method offers a high-performance analysis
of nanofluid stability at a low cost, very few papers have been published on this

subject (Lemes et al., 2017).

Dispersed sedimentation Flocculated sedimentation Mixed sedimentation

tt)

Clear liquid

et
Sediment

~—
T~
[
™
b
—
=1
—
™~
[}
—
e,
T
=1
=+
—
[
—
—

Figure 2.14: Different sedimentations in nanofluids (llyas et al., 2013)

The fact that this method requires a long observation period, which can be very time

consuming, maybe an explanation for the slow adaption of such stability inspection technique
(Mukherjee & Paria, 2013).

Centrifugation technique: is preferred over sedimentation photograph
capturing technique because results can be obtained quickly. Using a dispersion
analyser centrifuge, this technigue involves the visual examination of the nanofluid
sedimentation. The results of Singh and Raykar (2008) showed that silver/ethanol

nanofluids of 30—-60 nm particle size and 0.0112-0.0114 vol% were stable (with no
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sign of sedimentation) with the addition of polyvinylpyrrolidone surfactant and
centrifugation for 10 h at 3000 rpm.
Spectral analysis technique: was first introduced by Jiang et al. (2003) and can
only be implemented if the dispersed nanoparticles absorb light between 190 and
1100 nm (Yu & Xie, 2012). This technigue consists in monitoring the nanofluid
stability by checking the absorption peak characteristics using an ultraviolet-visible
(UV-VIS) spectrophotometer and their change over time. A transmittance
measurement can also be applied to monitor the nanofluid stability. A reduction in
absorbance over time indicates nanofluid instability, whereas an increase in
transmittance over time indicates nanofluid instability. There is a linear relationship
between absorbance and concentration of nanoparticles in suspension, but an
inverse relationship between transmittance and concentration (Hwang et al., 2007;
Jana et al., 2007). Jiang et al. (2003) prepared 0.5 wt% CNT-H.O nanofluids with the
addition of 2.0 wt% SDS as surfactant. Using UV-VIS spectroscopy, they found that
CNT/SDS nanofluids exhibited extreme stability, with the CNT concentration
decreasing only by 15% compared with 50% decrease for the bare CNT nanofluids.
Sedimentation of nanoparticles reduced their concentration over time, resulting in a
decrease in absorbance. However, this method is not applicable to nanofluids
containing dark coloured nanoparticles and high particle concentrations (Ghadimi et
al., 2011).
3w-technique: is used to evaluate the thermal conductivity change of nanofluids due
to nanoparticle sedimentation. The study of Oh et al. (2008) focused on examining
the stability of Al,O3/DIW and Al.Os/EG nanofluids, with 1-4 vol% and nanoparticles of
45nm in size. The effective thermal conductivities of nanofluids were found to
increase in value with time (up to 1 h). This enhancement was attributed to the
clustering of nanoparticles in the base fluids where heat transfer occurred via
conduction. However, thermal conductivity declines beyond an optimum value of
particle clustering upon further agglomeration (Prasher et al., 2006a).
Electron microscopy techniques: encompass a variety of techniques such as HR-
TEM and HR-SEM, these methods are employed to explore the morphology, size,
and particle size distribution of nanoparticles. These analyses prove beneficial in
determining and evaluating the stability of nanofluids. If clusters of nanoparticles are
spotted within the images, it is likely that the nanofluid will sediment (i.e., the
nanofluid is unstable). SEM and TEM techniques have been used by Nallusamy
(2015) to determine the stability of CuO nanoparticles in the base fluid. The SEM
analysis revealed that the CuO nanoparticles were spherical in shape and uniformly
scattered. The TEM analysis confirmed the homogeneity of the formed nanopatrticles,
without significant phase separation or coatings on the surface.
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2.7.4 Preparation of Co304 nanofluids

Table 2.2 below summarizes the details of Cos04 nanofluids preparation via the two-step
method. In general, Co3z04 nanoparticles used for the preparation of nanofluids were either
purchased from companies manufacturing nanopowders or synthesised via various routes.
The majority of researchers only used commercially available CosO4 nanopowders for
nanofluid preparation. The rest of researchers utilized Co3z04 nanopowders produced via
different methods (Vickers et al., 2009; Gupta et al., 2021; Rahman Salari et al., 2022).
Only Mitra et al. (2021) utilized both commercially available Co3z04 nanopowders as well as
those synthesised via the hydrothermal route for preparing nanofluids. The size of Co0304
nanoparticles varied from one study to the other. Different particle shapes such as cubic,
spherical, oblate, octahedron, rods and flowers were used. The choice of the base fluid for
nanofluid preparation depends on the nanofluid application. It can be noted that DIW has
been the most used base fluid for the preparation of Coz04 nanofluids. This is due to water
having a higher thermal conductivity (Choi & Eastman, 1995), specific heat capacity and low
viscosity (Fanney & Klein, 1988). Hence, the utilisation of water-based nanofluids in low
temperature solar collectors up to 90 °C (Rubbi et al., 2021). Other fluids have also been
used: EG, PEG, paraffin, therminol 55 and neat diesel in the preparation of Co304 nanofluids.
EG is the most common heat transfer fluid from the glycol family used in the solar thermal
harvesting industry because of its good thermal and physical properties. However, it is
relatively toxic, and degrades much faster at temperatures encountered in some solar
thermal systems (Patil, 1975; San Martin & Fjeld, 1975; Vargas et al.,, 2009). PEG is a
thermally stable fluid, non-toxic and non-corrosive. However, it has a lower thermal
conductivity (Prasad et al., 2019). Qil-based nanofluids are well suited for medium-high
temperature (100-350 °C) thermal energy application due to their high boiling point and

exceptional thermophysical properties at higher temperatures (Rubbi et al., 2021).

Co304 particle concentration was reported using various metrics, either weight percent (wt%)
or volume percent (vol%). Various methods have been used to maintain and determine the
stability of Cos04 nanofluids. Vickers et al. (2009) synthesised Co30. nanocubes using the
one-step approach as done in the study by Feng and Zeng (2003) to disperse them in PEG.
In order to determine the stability of Co3O4 nanoparticles dispersed in PEG, they performed a
TEM analysis that showed that the particles were at most 65 nm in size, which is below the
critical size of the particle in suspension (d < 550 nm). They did not observe any
sedimentation during their study. Fazlali et al. (2012) prepared Co03;0. ferrofluids by
dispersing Co3;04 nanoparticles and oleic acid (surfactant) in liquid paraffin. The suspensions
were mixed in a ball mill at 150 rpm for 1 h. Then, they were sonicated in an ultrasonic bath
(50-60 Hz) for 1 h to obtain a better distribution of nanoparticles and allow better covering of

particles by OA. They noted that the nanofluids were stable during the tests. Hosseini et al.
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(2012) followed the same procedure for preparing Co304 ferrofluids. However, they mixed
them in a planetary mill for 5 h instead of 1 h (Fazlali et al., 2012). Then, the suspensions
were sonicated for 10 min in an ultrasonic bath (5060 Hz). Mariano et al. (2015) dispersed
Co304 nanoparticles in EG by using an ultrasonic homogeniser probe. To determine the
stability of Co3z04-EG nanofluid (0.01 wt%), they used a UV-Vis spectrometer. The results
revealed that the sample could absorb light at two wavelength values close to the maxima, 4
= 205 nm, and 4 = 410 nm. They also noticed that in each case; the absorbance decrease
was lower than 1% in 24 h, so the sample was considered stable during the experimentation
period. Katiyar et al. (2016) dispersed CosO. nanoparticles in EG and therminol oil,
respectively. The dispersions were subjected to mechanical stirring for 20 min then; they
were sonicated for 2 to 3 h using a probe type sonicator (65% amplitude and 10:10 pulse
rate). To improve the stability of oil-based nanofluids, they added oleic acid as surfactant. In
the case of EG based nanofluids, no surfactant was needed due to the low viscosity of the
fluid. Bhalla and Tyagi (2017) prepared Co30.-DIW nanofluids by dispersing Co0304

nanoparticles in DIW.
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Co0304 particle size,

Particle concentration

Nanofluid enhancement

Nanofluid stability

Author (s) fnheiﬁi((j& synthesis Base fluid (vol% or wt%) stability technique inspection technique Stability duration
D <65 nm .
. ) PEG-MW 400 0.1, 0.25, 0.60, 36, 39, Stable during
Vickers et al. (2009) glrjlzlgtep approach (oligomeric) 41 & 62 vol%. experimentation period
. . Pure liquid 5, 10, 15, 20, 25, 30 & Surfactant (OA) Stable during
Fazlali et al. (2012) D <50 nm (commercial) paraffin 40 wit% Ultrasonic agitation experimentation period
Hosseini et al. D < 50 nm (commercial) Pure liquid 5, 10, 15, 20, 25, 30 & Surfactant (OA)
(2012) paraffin 40 wit% Ultrasonic agitation
Mariano et al. (2015) | D < 50 nm (commercial) EG < 25 wt% Ultrasonic agitation Spectral analysis Stablg dunng_ .
experimentation period
: Surfactant (OA for oil-
Katiyar et al. (2016) ggli?enm (commercial) tEh(Zr%ri‘gol 55 (158 ; ? ‘03\'/2];'0’ 50, based nanofluids only)
) ' 0 Ultrasonic agitation
Bhalla and Tyagi _ . Sedimentation
(2017) D= 10-30_nm DIW 0.(())02, 0.004 & 0.006 Surfacta_nt (trl_ton X-100) photograph capturing More than 24 h
(commercial) wit% Ultrasonic agitation :
technique
Sekhar et al. (2017) Surfactant (decyl Stable durin
& Sekhar et al. D =50 nm (commercial) DIw 0.1,0.2,0.3 & 0.4 vol% | glucoside) ex erimentagtlion eriod
(2018) Ultrasonic agitation P P
. D =10-30 nm o Surfactant (arabic gum)
Rajaee et al. (2020) (commercial) bW 0.25,0.50 & 1% Ultrasonic agitation
D =25-50 nm
Gupta et al. (2021) Truncated octahedron EG 02,0406 08&1.0 Ultrasonic agitation

Co-precipitation

wit%

Mei et al. (2021)

D= 20 and 50 nm
(commercial)

Neat diesel (0#)

0.006, 0.012 & 0.018
wt%

Surfactant (CTAB)
Ultrasonic agitation

Zeta potential

3 days

D < 50 nm (commercial)
Nanorods (27 nm) &

0.0005, 0.003, 0.005,

Mitra et al. (2021) nanoflowers (32 nm) DIwW 0.008 & 0.011 W% Ultrasonic agitation Zeta potential
Hydrothermal synthesis
Raki et al. (2021) D + 45 nm (commercial) DIW 0.005, 0.01, 0.05, 0.1, Surfactant (SDS) Zeta potential

Semi-spherical

and 0.2 vol%

Ultrasonic agitation
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DW, EG,
60EG/40DW
Alsboul et . ' | 0.025, 0.05, 0.10, . o
al. (2022) D <50 nm (commercial) ggEG/GODW 0.20 & 0.40 Vol Ultrasonic agitation
20EG/80DW
Manoram D =+ 50 nm (commercial) Surfactant (CTAB) . 1 week (without surfactant)
and Moorthy S h_' | DIW 0.2 & 0.4 vol% | . il Zeta potential 25 d ith surf
(2022) pherica Ultrasonic agitation 5 days (with surfactant)
Rahman
Salarietal. | D=50nm Surfactant (SDS) : .
(2022) Cubic 25DW/75EG 0'10’ 0.3and0.5 Ultrasonic agitation Sedlm_entatlon photograph 4 weeks
Precipitation wit% pH control capturing technique
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To prevent the agglomeration of particles, they added a non-ionic surfactant (triton X-100)
below the critical micelle concentration. Then, the whole mixture was sonicated for ~40 min
using a probe-type sonicator. Using the sedimentation photograph capturing technique, they
reported that the samples were stable beyond 24 h. Sekhar et al. (2017) dispersed Co0304
nanoparticles in DIW. Then, the mixture was mechanically stirred for 1 h at 60 °C to obtain a
stable suspension. To improve the stability of CosO04-DIW nanofluids, few drops of non-ionic
surfactant (decyl glucoside) were added to the mixture, and it was subjected to
ultrasonication at 70 W for 7 h using an ultrasonic cleaner (40 kHz). They obtained Co030a4-
DIW nanofluids without agglomeration. Sekhar et al. (2018) conducted a similar study to that
by Sekhar et al. (2017). In their case, the mixture of CosO-DIW nanofluids were mechanically
stirred for 1 h at 30 °C to obtain stable suspensions. The rest of the nanofluids preparation
procedure was similar to that used by Sekhar et al. (2017). Rajaee et al. (2020) prepared
C0304-DIW nanofluids by adding the nanoparticles gradually to DIW while using a magnetic
stirrer to disperse properly the nanoparticles in the fluid. To prevent the agglomeration of
particles, a surfactant (arabic gum) was added to the mixture. Then, the mixture was
subjected to sonication using an ultrasonic cleaner device (300 W) for 45 min. Gupta et al.
(2021) dispersed Co304 nanoparticles in EG to obtain nanofluids at different weight
concentrations. They sonicated the nanofluids for 4 h at a frequency of 4 MHz to obtain a
uniform suspension. Mei et al. (2021) mixed Cos:04 nanopatrticles with the surfactant CTAB
which mass was the same as that of nanoparticles, to prevent the agglomeration of
nanoparticles. The mixture was then added to a certain amount of the base fluid (neat diesel)
to obtain the nano-fuels. Then, the mixture was oscillated in an ultrasonic processor (150 W
and 40 Hz) for 30 min, under 25 °C as the water bath temperature. A zeta potential analysis
was conducted to determine the stability of nanofluids, and the results revealed favourable
stability even after 3 days. Mitra et al. (2021) dispersed flower and rod like Co0304
nanoparticles in DIW, respectively. The mixture was sonicated for 1 h using a high-energy
probe (750 W) in a water bath to control the temperature of the nanofluid. Then, the mixture
was subjected to mechanical stirring at room temperature for 15 min. No surfactant was used
to formulate the nanofluids. Results from the zeta potential analysis revealed that the flower
like nanofluids (-21.3 mV) were more stable than rod like based nanofluids (-14.9 mV).
Raki et al. (2021) prepared Co3;04-DIW nanofluids. To facilitate the homogenous dispersion
of particles, a surfactant (SDS) was added to the suspension. The suspension was placed in
a warm bath at 40 °C and while stirring at 1100 rpm for 24 h. Then, the mixture was
sonicated in an ultrasonic device (60% intensity) for 1 h and 20 min to remove any
agglomeration present in the suspensions. Zeta potential analysis was used to evaluate the
stability of Co304-DIW nanofluids. In the absence of SDS, the results revealed that the zeta
potential of Coz04 nanopatrticles in DIW is > -40 mV, which indicates the moderate stability of

nanoparticles in DIW. However, in presence of SDS, the zeta potential of Co0304
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nanoparticles in DIW was -114.19 mV, which indicates the extremely good stability of the
nanofluids. Alsboul et al. (2022) dispersed Cos04 nanoparticles in various base fluids namely
DW, EG, 60EG/40DW, 40EG/60DW and 20EG/ 80DW. Various volumetric concentrations
ranging from 0.025 to 0.4 % were prepared, subjected to magnetic stirring for 3 h and finally
sonicated in an ultrasonic cleaner at frequency of 40 Hz for 40 min. Manoram and Moorthy
(2022) dispersed Co3:04 nanoparticles in DW then, they sonicated the mixture for 2 h with an
ultrasonic vibrator (100 W and 50 Hz) for the homogenous dispersion of nanoparticles in the
fluid. To prevent their agglomeration, a surfactant (CTAB) was added to the suspension. The
amount of CTAB was taken as 10% of the mass of CosO4 nanopowder. They determined the
stability of nanoparticles in DW with and without surfactant by using the zeta potential
technique. The 0.2 vol% nanofluid with surfactant was found to be more stable (39.3 mV)
than that without surfactant (36.8 mV). The nanofluid with surfactant was stable for 25 days
without any sedimentation. The stability of the nanofluid without surfactant lasted for 7 days
and it required a periodical sonication of 1 h per week to diminish the chances of
sedimentation. Rahman Salari et al. (2022) dispersed Co0304 nanoparticles in 25DW/75EG.
SDS (surfactant) which mass was equal to the mass of nanoparticles for each sample was
added to improve the dispersion of particles in the fluid. Then, the best stabilization of
nanofluids was obtained after sonicating the nanofluids for 360 min and maintaining the fluid

pH at 8. The samples were observed to be stable for over 4 weeks.

Table 2.2 also provides information about the effect of Co304 particle size, particle shape and

particle concentration on the stability of the resulting nanofluids:

o Effect of particle size
Mitra et al. (2021) dispersed Co304 nanoflowers and nanorods in DIW, respectively. C0o304
nanoflowers had a particle size of 32 nm while that of nanorods was 27 nm. After 1 h of
probe sonication (750 W) and 15 min of mechanical stirring at room temperature the flower
based nanofluids (-21.3 mV) were found to be more stable than rod based nanofluids (-14.9
mV). Mitra et al. (2021) did not comment on the impact of Co30, particle size on the stability
of their nanofluids. It can be hypothesized that the dispersion of large Coz04 particles in DIW
can improve the stability of Co304-DIW nanofluids. Previous studies have shown that particle
size affects both the Van der Waals attractive force and electrical double layer repulsive
force. For instance, He et al. (2008) investigated the effect of different particle sizes (12(z2),
32(£3), and 65(x3) nm) of hematite (a-Fe,03) nanopatrticles on the stability of their respective
suspensions. At constant pH conditions and ionic conditions, the tendency of aggregation
increased with decreasing particle size (He et al., 2008). They found that an increment in
particle size caused a decrease in the attractive potential while the repulsive and total

interaction potential increased significantly. These trends were due to the higher surface
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energy of smaller particles which led smaller particles to aggregate more than larger particles
to lower the free energy of the system (He et al., 2008).

e Effect of particle shape
Mitra et al. (2021) dispersed Co0304 nanorods and nanoflowers in DIW, respectively. The
mixture was sonicated for 1 h and mixed at room temperature for 15 min. No surfactant was
used to formulate the nanofluids. Results from the zeta potential analysis revealed that the
flower based nanofluids (-21.3 mV) were more stable than rod based nanofluids (-14.9 mV).
Prior studies investigated the impact of different particle shapes on the stability of nanofluids.
For instance, Kim et al. (2015) investigated the effect of brick shaped, platelet shaped and
blade shaped alumina particles on the stability of alumina-H.O nanofluids. Using the laser
scattering method, brick shaped alumina nanofluids were more stable than platelet and blade
shaped alumina nanofluids. Kim et al. (2015) validated their experimental results by
calculating the total interaction potential of nanoparticles with respect to particle shape as per
the classical DLVO theory. They observed that particle shape only affected the repulsive
potential while the attractive potential depended on the particle concentration. Brick shaped
particles exhibited the highest repulsive potential whereas the lowest was obtained for blade
shaped particles. According to Kim et al. (2015), the repulsive interaction energy is affected
by the surface area which is function of the particle shape. Since brick shaped particles have

a greater surface area than other particles, they exhibit a higher repulsive interaction energy.

o Effect of particle concentration
Manoram and Moorthy (2022) reported the effect of CoszO4 particle concentration on the
stability of Co304-DW nanofluids with and without surfactant (CTAB) by using the zeta
potential analysis. In the absence of CTAB, an increase in particle concentration (from 0.2 to
0.4 vol%) induced a reduction in zeta potential from 36.8 to 30.9 mV. In presence of CTAB,
the same trend was observed with zeta potential reducing from 39.3 to 36.6 mV. Previous
studies also reported poor stability of nanofluids at higher particle concentration (Chakraborty
et al., 2015; Chakraborty et al.,, 2018; Zhang et al., 2021). An increase in particle
concentration induces a reduction in the average particle separation distance resulting in a
greater Van der Waals attractive potential. It is known that when Van der Waals attractive
potential dominates over electrostatic repulsive potential, particle agglomeration occurs

thereby causing the above trend.

2.8 Properties of Co304 nanofluids

The addition of nanoparticles to a conventional fluid significantly alters the thermophysical
and transport properties of the resulting nanofluids (Suganthi & Rajan, 2017). According to
Chen and Ding (2009), the thermal conductivity and viscosity are the properties most

relevant to the flow and heat transfer of nanofluids. Previous studies have shown that the
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thermophysical properties of nanofluids affect their heat transfer performance (Xuan & Li,
2003; Anoop et al., 2009). In a system, the viscosity of a fluid directly affects its pressure
drop and pumping power, while the thermal conductivity of a fluid indicates its heat transfer
efficiency. For this study, the properties to be investigated are the thermal conductivity and
viscosity of Co304 nanofluids.

2.8.1 Viscosity of Co304 nanofluids

In all heat transfer applications, viscosity is important, it is the internal resistance force of a
fluid (Spetuch et al., 2015). Rheology, however, describes how the viscosity of a fluid or
suspension responds to different rates of shearing or stirring (Funk & Dinger, 1994).
Viscosity (1) is expressed as the ratio between shear stress (1) and shear rate(y)
(Nadooshan et al., 2018). Shear stress is the shear force per unit area, while shear rate is
the strain change over time. The rheological behaviour of fluids is governed by the
relationship between the shear rate and shear stress. Based on rheology, two types of fluids
can be distinguished namely Newtonian and non-Newtonian fluids as illustrated in Figure
2.15. According to Chhabra and Richardson (1999:1-5), a Newtonian fluid has a flow curve
(plot of shear stress vs shear rate) which passes through the origin, at a fixed temperature
and pressure. In other words, the viscosity of a Newtonian fluid is independent of the shear
rate. A non-Newtonian fluid, on the other hand, has a flow curve that does not pass through
the origin (Fester et al., 2012) (the apparent viscosity of a fluid is not constant at a given
temperature and pressure, but is affected by flow conditions such as flow geometry and
shear rate, and sometimes even by the kinematic history of the fluid). In other words, a non-

Newtonian fluid has a viscosity that varies with shear rate.
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Figure 2.15: Shear stress and shear rate diagram for Newtonian and non-Newtonian fluids
(Yang & Du, 2020)

Non-Newtonian fluids are divided in three classes (Chhabra & Richardson, 1999:5-21):

e Time independent fluid behaviour: where the shear rate at any point is determined
entirely by the shear stress at that point at that time. They contain three subclasses of
fluids namely, shear thinning or pseudoplastic, viscoplastic and shear thickening or
dilatant.

e Time dependent fluid behaviour: where the viscosity depends on the shear rate but
also on the time for which the fluid has been subjected to shearing. They contain two
subclasses of fluids namely, thixotropic and rheopexic (or negative thixotropic)

e Visco-elastic fluid behaviour: contain fluids displaying the characteristics of both
ideal fluids and elastic solids and showing partial elastic recovery after deformation.

Similarly, to conventional fluids the rheology of nanofluids is studied using a rheometer
having a variety of geometries to measure viscosity versus a range of shear rates when the
nanofluids are sheared. Both types of rheological behaviour have been observed in
nanofluids (Bhanvase & Barai, 2021:128-131). As a result of adding nanoparticles to fluids,
not only is their thermal conductivity increased, but also their viscosity (Colla et al., 2012;
Esfe & Saedodin, 2014; Karimi-Nazarabad et al., 2015; Baratpour et al., 2016; Ansari et al.,
2018; Kamila & Venugopal, 2019).

A summary of the experimental studies conducted on the viscosity of CosO4 nanofluids is
provided in Table 2.3 below. As indicated in the table, the CosO. particle size and shape,
their concentration, the base fluid, the shear rate range and the temperature, which the

experiments were conducted at, were considered. The effects of Coz04 particle size, particle
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shape, particle concentration and temperature on the viscosity of their nanofluids are
discussed below:

o Effect of temperature
Mariano et al. (2015) studied the rheological behaviour of Coz04-EG nanofluids using a MCR
101 rheometer with a cone-plate geometry from 10 to 50 °C (10 °C steps). They reported a
decrease in shear viscosity with increasing temperature at shear rate range of 50 to 1000 s
The Vogel-Fulcher—-Tammann (VFT) three-coefficient expression was used to predict the
viscosity-temperature dependence of Cos04-EG nanofluids:

Ln() = A+ T_%g (2.9)

Where A, B and Ty are the fitting coefficients. The ratio B/To is known as Angell strength

coefficient
The equation was validated as accurate by obtaining the fitted values for the coefficients.

Sekhar et al. (2017) measured the viscosity of C0304-H2O nanofluids using an Ostwald U-
tube viscometer. They reported that when temperature increased from 30 to 60 °C (at 10 °C
steps) this resulted in a 6% decrease in the relative viscosity (1) of Coz04-H,O nanofluids (at
0.3 & 0.4 vol%) and a 3% decrease in the relative viscosity of Co304-H20 nanofluids (0.1 &
0.2 vol%). However, in another study Sekhar et al. (2018) reported a 3% decrease in the
relative viscosity of Co304-H2O nanofluids (for 0.4 vol%) as the temperature increased from
30 to 60 °C (at 10 °C steps). Gupta et al. (2021) measured the viscosity of Co304-EG
nanofluids (0.2-1.0 wt%) using an Ostwald viscometer at 25, 30 and 35 °C. They reported
that an increase in temperature resulted in a decrease in the relative viscosity of Co304-EG
nanofluids. A raise in temperature weakened the intermolecular forces between the
molecules in Co304-EG nanofluids resulting in the reduction of their relative viscosity (Gupta
et al., 2021). Alsboul et al. (2022) measured the viscosity of C0304-DW, C0304-EG, C030.-
60EG/40DW, Co0304-40EG/60DW and Co03:04-20EG/80DW nanofluids at different volumetric
concentrations (0.025-0.4 vol%) using a vibro viscometer in a temperature range of 20 to 60
°C (at 5 °C steps). In general, the viscosity of nanofluids decreased with increasing
temperature. Co304-DW nanofluids exhibited the lowest viscosities (0.467 mPa.s) at 60 °C
with 0.025 vol%. Co304-EG nanofluids had the highest viscosities (22 mPa.s) at 20 °C with
0.4 vol%. Rahman Salari et al. (2022) measured the viscosity of Co3;04-EG(75%)/DW (25%)
nanofluids at various particle weight concentrations from 25 to 65 °C (at 20 °C steps). The
viscosities of all nanofluids were found to decrease with increasing temperature. The
explanation to the latter trend is that raising the temperature weakens the

interparticle/intermolecular forces.
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e Effect of particle concentration

Some studies have investigated the effect of particle concentration on the viscosity of C0304
nanofluids. Vickers et al. (2009) studied the rheological properties of Co3z04-PEG nanofluids.
They used two mechanical rheometers (Paar Physica MCR and Rheometrics ARES) for two
types of measurements namely controlled stress and controlled strain. The thickness of
samples used along with the geometries for the measurements are as follows: 25mm
diameter, 1° cone-and-plate, and 50mm diameter, 2° cone and plate fixtures. By using
controlled-stress measurements, it was possible to characterize suspensions with high
particle volume concentrations that exhibited yield stress. Controlled strain measurements
were conducted on low particle volume concentrations at high shear rates. A temperature of
50 °C was chosen to maintain mechanical torques generated within the range of sensitivity of
the rheometer. Considering the Newtonian nature of PEG and its low vapour pressure, it has
been chosen as a base fluid. At low particle volumetric concentrations (< 0.1 vol%), the
suspensions exhibited Newtonian behaviour with viscosities slightly above that of the
suspending fluid (PEG). At moderately higher, yet still quite low particle concentrations (0.25
and 0.6 vol%), the suspensions exhibited shear thinning behaviour at low shear rates, but at
higher rates, they displayed approximate Newtonian behaviour. Shear thinning behaviour
has been attributed to the presence of low viscosity particle superstructures such as layers
(Ackerson, 1991) and strings (Won & Kim, 2004) where thinning is caused by shear induced
slippage of these layers, reducing the hydrodynamic resistance caused by nanopatrticles.
From 36 vol%, a transition from shear thinning to shear thickening was observed. At shear
rates values greater than 1000 s, a continuous shear thickening behaviour was explored.
Moreover, a comparison between experimental data and theoretical predictions was
reported. For low volumetric concentrations, the obtained results were extracted at a shear
rate of = 50 s. For high volumetric concentrations, the results were extracted at a point
where suspensions exhibited a minimum viscosity (the transition region from shear thinning
to shear thickening). The first model used was from the Einstein expression for a suspension
of hard spheres (8<0.01) with as illustrated in Equation 2.10:

n =n,(1+ 2.50) (2.10)

Where n, ns, @ are the suspension viscosity, , the solvent viscosity and the particle volume

fraction, respectively.

The second model for hard-core particles of arbitrary shape was a modified Krieger—

Dougherty formula presented in Equation 2.11 below:
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n =2 =(1-az-) om (2.11)

UN m

Where n, ns, ni, a, 3, @m are respectively, the suspension viscosity, solvent viscosity, relative
viscosity, particle-swelling ratio (1.00 and ~4.45), particle volume fraction and maximum
packing factor.

They found that the Krieger-Dougherty equation along with particle swelling ratio (a) fitted
well the experimental data for the Co3;04-PEG based nanofluids at low and high particle

volume fractions.

Fazlali et al. (2012) studied the rheological properties of CosOs-paraffin based nanofluids.
They used a MCR300 rheometer from Anton Paar GmbH fitted with a special plate-plate
spindle MRD 180. They reported the flow curves (shear stress vs shear rate) for Co3O4
nanofluids for a wide range of weight concentrations (5-40 wt%). For 5 wt%, Coz;0as-paraffin
nanofluids displayed almost Newtonian behaviour. For 10 wt%, the nanofluids exhibited
Newtonian behaviour but as the shear rate increased, they exhibited shear thinning
behaviour. Between 15 to 40 wt%, they noticed that the nanofluids displayed exhibited shear

thinning behaviour, as their viscosities decreased with an increment in shear rate.
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Author (s) | Co304 particle | Base fluid Particle Shear rate and Viscosity- Viscosity-particle Viscosity- Summarised results
size & shape concentration temperature particle concentration temperature
(Wt% or vol%) range size relationship relationship
relationship
Vickerset | D <65nm PEG 0.1, 0.25, 0.60, 36, | 0.1-1000 s* (low | None Einstein model (n=4.6) | None -For suspensions < 0.1 vol%:
al. (2009) Cubic (oligomeric) | 39, 41 & 62 vol%. vol%) Modified Krieger— Newtonian behaviour
1-4000 s (high Dougherty model (a= 1 -For suspensions from 0.25 to <
voI%) and a= 4.45) 36 vol%: shear thinning and
T=50°C Newtonian behaviour
-For suspensions = 36 vol%:
shear-thinning then shear-
thickening behaviour
-Experimental data were best
fitted with Krieger-Dougherty
model
Fazlali et D <50 nm Liquid 5, 10, 15, 20, 25, 0.1-1000 s None Einstein model with None -Suspensions at 5 wt%, exhibited
al. (2012) (commercial) paraffin 30 & 40 wt% b=5 and ¢=53. almost Newtonian behaviour
Chow model with -Suspensions at 10 wt%,
A=4.67. exhibited Newtonian then shear
Modified Krieger— thinning behaviour.
Dougherty formula -Between 15 and 40 wt%,
(n=2.5 and n= 2.925) suspensions exhibited shear
thinning behaviour and yield
stress
-Experimental data did not
correlate with the model results
Hosseini D ~21nm Liquid 5, 10, 15, 20, 25, 0.1-1000 None -Modified Einstein None -Shear thinning behaviour has
etal. (commercial) paraffin 30 & 40 wt% st model with ky= 2.5. been observed for all particle
(2012) Assumed -Chow model with concentrations.
spherical A=4.67. -Models failed to agree well with

-Modified Krieger—
Dougherty formula
(n=2.5 and n= 2.925)

experimental results
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Mariano et al.
(2015)

D=17 nm
(commercial)

EG

5, 10, 15, 20
and 25 wt%

50-1000 st
T=10-50 °C

None

Einstein model
(N=1 & C1=2.5)
Chow model
(N=1& C;=7.1)
Modified Krieger—
Dougherty formula
(n=2.5)

Vogel-Tammann—
Fulcher correlation
equation

-Viscosity increment with increasing particle
wt% but decreasing with increasing
temperature

-At 25 wit%, viscosity increase of 40% was
obtained.

-Results obtained from VTF equation were
validated as accurate

-Only the Krieger-Dougherty model fitted well
with the experimental data

Sekhar et al.
(2017)

D+ 50 nm
(commercial)

DIw

0.1,0.2,0.3&
0.4 vol%

T=30-60 °C

None

None

None

-Temperature increase resulted in viscosity
ratio decreasing by 6% (at 0.4 vol% & 0.3
vol%) and by 3% (at 0.2 vol% & 0.1 vol %).
-nr increase with an increase in particle vol%.

Sekhar et al.
(2018)

D+ 50 nm
(commercial)

DIw

0.1,0.2,0.3&
0.4 vol%

T=30-60 °C

None

None

None

-nr decreased by 3% (at 0.4 vol%) when
increasing the temperature.

-A 15 % increase in n; with an increase in
particle vol%.

Gupta et al.
(2021)

D= 25-50 nm
Truncated
octahedron

EG

0.2, 0.4, 0.6,
0.8 & 1.0 wt%

None

None

None

-nr decreased with increasing temperature

-nr increased with increasing particle wt% up
to 0.4 wt%.

-Above 0.4 wt%, n, decreased with increasing
particle wt%.

Alsboul et al.
(2022)

D= <50 nm

DW

EG
20EG/80DW
40EG/60DW
60EG/40DW

0.025, 0.05,
0.10, 0.20 &
0.40 vol%

T=20t0 60
°C(at5°C
steps)

None

Einstein model
Batchelor model
Brinkman model

None

-nr decreased with increasing temperature
and increased with increasing particle vol%
-nr of Co304-40EG/60DW nanofluids was
enhanced by 0.70% and 1.61% at 0.025 vol%
and 0.4 vol% at 20 °C and 60 °C,
respectively.

-Einstein model fitted well with the
experimental data.

Rahman
Salari et al.
(2022)

D= 50 nm
Cubic

25DW/
75EG

0.1, 0.3 and
0.5 wit%

T=25t065
°C (at 20 °C
steps)

None

None

None

nr decreased with increasing temperature and
increased with increasing particle wt%
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They also displayed yield stress which was attributed to a rise in nanoparticle interaction

resulting in a resistance against fluid motion.

Three models were used to compare the experimental flow curves and those obtained from
theoretical models. The first model was that of Bingham using Equation 2.12 below:

T =1, + g7 (2.12)

Where T, T,, no, y are the shear stress, yield stress, viscosity at zero field and shear rate,

respectively.

The Bingham model agreed well with the Co3Os-paraffin nanofluids at low particle
concentrations whereas at high particle concentrations, the model was not satisfactory.
Therefore, they proposed another model including yield point called Casson model (Mezger,

2012) as shown below:
Vo= T;/z + /2 (2.13)

Casson model showed good agreement with the CosOas-paraffin nanofluids at different
particle concentrations. Another model by Hurschel-Bulkley (Hong et al., 2007) as shown in
Eq. 2.14 was also used and it was found to be the best fit for CosOs-paraffin nanofluids at

different concentrations.

Three models were used to determine the effect of particle concentration on the viscosity of
nanofluids. The Einstein model which does not account for the particle size but is only valid

for diluted suspensions, was represented in Equation 2.15 as follows (Einstein, 1906):
ns =m(1+ky9) (2.15)

Where ns, m and ky are the suspension viscosity, base fluid viscosity and shape factor

equating 2.5 for spherical particles.

A modified version of Einstein model (Hunter, 2001) which is valid for concentrated colloidal

suspensions was also used:
ns = n,(1 + 2.5¢, + 6.2¢7%) (2.16)
Where ¢ is the hydrodynamic volume fraction (particle concentration of ferrofluids)

The second model was that of Chow in which particle interactions were considered with A=
4.67 (Chow, 1993) as expressed in Equation 2.17:
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n _ 2.5¢p A(pfzl
oo = €XP (—) +—— (2.17)

1-¢p/)  1-A@Eom

Where A, ¢m are the coupling coefficient and maximum hydrodynamic volume fraction,
respectively.

The third model was that of Krieger-Dougherty (Hunter, 2001) with the values of n taken as

2.5 and 2.925 for spherical particles as shown below:

)_[U](Pm

n=n(1-2

o (2.18)

Where n is the intrinsic viscosity.

They found that experimental results of Co3Os-paraffin nanofluids did not agree well with

those obtained from theoretical model equations.

Hosseini et al. (2012) also studied the rheological properties of Co3;04-paraffin based
nanofluids. They also used a MCR300 rheometer from Anton Paar GmbH fitted with a plate-
plate spindle (PP25-MRD, diameter = 1.95 cm). They observed a shear thinning behaviour
for all the concentrations due to a decrease in viscosity as the shear rate increased. This was
due to the presence of weak bonds between particles. They used similar models (Einstein,
Chow and Krieger-Dougherty) as those used in the study of Fazlali et al. (2012). They
noticed that theoretical results failed to agree well with experimental results of Cos;0a4-paraffin
nanofluids most especially at higher particle concentrations. In fact, since these models do
not consider particle-to-particle interactions, these results are not surprising at higher particle
concentrations. Mariano et al. (2015) investigated the rheological properties of Co304-EG
nanofluids as a function of particle concentration. A Physica MCR 101 rheometer was used
to analyse the rheological behaviour of nanofluids. A cone-plate geometry with a cone
diameter (25 mm) and angle of 1°, respectively was used. The nanofluid samples were
analysed with a constant gap quantity of 0.048 mm, and the temperature was controlled with
a Peltier system. For all particle concentrations (5-25 wt%), a Newtonian behaviour was
observed at 30 °C. Furthermore, the shear viscosity increased with an increment in particle
weight concentration, as expected. For suspensions of 25 wt%, a viscosity increase (n) of

40% was observed.

Three classical approaches (Einstein, Chow and Krieger-Dougherty) were used to correlate
the increment in viscosity with respect to particle volume fraction. The Chow model was

represented in Equation 2.19 as follows:
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n, =2 =14+¥N C@ (2.19)

Mo

Where n:, nn, No, N, Ci are the relative viscosity, nanofluid viscosity, base fluid viscosity,
degree of polynomial and corresponding correlation coefficients, respectively. If N=1 and
C1=2.5, Equation 2.19 reduces to Einstein equation. The Einstein model significantly
underestimated the viscosity increment with increasing concentration. They noted a 0.8%
deviation for the Chow model. A modified version of the Krieger-Dougherty model for
dispersions of equal sized hard spheres was used as presented in Equation 2.20 below:

B 5 fanl2] 1512
M= [1 ~ 0.605 (7) ] (2.20)

Where a.and a represent the estimated radius of aggregates and single particles.

Initially, the radius of aggregates was assumed to be function of particle concentration. Then,
the aJ/a ratio was determined for each concentration, yielding results ranging from 1.9 to 2.3.
The Krieger-Dougherty model represented well the experimental results of Co0304-EG
nanofluids viscosity. Sekhar et al. (2017) investigated the effect of different particle
volumetric concentration on the viscosity of Cos0.4-DIW based nanofluids. To measure the
viscosity of Co3z04-DIW based nanofluids, they made use of an experimental arrangement
consisting of an electric temperature bath, stirrer, and Ostwald U-tube. They reported an
increment in the relative viscosity with an increment in particle concentration. In another
study, Sekhar et al. (2018) found that an increase in particle volume concentration led to a
15% increase in the relative viscosity of Co304-DIW nanofluids. Gupta et al. (2021) measured
the viscosity of Co304-EG nanofluids (0.2-1.0 wt%) using an Ostwald viscometer at 25, 30
and 35 °C. They noted a decrease in the relative viscosity of Co304-EG nanofluids when
increasing the particle volumetric concentration up to 0.4 wt%. Above the Ilatter
concentration, an increase in the relative viscosity of Co304-EG nanofluids with an increase
in particle volumetric concentration was noted. The initial reduction in relative viscosity of
nanofluids was attributed to mild perturbation in hydrogen bonding network of EG due to
interaction between nanoparticles and EG molecules after the addition of Co0304
nanoparticles to EG (Suganthi et al., 2014). Alsboul et al. (2022) measured the viscosity of
C0304-DW, Co0304-EG, C0304-20EG/80DW, C0304-40EG/60DW and Co0304-60EG/40DW
nanofluids using a vibro viscometer in a temperature range of 20 to 60 °C (at 5 °C steps).
Various volumetric concentrations ranging from 0.025 to 0.4 vol% were prepared to
determine the effect of particle concentration on the relative viscosity of nanofluids. In
general, the viscosity of nanofluids increased with increasing volumetric concentration. In the
case of base fluids (DW and EG), the relative viscosity of Co03z04-DW nanofluids was
enhanced by 0.06% and 0.96%, whereas that of C0304-EG nanofluids was improved by
0.01% and 0.92%, for 0.025 vol% and 0.4 vol% at 20 °C, respectively. In the case of EG-DW
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mixture nanofluids, the relative viscosity of C0304-20EG/80DW nanofluids was enhanced by
1.16% and 2.07% for 0.025 vol% and 0.4 vol% at 20 °C, respectively, compared to
20EG/80DW mixture. The relative viscosity of C0304-40EG/60DW nanofluids was enhanced
by 0.70% and 1.61% for 0.025 vol% and 0.4 vol% at 20 °C, respectively, compared to
40EG/60DW mixture. The relative viscosity of C0304-60EG/40DW nanofluids was enhanced
by 7.45% and 6.54% for 0.025 vol% and 0.4 vol% at 20 °C, respectively, compared to
60EG/40DW. Three models namely Einstein (1906), Batchelor (1977) and Brinkman (2004)
were used to correlate the viscosity ratio with respect to particle volumetric concentration of
Co0304-DW and Co304-EG nanofluids at 20 °C. The experimental data were found to be in
good agreement with the theoretical data obtained from the Einstein model. Rahman Salari
et al. (2022) measured the viscosity of Co30.-75EG/25DW nanofluids at various particle
weight concentrations from 25 to 65 °C (at 20 °C steps) using a falling ball viscometer. The
viscosities of all nanofluids were found to increase with increasing weight concentrations.
The latter trend can be attributed to an increase in internal viscous shear stress in nanofluids

as particle weight concentration is increased.

e Effect of particle size
Previous studies have examined the effect of particle size on the viscosity of various
nanofluids, but to our knowledge, no study has examined the effect of particle size on the
viscosity of Cos04 nanofluids, and thus, the studies of other metallic and metal oxide-based
nanofluids are reviewed to understand the relationship between the particle size and
viscosity of nanofluids. On one hand, Nguyen et al. (2007) investigated the Al,Os particle size
effect on the viscosity of Al,Os—H>O nanofluids from 20 to 50 °C. They noticed that, at 4
vol%, 36 and 47 nm Al.Os—H>O nanofluids exhibited almost the same viscosity. In another
study by Nguyen et al. (2008), at higher particle volume concentrations (7 and 9 vol%), fluids
containing bigger size nanoparticles (47 nm) showed higher viscosity than the smaller ones
(36 nm). They proposed the following viscosity correlations namely Equations 2.21 and 2.22

for 47 nm and 36 nm water-based alumina nanofluids, respectively:

M — 0.90460.14—8({3 (221)

Upf

? =1+ 0.025¢ + 0.015¢? (2.22)
bf

Where ¢ and y are, respectively, particle volume fraction and fluid viscosity. The subscripts
bf, nf and r refer respectively to the base-fluid, nanofluid and nanofluid to base fluid ratio of

viscosity.

61



LITERATURE REVIEW

He et al. (2007) investigated the viscosity of TiO>—DW nanofluids at different particle sizes
(95 and 145 nm). They reported a linear relationship between the viscosity of nanofluids and
the particle size at 22 °C. Jarahnejad et al. (2015) measured the viscosity of Al,Os—H>O
nanofluids from 20 to 50 °C. They investigated the effect of particle size (200 nm, 250 nm,
and 300 nm) on the viscosity of alumina nanofluids at constant particle concentration (9
wt%). Their results showed that the viscosity of 200 nm nanofluids is lower than the
nanofluids with 250 and 300 nm particle sizes. However, the nanofluids with 250 nm particle
size showed up to 7 % higher viscosity than that with 300 nm. This trend was attributed to
the inhomogeneous morphology of the three types of alumina particles which affected the

results.

On the other hand, other researchers reported an opposite trend regarding the effect of
particle size on the viscosity of nanofluids. Namburu et al. (2007) reported an increase in
viscosity of SiO, nanofluids with a decrease in particle size (20, 50 and 100 nm) for SiO-
nanoparticles dispersed in 60% EG and 40% water by weight. Their study was conducted at
constant volumetric concentration (8 vol%) from -35 to 50 °C. Namburu et al. (2009)
confirmed the same trend using the same SiO; nanoparticles at 6 vol%. Chevalier et al.
(2007) also found the same trend when studying the viscosity of SiO-—ethanol nanofluids
from 1.1 to 7 vol% at three different particle sizes (35, 94 and 190 nm). Timofeeva et al.,
(2010) reported an increment in the viscosity of SiC-H.O nanofluids with a decrease in
particle size from 90 to 16 nm at a temperature range from 15 to 45 °C. Esfe et al. (2014)
measured the viscosity of Fe-EG nanofluids at three different particle sizes (40, 70 and 100
nm) and volumetric concentrations ranging from 0.125 to 3 vol%. From 26 to 55 °C, they
noted an increment in the nanofluids viscosity with a decrease in particle size. In another
study, Esfe et al. (2015) studied the viscosity of Fe-EG nanofluids at three different particle
sizes (37, 71 and 98 nm) and volumetric concentrations ranging from 0.0313 to 1 vol%.
Using curve fitting, they proposed the following equation with viscosity as function of particle
size and volume fraction lower than 1 vol%:

Hnf _ 0.6974 70.44708
s 1+ (0.1008¢ ds ) (2.23)

Where d, is the particle size.

Rudyak et al. (2016) measured the viscosity of SiO,-EG nanofluids at three different particle
sizes (18.1, 28.3 and 45.6 nm) at 25 °C. They reported an increase in viscosity of nanofluids
with a decrease in particle size. Minakov et al. (2016) confirmed the same behaviour for
SiOz-water nanofluids at three different particle sizes (10, 16, 25 and 100 nm) at 25 °C.
Nanofluids with smaller particles had an increased viscosity because of higher surface area.
This resulted in higher interfacial resistance with the fluid layer (Timofeeva et al., 2010;

Agarwal et al., 2015).
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Another trend was reported by other researchers, Prasher et al. (2006b) reported that the
viscosity of Al2Oz-propylene glycol nanofluids was not affected by the particle size of Al>O3
nanoparticles (27, 40 and 50 nm). Such behaviour was attributed to the agglomeration of

nanoparticles.

Effect of particle shape

There has been no study examining the effect of particle shape on Cos04 nanofluid viscosity.
Timofeeva et al. (2009) investigated the effect of different particle shapes (platelets, blades,
cylinders, and bricks) on the viscosity of Al,Os-EG/water (50% EG, 50% water by vol.)
nanofluids. Nanoplatelets based nanofluids displayed the highest viscosity, followed by
nanofluids based on cylinders, bricks, and blades. They found that elongated particles
(cylinders) and agglomerates (bricks) had higher viscosities at the same volume fraction
because of structural limitations of rotational and transitional Brownian motions. However, for
lower viscosities, spherical particles and low aspect ratio spheroids were preferred. Jeong et
al. (2013) investigated the effect of two different particle shapes (nearly rectangular and
spherical) on the viscosity of ZnO-water nanofluids. They reported that the viscosity of nearly
rectangular shaped particles was higher than that of spherical particles. This is because

sphere-shaped particles rotate easily compared to the near rectangular ones.

2.8.2 Thermal conductivity of Cos04 nanofluids

Heat is transferred from a hot body to a cold one. Heat can be transferred in three ways:
conduction, convection, and radiation (Bejan & Kraus, 2003:2-3). Conduction of heat in solids
or fluids occurs due to vibrations of molecules propagating to adjacent molecules, resulting in
heat being transferred from the hot molecules to the cold ones. Solid objects rely heavily on
this mechanism for heat transfer. This mode of heat transfer requires direct contact between
molecules (Geankoplis, 2003). Heat convection occurs due to the physical motion of particles
in a fluid. Convection can be classified into two types. Natural convection occurs when there
is a density difference between the hot and cold fluid; forced convection is the result of
mechanical mixing of hot and cold fluids (Geankoplis, 2003). Radiation is the transfer of heat
between physically separated objects via electromagnetic waves (Geankoplis, 2003). In STC
systems, heat is generally transferred via a combination of two or three modes of heat
transfer. The heated metallic tubes of a solar thermal collector transfer heat via conduction to
the outermost layer of the working fluid that is immediately in contact with the metal surface
(Abed et al., 2020). When the fluid at the boundary of the tube is heated up, the difference in
density between the nearby fluid layers causes circulation between them (Kalogirou, 2004;
Liang et al., 2011). Due to this circulation over time, heat is transferred via convection to the
innermost layers of the flowing fluid. According to Yang and Han (2006), nanopatrticles
function as heat boats to facilitate the heat transport. Nanoparticles can generate

microconvection currents and enhance the thermal conductivity of the base fluid. The
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increase in collision frequency can be attributed to an increase in the motion of molecules,
which results in more heat being transferred. According to Bhanvase and Barai (2021:102-
103), some mechanisms may explain the higher thermal conductivity exhibited by nanofluids.
This includes the Brownian motion in nanoparticles, nanoparticles clustering, formation of
liquid nanolayer around the nanoparticles, ballistic transport and nonlocal effects,
thermophoresis, and near-field radiation (Figure 2.16).

Brownian motion: is the random movement of particles due to their collision with each other
and with molecules of the fluid in which they are dispersed (Mitchell & Kogure, 2006).
Nanoparticles can transport heat via conduction with the aid of this motion. In addition, a
micro-convection effect, which is due to the fluid mixing around nanoparticles, is also
proposed to be responsible for enhancement in the thermal performance of the base fluid
(Bhanvase & Barai, 2021:102-103).

Clustering of nanoparticles: occurs when nanoparticles dispersed in a conventional fluid
form clusters enabling the formation of a direct bond between nanoparticles and facilitating
heat conduction. In fact, more heat is likely to flow though the formed clusters, due to their
orientation along the direction of heat flux (Wang et al., 1999).

Liguid nanolayer formation around nanoparticles: occurs when the liquid molecules
close to nanoparticle surfaces form layered structures. These structures behave like a solid
which thickness is of a magnitude of nanometres (Yu et al., 2000). Liquid nanolayers are
assumed to facilitate more effective thermal transport across the solid-liquid interface, by
acting as a thermal bridge between nanopatrticles and the base fluid (Murshed et al., 2008;
Khamlich et al., 2023; Huang et al., 2024). The liquid nanolayer is expected to have a larger
effective thermal conductivity than the bulk liquid (Yu & Choi, 2004).

Ballistic phonon transport in nanoparticles: In solids, heat is conducted via the vibration
of atoms jointly held together. Phonons are quantized forms of energy released or lost by
vibrating atoms (Yasmin et al., 2023). Solid materials can exhibit diffusive heat transport if
the mean-free path of phonons is smaller than the characteristic size of the particle (Ozering
et al., 2010). Ballistic heat transport can significantly affect the thermal conductivity of
nanofluids if it provides efficient heat transport between nanoparticles. However, this can
only be achieved if the nanoparticles are very close (a few nanometres apart) and it was
found that this was the case for nanofluids with very small nanoparticles (Keblinski et al.,
2002).

Thermophoresis: occurs when particles in motion are subjected to the force of a
temperature gradient (Godson et al., 2010). It produces localized convectional currents,

thereby facilitating further heat transfer.
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Figure 2.16: Mechanisms of heat conduction in nanofluids (Bhanvase & Barai, 2021:102-103)

As the temperature increases, the energy around particles increases, causing them to travel
from the higher temperature location to the lower one and the heat transfer process
increases with a decrease in the bulk density (Godson et al., 2010).

Near field radiation: may be responsible for increased thermal conductivity. According to
Domingues et al. (2005), heat transfer rate between two bodies separated by a nanometric
distance increases rapidly. The radiation effect, however, is always smaller than heat
conduction through a medium (Wang et al., 2012). Although all of these mechanisms can
model the enhancement of thermal conductivity, they may be irrelevant for some nanofluid
systems, especially due to the wide range of nanomaterials that may behave distinctively
with different base fluids (Wang et al., 2012). There are some parameters such as particle
size, particle shape and particle concentration that affect the thermal conductivity of a
nanofluid. Table 2.4 provides a summary of previous studies on the effect of dispersed Co3;04
nanoparticles (their particle size, shape, and concentration), as well as temperature, on the

thermal conductivity of their resultant nanofluids.

o Effect of temperature
The thermal conductivity of nanofluids is affected by the temperature of both base fluid and
the dispersed particles. Mariano et al. (2015) studied the thermal conductivity of Co3z04-EG
nanofluids of different concentrations ranging from 0.94 to 5.67 vol% at 10, 30 and 50 °C. An
increase in temperature caused the thermal conductivity of nanofluids to decrease slightly.
Sekhar et al. (2017) studied the thermal conductivity of Co304-DIW nanofluids of different
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volumetric concentrations from 30 to 60 °C (10 °C steps). They observed that an increase in
temperature induced a 5% increase in thermal conductivity ratio, for the highest
concentration (0.4 vol%). Sekhar et al. (2018) conducted a similar study from 40 to 70 °C.
They reported that an increase temperature caused a 25% increase in thermal conductivity
ratio. Gupta et al. (2021) measured the thermal conductivity of EG (k) and different Co30a-
EG nanofluids (k) from 25-35 °C by using the Bridgman equation (2.24) and its modified
form (2.25), respectively.

2/
k=3.0(22) " kU (2.24)
PnfNa 2/3
Ky = 3.0( o ) kyU (2.25)

Where p, pnr, Na, M, My, kg and U are the fluid density, nanofluid density, Avogadro number,
fluid molar mass, nanofluid molar mass, Boltzmann constant and speed of sound,
respectively.

They found that the thermal conductivity of Cos04-EG nanofluids decreased with increasing
temperature. This was attributed to the fact that the values of density and speed of sound
decreased as temperature increased. According to the Bridgman equation, these values are
directly related to thermal conductivity. Mitra et al. (2021) measured the thermal conductivity
of rod like Co30.-DIW nanofluids and flower like C0304-DIW nanofluids at 0.011 wt%. For rod
like Co304-DIW nanofluids, they noted a thermal conductivity enhancement of 21% from 30
to 70 °C. In the case of flower like nanofluids, they reported a slight increase in thermal
conductivity enhancement (3%) with increasing temperature. The higher increment in thermal
conductivity enhancement of rod like Cosz04-DIW nanofluids was attributed to their higher
aspect ratio structure (Gu et al., 2013) leading to increased contact area with the heat source
hence, higher heat transfer rates (Ghosh et al., 2013). Alsboul et al. (2022) measured the
thermal conductivity of Co304,-DW, Co0304-EG, C0304-20EG/80DW, Co0304-40EG/60DW and
C0304-60EG/40DW nanofluids from 20 to 60 °C (at 5 °C steps). The thermal conductivity of
all nanofluids increased with increasing temperature. Manoram and Moorthy (2022)
measured the thermal conductivity of two different Coz04-DIW nanofluids from 30 to 70 °C.
They noted a linear increase in thermal conductivity of nanofluids with temperature increase.
For instance, the thermal conductivity of 0.4 vol% nanofluids were increased by 18.20% and
24.35% at 30 °C and 70 ‘C. Rahman Salari et al. (2022) measured the thermal conductivity
of different Co304-75EG/25DW nanofluids from 25 to 65 °C (at 20 °C steps). The thermal
conductivities of all nanofluids increased with increasing temperature in a nonlinear manner.
This trend was due to the fact that an increment in temperature results in weakened inter-
particle and inter-molecular adhesion forces, leading to an enhancement in Brownian motion.

Hence, a rise in thermal conductivity of nanofluids at higher temperatures.
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e Effect of particle concentration

According to Ozering et al. (2010), there are numerous studies in the literature about the
impact of particle concentration on the thermal conductivity of nanofluids. Mariano et al.
(2015) studied the thermal conductivity of Co304-EG based nanofluids. They used a KD2 Pro
thermal analyser whose principle is based on the transient hot-wire method where the
thermal conductivity is obtained by plotting the temperature rise versus time. This method
has been reported by other researchers (Guo et al., 2018; Xu et al., 2019) to be the most
accurate method to determine the thermal conductivity of nanofluids. The thermal
conductivity of Co3z04 nanofluids of five different concentrations ranging from 0.94 to 5.67
vol% were reported at 10, 30 and 50 °C. The thermal conductivity of CozO4 nanofluids
increased with increasing particle concentration. They noticed an average enhancement in
thermal conductivity ratio (kni’ko) of 27% for the highest concentration (5.67 vol%). At 30 °C, a
comparison was established between experimental results of thermal conductivity with
respect to particle volume concentrations and results obtained from three theoretical models.
The first model is that of Maxwell (1881) who is known to be the first to have developed an
equation (2.26) for estimating the thermal conductivity of colloids composed of solid spheres
suspended in a fluid:

_ kp+2ko+2(kp—Fko)®

ey = kp+2ko—(kp—ko)d  © (2.26)

Where kn, kp, ko, & represent the nanofluid thermal conductivity, solid particles thermal

conductivity, base fluid thermal conductivity and volumetric concentration of particles.

The second model was that of Hamilton and Crosser (1962) accounting for the enhancement

of thermal conductivity of dilute suspensions of particles of different shapes:

knp _ kp+(n—1Dko+m—1)(kp—ko)®
ko  kpt(n-Dko—(kp—ko)®

(2.27)

Where n is the empirical shape factor, which can be calculated as n = 3/¥, with ¥
representing the sphericity. This is calculated by taking the surface area of a hypothetical
sphere that has the same volume as the particle, divided by its actual surface area.
Turian et al. (1991) concluded that the Maxwell model accurately predicts enhancements in
thermal conductivity when kp/ko ~ 1, but its performance deteriorates as this ratio rises (kp/ko
> 4). Based on the results of their analysis, the authors concluded that a volume-averaged
geometric mean of particle and base fluid thermal conductivities provides the most accurate

estimates of effective thermal conductivity.
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Author Co304 particle size & Base fluid Particle Testing method and Thermal Thermal Summarised results
(s) shape concentration temperature conductivity- conductivity-particle
(wt% or vol%) particle size concentration
relationship relationship
Mariano | D= 17 nm (commercial) | EG 0.94, 2.06, Transient hot wire None Maxwell model (knp/ko | -knp/ko increased by 27%
etal. 3.07,4.31 & method ~1). with an increment in
(2015) 5.67 vol% T=10-50 °C Hamilton-Crosser particle vol%
model (n=3/¥). -Increase in temperature
Turian model (knp/ko > | induced a slight
4). decrease in thermal
conductivity of nanofluids
-Average % deviation of
experimental knp/ko with
Maxwell, Turian, and HC
models deviated by
4.3%, 1.4%, and 1.4%,
respectively
Sekhar D= 50 nm (commercial) | DIW 0.1,0.2,0.3 & Steady state method None None knp/Ko values increased
etal. 0.4 vol% T=30-60 °C by 5% from 30 to 60 °C,
(2017) for 0.4 vol%
Sekhar DIW 0.1,0.2,03& Steady state method None None knp/Ko values increased
etal. 0.4 vol% T=40-70 °C up to 25% from 40 to 70
(2018) °C, for 0.4 vol%
Gupta et | D=25-50 nm EG 0.2, 0.4, 0.6, 0.8 | Bridgman equation None None -knt decreased with
al. (2021) | Truncated octahedron & 1.0 wt% T=25-35°C increasing temperature
-knr increased with
increasing particle wt%
up to 0.4 wt%. Above 0.4
wt%, kns decreased with
increasing particle wt%
Mitra et Nanorods (27 nm) & DIW 0.0005, 0.003, Transient hot wire None None -Knp/ko Of rod-based
al. (2021) | nanoflowers (32 nm) 0.005 & 0.011 method nanofluids increased by
wt% T=30-60 °C 21% with an increase in

temperature whereas
that of flower-based
nanofluids increased by
3%
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Alsboul D <50 nm DW 0.025, 0.05, Transient hot wire None Maxwell model -kni'ko increased with
et al. EG 0.10, 0.20 & method Maxwell-Eucken model | increasing temperature
(2022) 20EG/ 80DW 0.40 vol% T=20-60 °C Yu and Choi model and particle vol%
40EG/ 60DW -Maxwell model fitted
60EG/ 40DW well with the
experimental data of
Co0304-DW and C0304-
EG nanofluids at 20 °C
Manoram | D =50 nm DIW 0.2 & 0.4 vol% Transient hot wire None None -knp/ko increased by
and (commercial) method 12.13% and 18.95% at
Moorthy | Spherical T=30-70 °C 30 °Cand 70 °C,
(2022) respectively for 0.2 vol%
-knp/koincreased by
18.20% and 24.35% at
30 °C and 70 °C,
respectively for 0.4 vol%
Rahman | D=50nm 25DW/75EG 0.1,0.3and 0.5 | T=25t0 65 °C (at 20 None None knt/Ko increased with
Salariet | Cubic wit% °C steps) increasing temperature
al. (2022) and particle wt% in a

non-linear manner
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They made use of the logarithmic mixing rule (Das et al., 2008:167-180) and they came up
with the equation below:

knp = kBky® (2.28)

The reference value for the thermal conductivity of CosO4 nanoparticles (k, = 16.8 W m™* K1)
at 300 K were obtained from the study by Sahoo et al. (2013). The Maxwell model under
predicted the experimental values for the enhancement of thermal conductivity. Both Turian
and Hamilton-Crosser (HC) models agreed well with experimental data, and the HC model
resulted in the best estimation when W= 0.61. The absolute average percent values of
experimental data with Maxwell, Turian, and HC models deviated by 4.3%, 1.4%, and 1.4%,
respectively.

Sekhar et al. (2017) and Sekhar et al. (2018) studied the thermal conductivity of Cos04-DIW
based nanofluids. They used a set up (Figure 2.17) consisting of concentric cylinders with an
air gap. Concentric cylinders measure thermal conductivity based on the steady-state
method. They are easier to set up, have simpler equations, and provide results that are more
accurate. It has a disadvantage, however, in that it generally takes a while for equilibrium to
be achieved (Yuksel, 2016). There was water (6 cm in depth) in the inner cylinder and
nanofluid in the air gap. An electric heater was used to heat up the water and keep it at a
constant temperature in the inner cylinder. To ensure that heat only travels downward, the
concentric cylinders ends were insulated with thermal insulating material. The nanoparticles
in the nanofluid transported heat rapidly from the inner to outer cylinder. Sekhar et al. (2017)
reported the thermal conductivity (kn) of Co304-DIW nanofluids of four different volumetric
concentrations at 30, 40, 50 and 60 °C whereas the results reported by Sekhar et al. (2018)
were obtained at 40, 50, 60 and 70 °C.

Figure 2.17: Thermal conductivity set up for Co304-DI water nanofluids (Sekhar et al., 2017)
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Based on the Fourier's law of heat conduction in cylindrical coordinates used by Holman
(2010) to calculate the thermal conductivity (k), k-ratio values can be derived from the
following equation:

__ 2mkL(AT)
in("2/r,)

Q (2.29)

Where Q, k, L, AT, rz, r1 represent the quantity of heat supplied (J), thermal conductivity of
liquid (W/m°C), length of heat conduction (m), temperature difference (°C), radius of inner
concentric wall of heater (m) and radius of outer concentric wall of heater (m), respectively.
The thermal conductivity value for DIW was obtained from the study by Sengers and Watson
(1986). In both studies, the addition of CosO4 nanoparticles to DI water caused the thermal
conductivity of the resulting nanofluids to increase. Gupta et al. (2021) calculated the thermal
conductivity of EG (k) and different Cos04-EG nanofluids (ki) by using the Bridgman
equation (2.24) and its modified form (2.25), respectively. They noted an increase in the
thermal conductivity of Cos04-EG nanofluids when increasing the particle volumetric
concentration up to 0.4 wt%. However, the nanofluids thermal conductivity decreased with a
further increase in volumetric concentration. The initial increase in thermal conductivity was
attributed to Brownian motion of nanoparticles. The trend observed beyond 0.4 wt% could be
due to aggregation of Cos0. nanoparticles, which reduced the augmenting effects of
subsequent nanoparticle additions. Mitra et al. (2021) measured the thermal conductivity of
rod like Co304-DIW nanofluids and flower like Co304-DIW nanofluids at constant weight
concentration (0.011 wt%) using a KD2 Pro thermal property analyser. Both types of Co30.-
DIW nanofluids showed an increase in thermal conductivity with the rise in particle
concentration. Alsboul et al. (2022) measured the thermal conductivity of Co304-DW, C030.-
EG, Co0304-20EG/80DW, Co0304-40EG/60DW and Co0304-60EG/40DW nanofluids using a
KD2 Pro instrument in a temperature range of 20 to 60 °C (at 5 °C steps). Various volumetric
concentrations ranging from 0.025 to 0.4 vol% were prepared to determine the effect of
particle concentration on the effective thermal conductivity of the samples. In general, the
thermal conductivity of all nanofluids increased with increasing volumetric concentration.
Compared to the base fluids (DW and EG), the thermal conductivity of Co304-DW nanofluids
was enhanced by 1.04% and 24.4%, whereas that of Co;04-EG nanofluids was enhanced by
0.61% and 14.07%, for 0.025 vol% and 0.4 vol% at 20 °C, respectively. In the case of EG-
DW mixture nanofluids, the thermal conductivity of Co030,-20EG/80DW nanofluids was
enhanced by 0.123% and 22.2% for 0.025 vol% and 0.4 vol% at 20 °C, respectively,
compared to 20EG/80DW mixture. The thermal conductivity of Co0304,-40EG/60DW
nanofluids was enhanced by 0.1327% and 22.3% for 0.025 vol% and 0.4 vol% at 20 °C,
respectively, compared to 40EG/60DW mixture. The thermal conductivity of Co030a-
60EG/40DW nanofluids was enhanced by 0.017% and 20.69% for 0.025 vol% and 0.4 vol%
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at 20 °C, respectively, compared to 60EG/40DW. Three models namely Maxwell (1881),
Maxwell-Eucken (Levy, 1981) and Yu and Choi (2003) were used to correlate the effective
thermal conductivity with respect to particle volumetric concentration of Coz04-DW and
Co0304-EG nanofluids at 20 °C. The experimental data of Co0304,-DW and Co0304-EG
nanofluids have been found to be in good agreement with the theoretical data obtained from
the Maxwell model. Manoram and Moorthy (2022) measured the thermal conductivity of
C0304-DIW nanofluids of 0.2 and 0.4 vol% using a KD2 Pro thermal property analyser. At 0.2
vol%, they noted a thermal conductivity enhancement of 12.13% and 18.95% at 30 "C and
70°C, respectively. The thermal conductivity values of 0.4 vol% nanofluids increased by
18.20% and 24.35% at 30 °C and 70 °C, respectively. They reported that the thermal
conductivity increment was due to Brownian motion of particles. In addition, micro-convection
between the nanoparticle and fluid particle also influenced the increment of thermal
conductivity of nanofluids. Rahman Salari et al. (2022) measured the thermal conductivity of
Co304-75EG/25DW nanofluids at various particle weight concentrations from 25 to 65 °C (at
20 °C steps) using a KD2 Pro thermal analyser. The thermal conductivities of all nanofluids
were found to increase with increasing weight concentrations in a nonlinear manner. The
latter trend can be attributed to a reduction in particle-particle distance when increasing
particle concentration, resulting in an increase in heat transfer paths between added
particles, which is known as lattice vibration frequency or percolation effect of heat transfer
(Chatterjee et al., 2019).

o Effect of particle size
To our knowledge, no study has examined the effect of Co304 particle size on the thermal
conductivity of Cosz04-based nanofluids, and thus, the studies of other metallic and metal
oxide-based nanofluids are reviewed to understand the relationship between the particle size
and the thermal conductivity of nanofluids. For instance, Chopkar et al. (2006) prepared
Al7oCus0-EG nanofluids. For 0.5 vol% nanofluid, they used different particle sizes ranging
from 9 to 83 nm at room temperature. They found that the thermal conductivity ratio (knp/ko)
increased from 3 to 38% with a decrease in particle size. The reason for such relation
between patrticle size and thermal conductivity of nanofluids is attributed to the increase in
surface area of smaller Al;oCusg particles hence, enhancing the heat transport inside the fluid.
In another study, Chopkar et al. (2008) studied the effect of particle size on the thermal
conductivity ratio of H.O- and EG-based nanofluids with Al,Cu and Ag.Al nanopatrticles. They
varied the particle size between 30 and 120 nm. For all types of nanofluids, they noted an
increase in thermal conductivity ratio with decreasing particle size. According to Ozering et
al. (2010), the increase in thermal conductivity is associated with a decrease in particle size
due to Brownian motion of nanoparticles and liquid layering around nanoparticles.

Moghadassi et al. (2010) measured the thermal conductivity of CuO particles dispersed in
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two different fluids (paraffin or monoethylene glycol). A dispersant (oleic acid) was used to
improve the stability of CuO-paraffin nanofluids while none was used for monoethylene glycol
(MEG) based nanofluids. They investigated the effect of two different particle size (30 and 40
nm) on the thermal conductivity of CuO-paraffin/or MEG nanofluids. They noted an increase
in the effective thermal conductivities with a decrease in particle size. This is because
smaller particles exhibit higher Brownian motion hence, greater thermal conductivities.
Teng et al. (2010) reported the effect of different particle sizes (20, 50 and 100 nm) on the
thermal conductivity of alumina-water nanofluids at 10, 30 and 50 °C. They observed an
increment in thermal conductivity ratio with a decrease in particle size. The reason for this is
that smaller particles exhibit higher Brownian motion, causing them to collide more often

hence resulting in a greater heat transfer.

Other researchers reported an opposing trend between particle size and thermal conductivity
of nanofluids. Xie et al. (2002) investigated the effect of particle size (26 nm/spherical and
600 nm/cylindrical) on the thermal conductivity of SiC-DIW nanofluids at volume
concentrations up to 4.2%. They reported an increment in thermal conductivity with
increasing particle size. Chen et al. (2008a) measured the effect of different particle sizes
(10-30 nm) on the thermal conductivity ratio for SiO2/H.O nanofluids. At the same particle
volume concentration (16%), they noted the same trend. This was attributed to the smaller
area of particle-liquid interface exhibited by larger particles resulting in an increase in thermal
conductivity ratio (Huxtable et al., 2003; Chen et al., 2008a). Beck et al. (2009) conducted a
systematic particle size dependency study for Al,O3/H,O and AlL,Os/EG nanofluids.
They used a wide range of particle size between 8 and 282 nm. For the same particle
volume fraction, Beck et al. (2009) noted that the enhancement in thermal conductivity ratio
increased with increasing particle size, below about 50 nm. According to Beck et al. (2009),
smaller particle sizes are more prone to phonon scattering which led to lower thermal
conductivity. However, the study conducted by Mintsa et al. (2009) reported a completely
different trend. They measured the thermal conductivity of Al,O3/H.O nanofluids. They used
two different sizes of Al,Os; nanoparticles (36 and 47 nm). They found that the thermal
conductivity enhancements at room temperature were nearly identical for two different sizes
of Al,O3 nanoparticles. This trend was due to temperature being kept constant, as increasing
the temperature is generally expected to increase the effective thermal conductivity ratio with

a reduction in particle size.

e Effect of particle shape
Mitra et al. (2021) investigated the effect of two different particle shapes (nanorods and
nanoflowers) on the thermal conductivity ratio of Co3z04-H,O based nanofluids. At 0.011 wt%,
they reported a 21% enhancement in the thermal conductivity ratio of Cos0O4 nanorods based

nanofluids from 30 to 60 °C while nanoflower based nanofluids exhibited a 3% enhancement.
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Rod-based nanofluids exhibited higher thermal conductivity due to the higher aspect ratio of
nanorods (Gu et al., 2013), thereby increasing the contact area with the heat source, which
resulted in higher heat transfer rates (Ghosh et al., 2013).

2.9 Conclusion

This chapter provided information on the application, structure and hydrothermal synthesis of
Co2(0OH)3Cl nanoparticles. The dependence of the Co,(OH)sCl size and shape on their
synthesis conditions, has been discussed. An in-depth discussion on the complex details
related to different growth mechanisms of Co2(OH)sCl and Co3z04 has been reported. Prior
literature utilized a binary triethanolamine/water solvent as template to direct the self-
assembly of different Co,(OH)sCl nanostructures into microstructures. Further, it has been
demonstrated that an increase in the propanol/water can significantly increase the size of
rhombic Cos04 nanoparticles. The use of a controlled propanol/water solvent to control the
particle size and shape is a new approach in the synthesis of Co2(OH)sCl nanostructures. A
comprehensive review of literature on nanofluid preparation and the influence of Co030a4
particle characteristics on the ensuing nanofluids has been provided. Mitra et al. (2021)
reported that flower-shaped (32 nm) Co3s0. nanofluids were more stable than rod-shaped (27
nm) nanofluids. However, the authors did not provide an explanation for the impact of Co304
particle size and shape on the stability of their nanofluids. A reduction in particle
concentration increases the particle separation distance resulting in Van der Waals attractive
potential reducing hence, producing stable nanofluids. Furthermore, the addition of
nanoparticles significantly enhances the properties of conventional fluids. According to the
literature, the particle size, shape and concentration of Co30, affect the viscosity and thermal
conductivity of the resultant nanofluids. A reduction in Co304 particle concentration causes a
reduction in the internal viscous shear stress of nanofluids resulting in a decrease in the
viscosity of nanofluids. However, an increase in Co304 particle concentration causes a
reduction in particle-particle distance resulting in increased thermal conductivity of
nanofluids. Raising the temperature weakens the interparticle/intermolecular forces between
the molecules of Cosz04 and those of water resulting in a reduction of the viscosity of Co30a-
H.O nanofluids. Increasing the temperature weakens interparticle/intermolecular adhesion
forces, leading to an enhancement in Brownian motion which is responsible for the
enhancement in thermal conductivity of resulting nanofluids. Conflicting trends on the effects
of particle size and shape on the properties of various nanofluids have been reported in the
literature. Concerning the effect of particle size on the viscosity of some nanofluids, three
different trends have been reported. Some researchers reported higher viscosity for fluids
containing bigger nanoparticles, while others reported higher viscosity for fluids made of
smaller nanoparticles. The increased viscosity of nanofluids containing smaller particles was

because of the higher surface area of smaller particles resulting in higher interfacial
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resistance with the fluid layer. In contrast, other researchers found that the change in particle
size did not affect the viscosity of nanofluids. About the effect of particle size on the thermal
conductivity of nanofluids, the first category of researchers found that the thermal
conductivity increased with decreasing particle size. Such trend is because smaller particles
have an increasing surface area which increases the Brownian motion causing them to
collide more often hence resulting in a greater heat transfer. In addition, the Brownian motion
and liquid layering around smaller nanoparticles are the mechanisms responsible for
enhanced thermal conductivity of nanofluids. The second category reported increasing
thermal conductivity with increasing particle size. This trend was due to smaller particles
being more prone to phonon scattering hence, leading to lower thermal conductivity. Co304
nanoparticles of higher aspect ratio were reported to have an increased contact area with the
heat source, which favoured a higher thermal conductivity. Concerning the effect of particle
shape on the viscosity of different nanofluids, it was found that elongated particles and
agglomerates had higher viscosities because of structural limitations of rotational and
translational Brownian motions. However, spherical particles and low aspect ratio spheroids
displayed lower viscosities due to their ability to rotate easily. Due to lack of previous studies
on the properties of Coz(OH)sCl nanofluids and conflicting reports on the impact of particle
size and shape on the properties of various nanofluids, a systematic study of Co2(OH)sCl

nanofluids is essential.
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CHAPTER 3 RESEARCH METHODOLOGY

3.1 Introduction

A detailed description of the preparation of Co,(OH)sCl nanoparticles via the hydrothermal
route at different synthesis conditions as well as that of their resulting nanofluids is provided.
In addition, the equipment, and the characterisation techniques used in each part are
presented and explained.

3.2 Research design

The experiments were divided into three sections: the hydrothermal precipitation of
Co2(OH)sCl particles in various propanol concentrations, the time dependent hydrothermal
precipitation of Co2(OH)sClI particles and the preparation of Co2(OH)s;CI-H.O nanofluids. The
first section involved the hydrothermal precipitation of Co2(OH)sCl particles, in pure water,
pure propanol and various propanol to water mixtures to investigate their effect on the size
and shape of particles, at constant synthesis temperature and time as illustrated in Figure
3.1. CoCl..6H,0 was selected as the base salt for these experiments. Ammonium hydroxide
(NH4,OH) was selected as the precipitating agent. Propanol was selected as alcohol and
used at varying ratios (%v/v) ranging from 10 to 98%. The second section includes the
hydrothermal precipitation of Co2(OH)s;Cl particles at different synthesis times to study their
growth kinetics, at constant propanol concentration and synthesis temperature as presented
in Figure 3.2. In the last section, the preparation of aqueous Co2(OH)sCl nanofluids was
carried out by dispersing Co2(OH)sCl nanoparticles of different particle sizes and shapes in
pure water at constant particle weight concentration as presented in Figure 3.1. Then, the
properties (viscosity and thermal conductivity) of stable Co2(OH);Cl-H.O nanofluids were

measured.
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Figure 3.1: Overview of Co2(OH)sCIl hydrothermal synthesis, preparation and characterisation of their aqueous nanofluids
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Figure 3.2: Overview of Co2(OH)sCl growth kinetics study in water and 70% propanol, respectively
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3.3 Experimental methods

This section describes in detail the methods used for the synthesis of Cox(OH)sCl
nanoparticles, the preparation of Co»(OH)sCIl-H.O nanofluids as well as for the measurement
of their properties. The experiments described in sections 3.3.1, 3.3.2 and 3.3.3 were
completed in the Chemical Engineering laboratory Room 1.27 at the CPUT Bellville campus.

3.3.1 Co2(OH)3Cl hydrothermal precipitation at different propanol concentrations

There was no further purification of the analytical grade chemicals used. For these
experiments, a molarity of 0.23 M was maintained for CoCl,.6H.O (Associated Chemical
Enterprises). An amount of 32.8 g of CoCl,.6H>O was dissolved in propanol-water mixtures
at different ratios. Table 3.1 provides the propanol to water ratios used in the experiments.
Once dissolved, the solution pH was adjusted to +8.10 by adding NH.OH solution dropwise.
An amount of 600 mL of the resulting mixture was then poured into the 0.99 L Teflon-lined
pressure reactor fitted with a thermocouple and a self-regulating heating jacket, as shown in

Figure 3.3.

Table 3.1: Experiments at different propanol concentrations

Propanol to water ratio (%v/v) = Temperature (°C) Time (h)
0
10
30
50
70
95
98
100

105 6
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Pt-100 thermocouple

High pressure clamp
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Figure 3.3: Hydrothermal pressure reactor with temperature controller

The synthesis was maintained at 1055 °C for 6 h. After the reaction was completed, the
reaction vessel was allowed to cool naturally, followed by the decantation of the supernatant
liquid, centrifugation, multiple rinses of the sample with water, final rinse with ethanol to
remove impurities, and drying in an oven overnight at 60 °C to remove the remaining

moisture.

3.3.2 Co2(OH)sCl hydrothermal precipitation at different synthesis times

For these experiments, 0.23 M solutions of CoCl,.6H20 dissolved in either pure water or 70%
propanol concentration were prepared. The pH of each solution was also adjusted to +8.10
through the addition of NH4OH solution dropwise. As before, 600 mL of the resulting mixture
was then poured into the pressure reactor (Figure 3.3). A synthesis temperature of 10545 °C
was maintained for 6 h however, other synthesis times were used to investigate their effect
on the growth of particles. As soon as the reaction was complete, each sample was
decanted, centrifuged, washed with water multiple times, followed by a final rinse with
ethanol to remove impurities, and dried in an oven overnight at 60 °C to remove any

remaining water. Table 3.2 summarizes the experimental design.
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Table 3.2: Experiments at different reaction times

Solvent Temperature (°C) Time (min)

60

180

360

540

720

960

60

180

Propanol/water 360
70/30 (Yoviv) 105 540
720

960

Water 105

3.3.3 Preparation of Co2(OH)sCl nanofluids

The Co02(OH)3CI-H2O nanofluids used in this work were derived from Co2(OH)sCl
nanoparticles synthesised in various propanol concentrations ranging from 0 to 100%.
Nanoparticle concentration of 0.03 wt% was selected to prepare Co,(OH)sCl nanofluid
samples via a simple two step method as explained in Figure 3.4. Deionised water supplied
from the Chemistry laboratory was used as base fluid. To prepare 250 mL of Co,(OH):Cl-
H.O nanofluid at a particle weight concentration of 0.03 wt%, 0.075 g of Co2(OH):ClI
nanopowder was weighed and dispersed in DIW. The weight concentration of Co2(OH)sCl
nanofluids was calculated from the weight of Co2(OH)s;Cl nanopowder and the total weight of

the suspension as reported by Li et al. (2015).

Co,(OH),ClI nanoparticle
Z N

[ 1]

Base fluid (Hzo) Ultrasonic bath Coz(OH)aCI-HZO nanofluid

Figure 3.4: lllustration of Co,(OH)sCI-H>O nanofluid preparation
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Then, the mixture was sonicated for 4 h in a 10 L ultrasonic bath (MRC, clean 02, power: 240
W) at a frequency of 40 kHz, which helped in homogenously distributing the nanopowder in
the base fluid. No surfactant was used to prepare the nanofluids. After 4 hours of sonication,
no sedimentation was observed in Co2(OH)sCI-H2O nanofluids as shown in Figure 3.5. In all
cases, the nanofluids remained stable for a maximum of 24 h until some sediments were

observed as shown in Figure 3.6.

Figure 3.5: Co2(OH)sCI-H20 nanofluids produced from different propanol concentrations at 0.03
wt% after 4 h of sonication

Figure 3.6: Sedimentation in Co2(OH)sCl-H,O nanofluid beyond 24 h of visual observation

3.4 Characterisation methods
This section presents the characterisation methods used to determine the phase, shape,
particle size distribution (PSD) and size of synthesised Co2(OH)sCl nanopowders (see
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sections 3.3.1 & 3.3.2). The nanoparticles were sampled for analysis after hydrothermal
precipitation in different propanol concentrations and at different synthesis times. PSD, size
and shape of nanoparticles were determined from transmission electron microscopy (TEM),
which were performed at the Centre for Nanostructures and Advanced Materials (CSIR) and
the Electron Microscopy Unit (EMU) located at the University of Cape Town (UCT). The
composition, phase and degree of crystallinity were further determined using X-Ray
Diffraction (XRD) analysis performed at CSIR and the XRD & Thermal Laboratory located at
Stellenbosch University. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectroscopy and UV-VIS-NIR analysis were conducted on selected Co.(OH)sCl
nanopowders to identify their functional groups and determine their ability in transmitting
light. Both analyses were carried out at the CPUT Bellville campus. To investigate the
thermophysical properties of the prepared Co2(OH)s;ClI-HO nanofluids, viscosity
measurements were performed at the flow process and rheology centre (FPRC), on the
CPUT District six campus, while the thermal conductivity measurements were carried out at

the department of Mechanical and Mechatronic Engineering, CPUT Bellville campus.

3.4.1 X-ray Diffraction

XRD is a reliable technique used for the identification of a crystalline material, by using a
diffractometer. XRD is based on the interference of monochromatic X-rays with the randomly
oriented planes of the powdered crystalline sample as shown in Figure 3.7. Diffracted waves,
which satisfy Bragg's law (see Figure 3.7), form patterns and can be detected using a
movable detector (West, 2022).
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Figure 3.7: X-ray diffraction principle (West, 2022)

XRD is used to identify the phase structure, phase composition of an unknown material by
comparing its diffraction pattern with the standard pattern provided from the International
Centre for Diffraction Data (ICDD) database.

3.4.2 Transmission Electron Microscopy

TEM is a technique that provides information about the internal composition of a sample
using an electron beam. TEM involves transmitting a high voltage electron beam from a
tungsten filament through an extremely thin sample supported by a copper grid as illustrated
in Figure 3.8. Scattered electrons are focused by a sequence of lens into an image on a

fluorescent screen (Kumar et al., 2019).
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Figure 3.8: Working principle of TEM (Kumar et al., 2019)

The PSD and size of each sample were determined from the TEM images of samples by
using ImageJ software for measuring 200 individual nanopatrticles. The PSD were expressed
using a log-normal function, characterized by the mean and the standard deviation (Pyrz &
Buttrey, 2008).

3.4.3 Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy

FTIR is a technique utilized for identifying the functional groups in materials (gases, liquids,
and solids) by using the beam of infrared radiation. An infrared spectrometer measures the
absorption of IR radiation made by each bond in the sample molecule and generates an
infrared spectrum which is a plot of infrared light intensity (%transmittance or %absorbance)
versus energy range expressed in wavenumber (cm™). For FTIR analysis, samples are
prepared via KBr pellets and liquid cells methods. Due to the disadvantages associated with
these methods, FTIR measurements are largely achieved in ATR mode because of its
simplicity as compared to conventional methods. In ATR mode, as shown in Figure 3.9, an
infrared beam is directed through an infrared transparent medium with a higher refractive

index then towards a sample with a lower refractive index. When the ATR measurement is
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completed, the absorption spectra is obtained (Liu & Kazarian, 2022). ATR-FTIR is quick and

does not require major sample preparation.

f _@_ — Sample

IRE —G o,

IR Sanurce' b Detector
ATR

Figure 3.9: ATR-FTIR principle (Liu & Kazarian, 2022)

3.4.4 UV-VIS-NIR analysis

UV-VIS-NIR spectroscopy is an analytical technique which determines the optical properties
(transmittance, reflectance and absorbance) of liquid and solid materials. The UV-VIS-NIR
spectrophotometer uses ultraviolet, visible as well as near infrared radiations during the
measurements. The interaction of these radiations with the material is recorded using a

detector in the form of transmitted light (Figure 3.10).

= Reference
Gl ("_'N ' Photodetector
\ H/ / Mirror
\ / \ / % =) Output
Tungsten D2 Lamp ‘ &
Lam 3
p | Data_ é‘n f\ }
— s Processing §
Wavelength
Exit L)
g xi _i/Beam ¢ ®
| Slit & Splitter i
Monochromator Sample Flisadetectar

Figure 3.10: Schematic illustration of UV-VIS-NIR spectrophotometer (Rocha et al., 2018)

The optical analysis of the Coz(OH)sCl-water nanofluids was studied using a GBC Cintra

2020 UV-VIS-NIR spectrometer.

3.4.5 Viscosity measurement
The viscosity of Co2(OH)sCl nanoparticles dispersed in pure water was measured using the

stress controlled rotational rheometer MCR-301 (Anton Paar). A rotational rheometer is
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composed of a cup containing the sample and a stationary bob located in the middle. It
measures the torque produced by applying a specific angular velocity to a liquid sample of
known volume over a specified time period (Malik et al., 2010). The cup is mounted on a
lathe which is able to rotate, resulting in a shear rate between the cup and bob and the bob is
subject to a shear stress. Figure 3.11 illustrates the set-up of a rotational rheometer with a

concentric cylinder configuration.
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Figure 3.11: Schematic of a rotational rheometer with double concentric cylinder configuration
(Malik et al., 2010)

Due to the strong tendency to flow of the samples, a cup and bob configuration (bob with
conical tip in a coaxial cylinder) with a sandblasted bob surface was used in this study. The
diameter of the bob and cup were 26.62 mm and 28.92 mm, and the temperature was
controlled by a Peltier temperature control device. A volume of ~20 mL of the suspension
was poured in the sample holder. The effect of Co2(OH)sCl particle size on the nanofluid
viscosity was investigated by measuring the viscosity of 0.03 wt% Co2(OH);CI-H.0
nanofluids prepared by dispersing Co»(OH)s;Cl nanopowders obtained from different propanol

concentrations in water. The dependence of viscosity on the shear rate have been studied
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under the shear rate controlled measurements for low values of shear rate (60-100 s™). The
viscosity was measured at temperatures ranging from 298 to 308 K.

3.4.6 Thermal conductivity measurement

The thermal conductivity of Co,(OH)sCl-water nanofluids was measured using a homemade
cylindrical cell based on the steady-state method (Kurt & Kayfeci, 2009). Figure 3.12 shows
the schematic diagram of the experimental equipment. During the experiment, heat flows
radially from the inner hot cylinder to the external cold cylinder through the annular space
filled with the testing sample (Co2(OH):Cl nanofluid). The inner cylinder was heated and
maintained at the desired temperature (Tr) using an electrical heater. In order to change the
hot temperature, the electric power applied to the heater was varied using a DC power
source, the heater resistance was powered with a current that was adjusted with 0.1%
stability. The ambient temperature surrounding the cold cylinder (T.) was varied by an
external flow of heating/cooling water originating from a water bath. Heat loss during the
measurement was prevented by insulating the cylindrical cell sides. Calibrated K-type
(Copper/Constantan) thermocouples were positioned at the outer surfaces of the internal and
external cylinders to measure the hot (Tn) and cold (T¢) temperatures, respectively. The
temperature sensors have an accuracy of 0.5 °C or + 0.4%. The instruments were
connected to a Keithley 3706 data acquisition system. The thermal conductivity of nanofluid
(ko) was obtained from the one-dimensional Fourier's equation of heat conduction (Kurt &
Kayfeci, 2009):

__oa
ey T AT (3.1)

Where Q is the heat flux rate (W) which is equal to the electric power calculated from the
measurement of the current (I) and voltage (V) injected in the hot cylinder, A is the lateral
area (m?) of the hot cylinder, Ty is the inner cylinder temperature, T, is the outer cylinder

temperature and d is the nanofluid thickness (m) between the two cylinders.
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Figure 3.12: Thermal conductivity measuring system for Co2(OH)sCl nanofluids (Khamlich et
al., 2023)

The experimental apparatus was calibrated by measuring the thermal conductivity of
deionised water and the maximum deviation from the reference values was around 2.7%. To
investigate the effect of Co2(OH)sCl particle size on the nanofluid thermal conductivity, the
thermal conductivity of 0.03 wt% Co2(OH)sCl-H.O nanofluids prepared from Co2(OH)sCl
nanopowders synthesised at different propanol concentrations was measured at

temperatures ranging from 298 to 308 K.
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CHAPTER 4 EFFECTS OF PROPANOL ON THE CHARACTERISTICS AND
GROWTH KINETICS OF Co2(OH)sCl NANOPARTICLES

4.1 Introduction
This chapter explores the impact that different concentrations of propanol, ranging from O to
100%, have on the phase, morphology, and growth kinetics of Co2(OH)sCl nanopatrticles.

4.2 Effect of propanol concentration on Co2(OH)sCl nanopowders characteristics

A change in the propanol-to-water ratio can significantly affect the phase and purity of cobalt
hydroxy chloride particles. Figure 4.1 shows the XRD profiles of all samples at varying
propanol concentrations. The XRD patterns of all the samples obtained from different
propanol concentrations (Figure 4.1), revealed some diffraction peaks which matched well
with the standard data of the rhombohedral Co,(OH)sCl (JCPDS card no. 73-2134). The
Bragg's reflections were observed at about 26 values of 16.2°, 32.4°, 39.6°, 49.8°, 53.5° and
59.8°, which are assigned to the crystal planes of (101), (113), (024), (033), (220) and (208),
respectively which were similar to the findings of various researchers (Mansournia &
Rakhshan, 2017; Ranganatha et al., 2017; Ma et al., 2021). No other peaks were detected
for the Co2(OH)sCl nanopowders obtained at 70% and 100% propanol concentrations
indicating their purity. Ma et al. (2021) reported the preparation of Coz(OH)sCl from the
precipitation of CoCl,.6H20 by propylene oxide in ethanol-water mixture. It was observed that
dissolved CoCl,.6H,0 exists as the aqueous complex [Co(H.0)s]?>*, a proton-supply acid,
while propylene oxide acts as a proton-consuming base (Cui et al., 2009; Ma et al., 2021).
Due to its low acidity, the complex [Co(H20)s]?>* hardly hydrolyses, leading to Cl- coordination
in the lattice of crystallized species to form Co2(OH)s;ClI (Cui et al., 2009; Ma et al., 2021). Itis
believed that Co2(OH)sCl produced in this study resulted from a mechanism similar to that
described above, though another type of solvent and precipitating agent were used during

synthesis.
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Figure 4.1: XRD patterns of all samples at different propanol concentrations

Other peaks were detected for the nanopowders prepared from 0 to 50% propanol
concentrations which were assigned to the data of C01.176(OH)2Clo.345(H20)0.456 as reported by
Ma et al. (2006). They exhibited peaks at about 26 values of 11.1°, 22.3° and 33.8°, which
were assigned to the crystal planes of (003), (006) and (012), respectively. The presence of

Co1.176(O H)2Clo.348(H20)0.456 can be attributed to the excess of water molecules.

The 95% and 98% propanol concentrations revealed minor peaks which were assigned to
the data of cobalt ammine chloride (JCPDS card no. 70-0787) and salammoniac (JCPDS
card no. 07-0007), respectively as reported in previous works (Zhao et al., 2007; Zhang et
al., 2014). These peaks could be attributed to the presence of residues of the precipitating
agent (NH4OH) in the samples after synthesis. In the case of nanopowders from 95%
propanol concentration, the observed peaks at about 15.1° and 25.5° correspond to the
crystal planes of (002) and (203), respectively. The products from 98% propanol
concentration exhibited peaks at about 22.9°, 32.7° and 58.3° that were assigned to the
crystal planes of (100), (110) and (211), respectively. It can be observed from Figure 4.1 that

the characteristic peaks of Co01.176(OH)2Clozss(H20)0456 phase peaks decreased with
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increasing propanol concentration from 0 to 50% and eventually disappeared. This indicates
that propanol concentration influences Co(OH)s:CIl nanoparticle purity.

The Co2(OH)3Cl nanoparticles produced were tested for purity using ATR-FTIR analysis.
ATR-FTIR spectra of Co,(OH)sCl nanoparticles were collected in the range 4000—400 cm™.
In Figure 4.2, the ATR-FTIR spectra of as-prepared Co,(OH)s;Cl nanopowders show a narrow
peak located at about 3552 cm™, which is attributed to the stretching vibration of O-H as
observed in previous experimental works (Mansournia & Rakhshan, 2017; Ma et al., 2021).
The presence of O-H stretching vibration results from the chemical structure of Coz(OH)sCl
where three separate OH™ group donors are connected with one proton acceptor CI™ via
trimeric or threefold hydrogen bonds (Liu et al., 2011; Ma et al., 2021). Additionally, the Co-O
stretching vibrations appeared at about 837 and 727 cm™ as reported previously
(Mansournia & Rakhshan, 2017). The presence of Co-O stretching vibration is due to the
crystal structure of Co2(OH)sCl where every OH group join with three Co?" ions, but has two
kinds of Co—O distances: d (CoX—0) = 2.078 A and d (Co™ —O) = 2.106 A and this indicates
that all oxygen ions are strongly bonded to their nearest-neighbour cobalt ions (Zenmyo &
Tokita, 2009; Liu et al., 2011; Ma et al., 2021).
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Figure 4.2: ATR-FTIR spectra of Co,(OH)sCl nanoparticles prepared at different propanol
concentrations

The evolution of nanoparticles shape with respect to variation in propanol concentration is
shown in Figure 4.3. In the absence of propanol, hexagonal Co,(OH)sCl nanoplates (Figure

4.3a) were formed. The same shape (Figure 4.3b) was also obtained in the case of 10%
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propanol concentration. Aggregated nanoplates (Figures 4.3c & d) were obtained, however,
in the case of 30% and 50% propanol concentrations. At 70% propanol concentration, the
nanoplates lost their hexagonal shape which resulted in sphere like particles as well as
irregular aggregated patrticles as shown in Figure 4.3e. Further aggregation of spherical B-
Co2(OH)sCl particles was observed in 95% propanol concentration (Figure 4.3f). In addition
to irregular aggregated particles, smaller spherical particles grew in 98 and 100% propanol
concentrations (Figures 4.3g & 4.3h). Monodispersed particles were obtained at 98 and
100% propanol, compared to spherical particles at 95%. It is evident that Co.(OH)sCl
hexagonal nanoplates were produced only at 0%, 10%, 30% and 50% propanol

concentrations.
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Figure 4.3: TEM images of Co2(OH)sCl nanoparticles synthesised from different propanol concentrations
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Previous studies reported similar shapes of Co2(OH):Cl from the dissolution of CoCl; or
CoCl.6H>0 in aqueous or ethanol-water in the presence of NaOH or propylene oxide,
respectively (Meng & Deng, 2017; Ma et al.,, 2021). According to Zhao et al. (2007),
Co2(0OH)3Cl is a solid solution of Co(OH), and CoCl,. It has been reported that hexagonal
plate-like particles often form from layered structured Co(OH). (Aghazadeh et al., 2014).
Accordingly, the Co(OH). layered structure should have contributed to the formation of
Co2(0OH)3Cl hexagonal nanoplates reported in this study. The formation of spherical
Co2(OH)sCl particles was observed from 70% propanol concentration. This shows that an
increment in propanol concentration favoured the production of spherical Co2(OH):ClI
particles. It should be noted that water facilitates the nucleation and growth of Co.(OH)sClI
hexagonal nanoplates whereas in the presence of pure propanol only spherical Co>(OH)sCl
particles are visible, as shown in the TEM images. A particle size analysis was performed on
each sample by counting 200 particles using the Feret diameter tool of the ImageJ software.
Due to the type of images obtained, only 35 particles could be counted for nanopowders
obtained from 0%, 10%, 30%, and 50% propanol concentrations. Since the norm is to count
at least 200 particles for particle size distribution, it was imperative to assess the validity of
using only 35 particles for particle size distribution. For the evaluation, 35 particles were
selected at random for the Coz(OH)sClI particles from 70%, 95%, 98% and 100% propanol
concentration. The average and standard deviation of 35 particles samples were determined
and compared with those obtained from the 200 particles initially measured. Based on the
averages obtained from counting 35 particles, and 200 particles for the same samples,
respectively, the differences were 13% for 70% Co2(OH)sCl, 16% for 95% Co2(OH)sCl, 2%
for 98% Co2(OH)sCl, and 2% for 100% Co2(OH)sCl. Considering these slight variations, the
results for the 35 particles from 0%, 10%, 30% and 50% propanol concentration are
presented as representative under the circumstances. Therefore, 35 particles have been
counted from each sample to determine the average diameter of Co2(OH)sCl nanoparticles.
The size distribution of both hexagonal plate and sphere like Co2(OH)sCl particles were
determined by specifically measuring the Feret particle diameter using the ImageJ program
for each batch of images. Figure 4.4 shows the size distribution curves of Coz(OH)sCl
nanoparticles with respect to propanol concentration. The produced Co2(OH)Cl
nanoparticles at propanol concentration ranging from 0 to 50% showed larger sizes ranging
from 83.7 nm to 56.1 nm (Figure 4.4a to Figure 4.4d) compared to Co2(OH)s;Cl nanoparticles
obtained at propanol concentration ranging from 70 to 100% which displayed smaller sizes
ranging from 22.6 nm to 9.6 nm (Figure 4.4e to Figure 4.4h). These results confirm that both
the average size and size distribution of Coz(OH)sCl nanoparticles are dependent on the
propanol concentration. It was shown that the addition of propanol confines the growth of

Co02(OH)3Cl nanoplates.
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Figure 4.4: PSD curves of Co2(OH)sCl nanoparticles at different propanol concentrations
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For example, at 50% propanol concentration, the diameter of the Co2(OH)sCl particles was
reduced by 33% compared to when no propanol was used. Figure 4.5 presents the %
reduction in particle diameter in presence of propanol relative to that without propanol.
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Figure 4.5: % Reduction in size of Co2(OH)sCl particles in propanol compared to no propanol

To the best of our knowledge, there is no study in the literature that reported the impact of
propanol on the synthesis of Co,(OH)sCl particles. It was therefore impossible to directly
compare the nucleation and growth of Co,(OH)sCl particles in propanol. The trend reported in
this study differs from that reported by Heuvel et al. (2021), who found that the size of C0304
nanoparticles increased from 34 nm to 66 nm with propanol concentration increasing from
50% to 100%. However, it is similar to the findings of Chowdhury et al. (2014), that the
addition of propanol inhibited the growth of akaganeite (B-FeOOH) nanorods transversally

and longitudinally.

A variation in propanol concentration affects the structural arrangement of Co,(OH)sCl
nanoparticles as well as their size and shape which is then reflected in the change in colour

as shown in Figure 4.6.
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Figure 4.6: Co2(OH)sCl nanopowders at propanol concentrations ranging from 0 to 100% (left to
right)

At 0, 10, 30 and 50% propanol concentrations, different shades of green nanopowders were
obtained, similar to that obtained by Feitknecht and Fischer (1935). Lavender nanopowders
were produced in 70% and 100% propanol concentration, indicating that the polymorph in
question was the B-Coz(OH)sCl (Feitknecht, 1935; de Wolff, 1953; Oswald & Feitknecht,
1964). Various shades of pink nanopowders were observed at 95 and 98% propanol
concentrations indicating that the polymorph formed was the -Co,(OH)sCl (Garcia-Martinez
et al.,, 1988). A summary of Coz(OH)sCl particle characteristics at different propanol

concentration is provided in Table 4.1.

Table 4.1: Effect of propanol concentration on Co2(OH)3Cl particle characteristics

Propanol Phase Morphology Average size
concentration (nm)
(%)
0 Co2(OH)sCl + Hexagonal plates 83.7+4.2
C01.176(OH)2Clo 348(H20)o0 456
10 Co2(OH)sCl + Hexagonal plates 57721
C01.176(OH)2Clo 348(H20)o0 456
30 Co,(OH)sCl + Hexagonal plates 57.7+19
C01.176(OH)2Clo 348(H20)o0 456
50 Co2(0OH)sCl + Hexagonal plates 56.1+34
C01.176(OH)2Clo 348(H20)o0 456
70 Co,(0OH)sCl Spheres 226+05
95 Co2(0OH)sCl + Spheres 11.7+£25
CoNsH;5Cl3
98 Co2(OH)sCl + Spheres 11.0+04
NH.CI
100 Co,(OH)sCl Spheres 9.6+0.1
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4.2.1 Growth investigation of Co2(OH);Cl in water

Figure 4.7 illustrates the effect of water on Co2(OH)3Cl nanoparticle morphology evolution
over time. In Figure 4.7a, regular and irregular hexagonal plate like nanoparticles were
formed after 60 min of synthesis. After 180 min of synthesis, hexagonal nanoplates
continued to grow and some of them randomly attached, eventually producing aggregated
particles (as shown in Figure 4.7b). Hexagonal nanoplates grew further and more
aggregated particles resulting from stacked hexagonal nhanoplates were formed after 360 min
(Figure 4.7c¢). From the TEM images below (Figure 4.7a, b & c), it is suggested that the
growth of hexagonal nanoplates can be explained via the OR mechanism while the
aggregated particles were constructed from the assembly of hexagonal nanoplates. At 540
min of synthesis, spherical like particles grew significantly while hexagonal nanoplates
completely disappeared (as shown in Figure 4.7d). Firmly aggregated nanospheres were
also observed (Figure 4.7d). In Figure 4.6e, a mixture of polydisperse nanospheres and
aggregate of nanospheres were produced. In Figure 4.7f, the self-assembly of spherical
particles was observed and this can be attributed to OA mechanism. Additional TEM images
are provided in Appendix B.1. A change in synthesis time affected the particle phase over a
synthesis time range of 60 — 960 min in water. A mixture of phase (Co2(OH):Cl +
Co01.176(0OH)2Clo 348(H20)0.456) was formed at 60, 180 and 360 min in water as shown by the
XRD patterns in Figure 4.7g. However, pure Co,(OH)sCl particles was produced at 540, 720

and 960 min in water.

Particle size analysis was determined by counting 200 particles of each sample. For the 540
minutes sample, however, only 62 particles could be counted due to the type of images
obtained. Since the norm is to count at least 200 patrticles for particle size distribution, it was
important to assess the validity of using only 62 particles for particle size distribution. For the
evaluation, 62 particles were randomly selected for the 60, 180, 360, 720 and 960 min
samples. The average and standard deviation were determined and compared with those
obtained from the 200 particles initially measured. The difference between the average
obtained from 62 particles and 200 particles of the same samples was 18% for 60 min, 5%
for 180 min, 6% for 360 min, 7% for 720 min and 8% for 960 min sample. Based on these
slight variations, the results from the 62 particles for the 540 minutes sample are presented
as representative under the circumstances. Therefore, a total of 62 particles have been
counted from each sample to determine the average length and average diameter of
Co2(OH)sCl nanoparticles (Table 4.2) in water. The Co,(OH)sCl patrticle sizes presented in

Table 4.2 indicate that hexagonal nanoplates grew faster than nanospheres.
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Figure 4.7: Structural evolution of Co,(OH)sCl particles in water over time, a) non-uniform
hexagonal nanoplates after 60 min, b) regular hexagonal nanoplates after 180 min, c) mixture of
hexagonal nanoplates and spherical particles after 360 min, d) aggregation of spherical
particles after 540 min, e & f) attachment of nanospheres at 720 min and 960 min and g) XRD
patterns of synthesised particles in water over time. Inset in (e) illustrates self-assembly of
particles after 720 min
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Table 4.2: Effect of time on Co2(OH)sClI particle characteristics in water

Time (min) Phase Morphology Average diameter Average length
(nm) (nm)
60 Co2(OH)sCl + Hexagonal plates N/A 108.1+42.9
C01.176(OH)2Clo 348(H20)0.456
180 Co2(OH)sCl + Hexagonal plates N/A 116.5+59.0
C01.176(OH)2Clo 348(H20)0.456
360 Co,(OH)sCl + Hexagonal plates N/A 137.6 £ 62.8
C01.176(OH)2Clo 348(H20)0.456
540 Co(OH)sCl Spheres 64.6 + 24.8 N/A
720 Co(OH)sCl Spheres 65.7£37.0 N/A
960 Co(OH)sCl Spheres 66.8 + 23.3 N/A

Figure 4.8 and 4.9 highlights the asymmetrical distribution curves of Co2(OH)sCl hexagonal
nanoplates and nanospheres, respectively over time. It can be seen from Figure 4.8 that the
PSD curves at 60 and 180 min represent right skewed curves with skewness = 1.0 and 1.3,
respectively. The skewness, for the particle size distribution curve at 360 min was found to
be 0.7, implying that unequal distribution occurs over time, confirming the presence of OA
growth. Moreover, the distribution curves of Co,(OH)s;Cl hexagonal nanoplates become wider
as the time progresses. According to Chowdhury et al. (2014), particle growth via OA
mechanism results in wider and asymmetrical size distribution curve which suggests that
Co2(OH)sCl hexagonal nanoplates growth in water occurred via OA mechanism. However,
further research is needed on this because the TEM images clearly showed a structural
transition from hexagonal nanoplates to spherical nanoparticles, potentially impacting the
PSD analysis. Growth through OR or OA has been observed in various studies, resulting in
either asymmetrical or symmetrical size distributions. Notably, the aging time has shown a
greater impact on the final nanostructures, as it might indicate simultaneous operation of

various growth mechanisms.
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Figure 4.8: Particle size distribution of Co2(OH)sCl hexagonal nanoplates in water

Figure 4.9 show the asymmetrical distribution curves of nanospheres which also become
broader as time progresses. A particle growth via OA mechanism would normally result in
asymmetrical distribution curve, postulating that Co2(OH)sCl nanospheres growth in water is
controlled by OA mechanism. However, further research is needed to confirm whether a

simultaneous operation of various growth mechanisms is occurring.
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Figure 4.9: Particle size distribution of Co,(OH)sCl nanospheres in water

The growth investigation of Co2(OH)sCl nanopowders in 70% propanol is presented in the

following section. At 70% propanol, Co>(OH):Cl nanoplates lost their hexagonal shape,
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resulting in sphere like particles as well as irregular aggregated particles. A colour change
from green to lavender was observed for Co2(OH)sCl nanopowders at 70% propanol. Due to
the low stability of green Co.(OH);Cl compared to lavender Co2(OH)sCl as reported by
Garcia-Martinez et al. (1988), it was necessary to investigate the growth kinetics of
Co2(OH)3Cl nanopowders in 70% propanol. At 70%propanol, a threshold where a change in

structure was observed.

4.2.2 Growth investigation of Co2(OH):Cl in 70% propanol

The effect of 70% propanol on the morphological evolution of Coz(OH)sCIl nanopatrticles over
time is presented in Figure 4.10. The products obtained after 60 min of reaction, which
contains a mixture of small sphere like nanopatrticles as well as irregular shape aggregates,
can be seen in Figure 4.10a. When the reaction time was extended to 180 min, nanospheres
grew from the small spherical particles (as shown in Figure 4.10b). After 360 min of reaction,
the same phenomenon was observed (Figure 4.10c). It is believed that OR mechanism
should be the main driving force for such growth. After extending the reaction to 540, 720
and 960 min, it was noticed that nanospheres aggregated to form larger nanospheres to
decrease the surface energy (Figure 4.10d). TEM images of Co,(OH)sCl spherical like
nanoparticles obtained after 540 and 720 min are provided in Appendix C.1. In general, the
growth of Coz(OH)sClI particles in 70% propanol did not result in a change in particle shape
compared to Co2(OH):Cl particle growth in water. A total of 200 particles have been counted
from each of the synthesised products to conduct the particle size analysis and the average

diameter of Co2(OH)sCI nanoparticles was determined.
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Figure 4.10: Morphological evolution of Co2(OH)sCl particles in 70% propanol over time, a) a
mixture of nanosized spheres and aggregated particles after 60 min, b & ¢) nanospheres
growth via OR mechanism at 180 and 360 min, d) nanospheres growth via OA mechanism at
960 min and e) XRD patterns of synthesised particles in 70% propanol over time
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It appears that propanol inhibited the growth of Co2(OH)sCl nanospheres compared to water,
which resulted in a minor increase in their average diameter as shown in Table 4.3.

Table 4.3: Effect of time on Co2(OH)sCl particle characteristics in 70% propanol

Time (min) Average diameter (nm) Phase Morphology
60 14.3+ 3.6 Co2(OH)sCl Spheres
180 15.6 £4.5 Co2(OH)sCl Spheres
360 175+6.1 Co2(OH)sCl Spheres
540 19.4+7.3 Co2(OH)sCl Spheres
720 20.3+7.8 Co2(OH)sCl Spheres
960 23.2+6.6 Co2(OH)sCl Spheres

Figure 4.11 highlights the time dependent distribution curves of Co2(OH)sCl nanospheres. It
can be seen from Figure 4.11 that the particle size distribution curve at 60 min represents a
nearly symmetrical curve (skewness = 0.5). From 180 min to 960 min, right skewed
distribution curves were obtained. Furthermore, it can be noticed that the Co2(OH):ClI
nanospheres distribution curves become wider as the processing time increases. Normally, a
particle growth via OA mechanism would result in asymmetrical distribution curve,
postulating that Co2(OH)sCl nanospheres growth in 70% is controlled by OA mechanism as

time increases.
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Figure 4.11: Particle size distribution of Co2(OH)sCl nanospheres in 70% propanol
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4.2.3 Effect of water on the growth kinetics of Co2(OH)sCl nanoparticles

Figure 4.12 presents the two-stage hydrothermal growth of Co2(OH)sCl nanoparticles in
water. The first stage is that of Co2(OH)sCl hexagonal nanoplates while the second one is
that of nanospheres. Both OR kinetics and OA kinetics were evaluated in attempt to identify
the controlling growth mechanism. It can be seen from Figure 4.13 that both OR and OA

mechanism models can be fitted to the data.

150
— 120
£
=
o
= 90
£
8 — e —0
£ 60
S
8o Hexagonal plates Spheres
()
- 30

0

60 260 460 660 860

Time (min)

Figure 4.12: Co2(OH)sCl nanoparticles growth in water

In the first stage, OR kinetics fit the data well at 180 min, while OA kinetics fit it well at 360
min. It is likely that OR kinetics was dominant over OA kinetics because the PSD curve at
180 min was asymmetrical. In the second stage (nanospheres growth), the goodness of fit,
R? was found to be >0.99, for both growth kinetics, postulating that OR and OA kinetics occur
simultaneously. In a recent study, Wang et al. (2022) proposed a mixed growth pathway for
the hydrothermal synthesis of Co2(OH)sCl microspheres in a triethanolamine/water system at
200 °C for 24 h. The microspheres were constructed from the growth of octahedron subunits
via OR kinetics then those subunits self-assembled. Kinetic evaluation confirms the
existence of OA growth kinetics, further validating the relationship between growth
mechanism and patrticle size distribution curve as discussed above. The rate constant, K, for
both OR and OA kinetics as well as the exponent, n, for OR kinetics were obtained using
multivariable regression and summarised in Table 4.4. Chowdhury et al. (2014) used a
similar method to determine the variables of OR and OA kinetics models and they concluded
that this method provides accurate analysis. The exponent, n for OR kinetics of hexagonal
nanoplates was found to be ~2 indicating an interface controlled growth. This means that

hexagonal nanoplates grew by diffusion along the matrix-particle boundary. On the other
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hand, the exponent, n for OR kinetics of nanospheres was found to be ~3 which corresponds
with a diffusion-controlled OR growth.
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Figure 4.13: Co2(OH)sCl growth Kinetics in water

It was found that the rate constants for hexagonal nanoplates growth are significantly higher

than those for nanospheres growth as shown in Table 4.4.

Table 4.4: Co2(OH)3Cl rate constants for both growth mechanisms in water

Solvent Kor (mint) Kor (Mint) Koa (min) Koa (min)
Water Hexagonal plates Spheres Hexagonal plates Spheres
0.48 0.19 0.0039 0.00010

4.2.4 Effect of 70% propanol on the growth kinetics of Co2(OH)sCl nanoparticles
Figure 4.14 presents the hydrothermal growth of Co2(OH);Cl nanospheres in 70% propanol

which is nearly linear.
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Figure 4.14: Co,(OH)sCl nanoparticles growth in 70% propanol

Both OR kinetics and OA Kkinetics were evaluated to identify the controlling growth
mechanism. It can be seen from Figure 4.15 that both OR and OA mechanism models can
be fitted to the experimental data. The OR kinetics, however, was dominant up to 540 min

and then the OA kinetics prevailed for the remainder of nanosphere growth.
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Figure 4.15: Co,(OH)sCI growth kinetic in 70% propanol
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From 180 min to 540 min, the PSD curves of nanospheres are asymmetrical, which suggests
an OR growth kinetics, but the kinetic evaluation (Figure 4.15) indicates an OA growth
kinetics. A further study is necessary to clarify why the OA growth kinetics underestimated
the growth of nanospheres over 180 min to 540 min.

The rate constants, K, for both mechanisms are presented in Table 4.5. The exponent, n, for
OR kinetics was found to be ~3 which corresponds with a diffusion-based growth controlled
by diffusion in the matrix.

Table 4.5: Co2(OH)sCl rate constants for both growth mechanisms in 70% propanol

Solvent Kor (Min-t) Koa (min‘t)

70% propanol 0.25 0.0013

4.3 Conclusion

The impact of varying propanol concentration on Co2(OH)sCl nanoparticles characteristics
was reported. A mixture of Co1.176(OH)2Clo.348(H20)0.456 and Co2(OH)sCl green nanopowders
was obtained from 0 to 50% propanol concentration. However, B-phased Co2(OH)s:Cl was
obtained in the presence of propanol concentrations ranging from 70 to 100%. Propanol
concentrations at 95 and 98% resulted in pink Co2(OH)sCl nanopowders whereas lavender
B-phased Co2(OH)sCl nanopowders were obtained at 70 and 100%. Co2(OH):Cl
nanospheres with a high purity level were produced in the presence of solvents with higher
propanol content. Additionally, increasing the propanol concentration from 0 to 70% resulted
in a transition from Co2(OH);Cl hexagonal nanoplates to spherical nanoparticles. In this
study, an increment in propanol concentration reduced the Co2(OH)sCl particle size which
differs from the one reported for the synthesis of rhombic Co3;04 nanoparticles in which an
increase in propanol concentration resulted in larger Cos04 nanoparticles without affecting
their shape. Time dependent experiments have been conducted to understand Coz(OH)sCl
nanoparticle growth in pure water and 70% propanol, respectively. In water, Co2(OH)sClI
hexagonal nanoplates were produced from 60 to 360 min of synthesis whereas nanospheres
were formed from 540 to 960 min. In contrast, only spherical nanoparticles formed in 70%
propanol from 60 to 960 min. From 960 minutes of synthesis, pure water produced spherical
particles of 67 nm diameter, whereas propanol produced smaller nanospheres (23 nm). The
average reduction in size for the lowest synthesis time and the longest synthesis time
confirmed that the reduction in particle size is around 70%. It has been demonstrated that
during the propanol-based growth of Co2(OH)sCl, prolonged reaction times are not necessary
to produce smaller nanospheres. Consequently, using propanol as solvent can result in a
reduction in energy consumption during the hydro/solvothermal process. Kinetic evaluation in
water revealed that hexagonal nanoplates grew first via OR kinetics then OA kinetics while

OR and OA growth kinetics occurred simultaneously for nanospheres. The growth of
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Co2(OH)3Cl nanospheres in 70% propanol was controlled first by OR kinetics, then by OA
kinetics. These results indicate that changing the solvent medium while retaining the same
processing time can significantly modify the morphology of Co.(OH)s:Cl nanoparticles.
However, Co,(OH):Cl particle morphology was not altered despite the change in solvent
medium from 540 minutes to 960 minutes of synthesis.
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CHAPTER 5 IMPACTS OF PARTICLE SIZE/SHAPE AND TEMPERATURE ON
THE PROPERTIES OF Co,(OH)3sCl NANOFLUIDS

5.1 Introduction

This study explores the influence of Co,(OH)sCl particle size and shape on the properties of
the resulting nanofluids. Additionally, it presents the correlation between the properties of
Co02(OH)3Cl nanofluids and temperature.

5.2 Nanofluid characterization

Figure 5.1 shows the transmittance spectrum of both water and the water-based
suspensions of Co,(OH)sCl at 0.03 wt%. Results revealed that both Co2(OH)sCl nanofluids
and water exhibit absorption peaks (1149 nm and 972 nm) in the near infrared region. At
1149 nm, it can be seen that the transmittance of Co2(OH)s;Cl nanoparticles reduced from
~43% to 27% with an increase in propanol concentration. Co2(OH)sCl nanoparticle
transmittance at 972 nm declined from ~64% to 34% with increasing propanol content. In the
visible region (400-700 nm), water was highly transparent (~88% transmittance) while
Co2(OH)sCl particles showed a significant reduction in transmittance, indicating their
capabilities to absorb visible light. Furthermore, the Co2(OH)sCl particles transmittance

decreased with a rise in propanol concentration from 0 to 100%.
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Figure 5.1: UV-VIS-NIR spectrum of Co2(OH)sCIl-H2O nanofluids prepared at different propanol
concentrations

5.2.1 Viscosity of Co2(OH)sCI-H2O nanofluid

Viscosity describes the resistance shown by a fluid when being deformed, which affects
many other phenomena within the fluid, such as mass and heat transfer (Hemmati-
Sarapardeh et al., 2018). For industrial applications, the viscosity of nanofluids can
significantly influence the pumping power, pressure drop, and the convective heat transfer
coefficient (Kole & Dey, 2010). Consequently, the study of Co2(OH)sCIl-H,O nanofluid
viscosity fabricated via the two step method is critical prior to its application in a given heat
transfer engineering system. It can be observed that the viscosity is independent of shear
rate indicating a Newtonian flow behaviour for water at all temperatures up to ~85 s, as
shown in Figure 5.2. It was also clear that water viscosity decreased with increasing
temperature. Additionally, Figure 5.2 indicates that Co2(OH)sCl nanoparticle addition slightly
affected water as Newtonian behaviour was mostly retained across the shear rate range
examined. Figure 5.3 illustrates the viscosity of water based nanofluids containing
Co2(OH)sCl synthesised at different particle sizes as a function of temperature and constant
shear rate (60.7 s?). As temperature increases, Co,(OH)sCl nanoparticles move more

quickly.
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Figure 5.2: Viscosity of water and Co2(OH)sCl nanofluids in accordance with shear rate at 298 K
(a), 303 K(b) and 308 K (c)

The intensified movement of Co2(OH)sCl nanoparticles results in a reduction in both inter and
intra molecular interactions between nanoparticles and fluid molecules hence, reducing
internal friction or stress and therefore decreasing viscosity (Sekhar et al., 2018; Alsboul et
al., 2022; Rahman Salari et al., 2022). The majority of Co2(OH)s;CI-H.O nanofluids exhibited
higher viscosities than those of water at all temperatures except for those containing
Co2(OH)sCl nanoparticles at 57.7 = 1.9 nm, 56.1 nm and 22.6 nm which have lower
viscosities than water at 308 K. Similar findings were reported for the water based carbon
nanotubes nanofluids at 0.2 vol% from 278 to 338 K and this was attributed to the lubricative
effect of carbon nanotubes nanopatrticles (Chen et al., 2008c; Chen et al., 2011). Beyond 0.2
vol%, they observed that the viscosity of carbon nanotubes based nanofluids were higher
than that of water (Chen et al., 2008c; Chen et al., 2011). Further studies should be carried
out to verify whether the trend exhibited by some Co,(OH)s;CI-H,O nanofluids at 0.03 wt% will
be reproduced or not at higher particle weight concentrations. At 303 K, the nanofluid made
of Co2(OH)sCl nanoparticles at 57.7 + 2.1 nm displayed the highest augmentation in
viscosity of ~11%. Unexpectedly, at 308 K, however, the nanofluid made of Co»(OH)sCl

particles at 57.7 £ 2.1 nm displayed an increase in viscosity of ~3%. The viscosity increase of
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Co02(0OH)3CI-H,0O nanofluids at 303 K at particle sizes ranging from 83.7 to 9.6 nm is
presented in Figure 5.3. In comparison to the nanofluid made of Co2(OH)sCl nanoparticles at
83.7 nm, the nanofluid made of Co2(OH)sCl nanoparticles at 57.7 £ 2.1 nm exhibited the
highest increase in viscosity. This is probably due to the smaller size of Co(OH):ClI
nanoparticles used to prepare the nanofluid which provide them more surface area per unit
volume resulting in an increase in friction and resistance to flow hence, the observed higher
viscosity. Previous experimental and numerical studies have reported similar results
regarding the impact of particle size on the viscosity of aqueous nanofluids of CuO and
Al,Os, respectively (Lu & Fan, 2008; Pastoriza-Gallego et al., 2011; Kwek et al., 2010).
Despite their almost identical sizes, the viscosity increases obtained for the nanofluid made
of Co2(OH)sCI nanopatrticles at 57.7 + 1.9 nm and 56.1 nm, respectively were lower than that
of the nanofluid made of Co.(OH)sCl nanoparticles at 57.7 £ 2.1 nm. The latter observation
requires further investigation since there was no sedimentation of nanoparticles observed

after the viscosity analysis.
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Figure 5.3: Viscosity increase of Co2(OH)sCl nanofluids at different particle sizes
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The nanofluid made of Co.(OH)sCl nanoplates at 57.7 + 2.1 nm exhibited the highest
viscosity increase when compared to the nanofluids made of spherical Co,(OH)sCl
nanoparticles at particle sizes ranging from 22.6 to 9.6 nm. This was possibly due to the
hexagonal plate like shape of Co2(OH)sCl nanoparticles at 57.7 = 2.1 nm which limited their
rotational and translational Brownian motions. Similar findings were reported by Jeong et al.
(2013) where the viscosity of aqueous nanofluids made of nearly rectangular ZnO shaped
particles was higher than that of spherical particles based nanofluids. A comparison was
established between the study of He et al. (2007) and that of (Chen et al., 2008b) which
demonstrated that the viscosity of spherical TiO, nanoparticles based nanofluids is
significantly lower than that of TiO2 nanotubes based nanofluids. From the results depicted in
Figure 5.3, a general trend between the Co2(OH)sCl nanofluid viscosity increment and the
propanol concentration ranging from 83.7 to 9.6 nm cannot be extracted. However, it was
observed that the Co2(OH)sCl nanofluid viscosity increases with increasing particle size.
Therefore, a modified version of the impact of particle size on viscosity increase of
Co2(0OH)3CI-H20 nanofluids at 303 K is provided in Figure 5.4.
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Figure 5.4: Modified version of viscosity increase of Co2(OH)sCl nanofluids at different particle
sizes

Co2(OH)sCl nanoparticles at higher particle sizes and lower propanol concentrations (57.7
nm and 56.1 nm) have a hexagonal plate shape, whereas those at lower patrticle sizes and
higher propanol concentrations (11.7 nm and 9.6 nm) are spherical. From Figure 5.4, it is
clearly evident that the shape of Co2(OH)s;Cl nanoparticles dispersed in water has an impact
on the increase in nanofluid viscosity. Nanofluids containing Co2(OH)sCl nanoparticles at
higher particle sizes (57.7 nm and 56.1 nm) exhibited higher viscosities than those containing
Co2(OH)sCl nanoparticles at lower particle sizes (11.7 nm and 9.6 nm). However, the
influence of Coy(OH)sCl particle size on the increase in viscosity of their nanofluids is
unclear. A decrease in the size of both Coz(OH)sCl hexagonal nanoplates and Co2(OH)sCl
nanospheres appears to result in decreasing nanofluid viscosity increase. The latter trend is
contrary to that observed between the viscosity increase of nanofluid made of Co,(OH)sCl at
83.7 nm and that of nanofluid made of Co»(OH):Cl at 57.7 nm. A possible reason for the

unexpected result may be the distribution of Co2(OH)sCl nanoparticles in the base fluid.
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According to Goharshadi et al. (2013), nanofluids with a wide particle distribution have better
packing ability than those with of a narrow patrticle distribution at a constant volume fraction.
The wider the distribution of nanoparticles, the freer space they have to move around, and
eventually the suspension becomes less viscous. It is likely that, at constant weight
concentration, the nanofluid made of Co2(OH):Cl nanoparticles at 57.7 nm exhibited a higher
viscosity than that containing Co2(OH)sCl nanopatrticles at 56.1 nm due to the narrow size
distribution of Co2(OH):Cl nanoparticles at 57.7 nm in water. Similarly, the nanofluid
containing Co2(OH)sCI nanoparticles at 11.7 nm displayed a higher viscosity in comparison to
that made of Co2(OH):Cl nanoparticles at 9.6 nm due to the narrow size distribution of
Co2(OH)sCl nanoparticles at 9.6 nm in water. Clearly, the proposed influence of particle
distribution on the nanofluid viscosity is a hypothesis; further experimental verification is

needed before a firm conclusion can be reached.

5.2.2 Thermal conductivity of Co2(OH)sCI-H20 nanofluid

In this section, the measured thermal conductivity of different Co,(OH)sCIl-H.O nanofluids as
a function of temperature is depicted in Figure 5.5. It is shown that the thermal conductivities
of Coz(OH)sCI-H.O nanofluids have increased over those of pure water. The impact of
Co2(OH)sCl particle size on the thermal conductivity enhancement of Co2(OH)s;Cl-H.O
nanofluids at 308 K is shown in Figure 5.6. The thermal conductivity of nanofluids increases
with increasing temperature and decreasing particle size. The highest enhancement in
thermal conductivity corresponds to the temperature of 308 K for all Co(OH)sCI nanofluids.
The addition of Co2(OH)sCl nanopatrticles at 9.6 nm to water resulted in raising the thermal
conductivity of Co2(OH)s;CI-H.O nanofluid from ~10% to 14% by increasing the temperature
from 298 K to 308 K compared to pure water. The proposed mechanisms explaining the
thermal conductivity enhancement of nanofluids include the clustering of nanoparticles, the
formation of liquid nanolayer over the nanoparticles and the Brownian motion of
nanoparticles (Ganesan et al., 2018; Gupta et al., 2021; Rahman Salari et al., 2022;
Manoram and Moorthy, 2022; Khamlich et al., 2023; Lin et al., 2023). Nanopatrticles tend to
aggregate when the Van der Waals attraction force is greater than the repulsive force. The
aggregation of nanoparticles results in clusters formation within the base fluid. Clustered
nanoparticles provide paths facilitating heat transport via conduction which may contribute to

the enhancement of nanofluid thermal conductivity (Wang et al., 1999).
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Figure 5.5: Variations of Co2(OH)sCI nanofluids thermal conductivity at different temperatures

Ligquid molecules layering at the surface of nanopatrticles is also beneficial for enhancing the
thermal conductivity enhancement of nanofluids. The layering of liquid molecules creates a
thermal bridge between the nanoparticles and the dispersing fluid, resulting in more efficient
thermal transport (Murshed et al., 2008). Brownian motion of dispersed nanoparticles is
considered an important factor in explaining both particle size and temperature dependence
of nanofluid thermal conductivity (Moghadassi et al., 2010; Rahman Salari et al., 2022).
Brownian motion occurs when nanopatrticles collide with one another and with the base fluid
molecules. Through collisions between nanoparticles, the transport of energy between
nanoparticles is facilitated. Additionally, the interaction between nanoparticles and liquid
molecules also leads to convection of the surrounding base fluid at the nanoscale (Riahi et
al., 2020; Lenin et al., 2021). This results in an effective mixing of fluid molecules at high and
low temperatures, thereby enhancing thermal energy transfer. The enhanced thermal
conductivity of nanofluids may be explained by Brownian motion-induced convection
(Bhanvase & Barai, 2021:102-103). In this study, an increment in thermal conductivity
enhancement occurred at higher temperature and lower particle size. As temperature rises,
the movement of Co(OH)sCl nanoparticles increases as they gain kinetic energy.
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Figure 5.6: Thermal conductivity enhancement of Co2(OH)sCl nanofluids at different particle
sizes

As Co2(OH):Cl nanoparticles are more intensely motioned, the contribution of Brownian
motion-induced convection to heat transport increases, thereby enhancing thermal
conductivity of their nanofluids as reported in previous studies (Murshed et al., 2008; Riahi et
al.,, 2020). At 100% propanol concentration, the smallest size (9.6 nm) of Co2(OH)sClI
nanoparticles was produced. Based on the Brownian theory, the smaller the sizes of the
colloid particles, the faster the particles move, resulting in increased heat transport inside the
fluid (Xuan et al., 2003; Mohammadfam & Zeinali Heris, 2023). Consequently, the incidence
of collisions between smaller Co,(OH)sCl nanoparticles and water molecules is expected to
increase more significantly, which lead to further thermal conductivity enhancement. Several
studies have reported a similar trend regarding the impact of particle size on increasing
thermal conductivity of water-based nanofluids. Alloy nanofluids and alumina nanofluids have
shown enhanced thermal conductivity with decreasing particle size at 283 K and 303 K
(Chopkar et al., 2008; Teng et al., 2010).
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5.3 Conclusion

In this study, a variety of propanol concentrations were used to synthesize Co2(OH)sCl
nanoparticles of different sizes and shapes, which were then dispersed in pure water at 0.03
wt%. The optical analysis of the nanofluids was presented. A study of the effects of
Co2(OH)sCl nanoparticle size and shape on the viscosity and thermal conductivity of their
nanofluids was conducted. The viscosity and thermal conductivity of Co2(OH)sCl nanofluids
were also studied in relation to temperature. All Co2(OH)sCIl nanofluids exhibited a drastic
reduction in transmittance compared to water in the visible range, demonstrating their ability
to absorb visible light. In addition, the viscosity of water and all nanofluids were measured.
The results indicated that the base fluid and nanofluids showed Newtonian behaviour. A rise
in temperature resulted in a reduction in the viscosities of Co2(OH)sCl nanofluids whereas
their thermal conductivity increased. Most of the viscosities of Co,(OH)s;CI-H,O nanofluids
have increased over those of pure water at all temperatures. At 303 K, the nanofluid made of
Co2(OH)sCl at 57.7 nm displayed the highest increase in viscosity (~11%). In contrast to
Co2(OH)sCl nanoparticle size, the shape of Coz(OH)sCl nanoparticles dispersed in water
significantly affected their ability to enhance the viscosity of nanofluids. The thermal
conductivity of the nanofluid made of Co2(OH)sCl nanoparticles at 9.6 nm exhibited the
highest augmentation in thermal conductivity at all temperatures with ~14% at 308 K. The
enhanced thermal conductivity of Co2(OH)sCI-H.O nanofluids was attributed to the Brownian
motion-induced convection mechanism. Interestingly, the results obtained showed that while
the thermal conductivity of the aqueous nanofluids was affected by the Co,(OH)sClI particle
size, their viscosity was rather influenced by the Coz(OH)sCl particle shape. Consequently,
the use of smaller, spherical Coz(OH)sCl nanofluids has the potential of improving the heat
transfer performance of water and minimizing the required pumping power in real situations.
Therefore, the nanofluids prepared could serve as a promising alternative to the conventional
heat transfer fluid used. The work also showed that the solvent concentration can be used

successfully as a simple strategy for controlling particle morphology for scale up production.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

Nanofluids, consisting of nanoparticle dispersions in conventional heat transfer fluids, have
been documented to enhance the thermophysical properties of these fluids. Previous studies
have shown that the particle size and shape of Cos0, affect the thermal conductivity and
viscosity of the resulting CosO4 based nanofluids. Moreover, it has been demonstrated that
the synthesis of Coz04 nanoparticles in the presence of different propanol concentrations can
significantly alter their size, thus improving the properties of the resulting nanofluids.
Therefore, this study investigated the impact of propanol concentration on the size and
shape of Co2(OH)sCl nanopatrticles. Additionally, time evolution experiments were conducted
in the presence of different solvents concentrations to understand the growth of Co(OH):Cl
nanoparticles. Lastly, the relationship between the Co»(OH)sCl particle size and shape, and

the viscosity and thermal conductivity of their nanofluids was investigated.

6.2 Conclusions

The effect of propanol-to-water ratio on particle size, shape and phase was investigated. For
solvent concentrations ranging between 0 to 50% propanol, green nanopowder mixtures
consisting of Co01.176(OH)2Clo.34s(H20)0.456 and Co2(OH)sCl were obtained. For 70 to 100%
propanol, pB-Coz(OH)sCl was obtained. At 95 and 98% propanol, Co2(OH)sCl nanopowders
were pink while at 70 and 100%, lavender coloured Co2(OH)sCl nanopowders were
prepared. Co2(OH)sCIl nanospheres with a high purity level were produced in the presence of
solvents at 70% to 100% propanol concentrations. Additionally, increasing the propanol
concentration from 0 to 70% resulted in the production of spherical nanopatrticles in lieu of
Co2(OH)sCl hexagonal nanoplates. Interestingly, this study found that increasing propanol
concentration from 50% to 100% reduced the patrticle size of Co2(OH)sCIl nanospheres unlike
the trend reported for the synthesis of rhombic Co304 particles at 50% and 100% propanol
concentrations. The impact of 70% propanol and water on the growth Kkinetics of the
Co2(OH)sCl nanopatrticles of varied shapes was also discussed. In water, the Co2(OH)sClI
hexagonal nanoplates were converted into nanospheres after 360 min of synthesis, whereas
in 70% propanol, only spherical nanoparticles were generated from 60 to 960 min. A
propanol-based growth of Co2(OH)sCl nanospheres at reduced reaction times is preferred for
producing smaller nanospheres which, in turn can reduce the energy consumption during the
synthesis process. The shape of the particle size distribution was linked with the growth
mechanism of the Co2(OH)sCl nanoparticles obtained. The water based growth of
Co02(OH)3Cl nanoplates via the OR then OA mechanisms is presented. A simultaneous OR
and OA growth mechanism for Co,(OH)sCl nanospheres in the presence of water was also
presented. In contrast, an initial OR growth of Co2(OH)sCl nanospheres then OA from 70%
propanol was obtained.
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In Chapter 5, the dependence of the Co2(OH)sCl-H20 nanofluid properties on temperature
and Co»(OH)sCl particle size and shape were investigated. An augmentation in temperature
caused a reduction in the viscosity of Co02(OH)sCI-H20 nanofluids while their thermal
conductivity increased. A Brownian motion-induced convection is responsible for the
enhanced thermal conductivity of Co2(OH)sCIl-H.O nanofluids. The addition of smaller
Co2(OH)3Cl nanospheres to water favoured the enhancement in nanofluid thermal
conductivity. In contrast, adding Co2(OH)sCl nanoplates rather than Co2(OH)sCl nanospheres

to water resulted in increasing the nanofluid viscosity.

6.3 Research contributions
This study reported the role of propanol-to-water ratio on the formation and growth
mechanism of Coz(OH)sCl. It revealed that:

e Particle phase is dependent on the propanol concentration.

e Variations in propanol concentration affect Coz(OH)sCl nanoparticle structural
arrangement, size and shape, resulting in colour changes.

e Particle morphology is strongly dependent on the propanol concentration.

e Variation in propanol concentration can give control over Co»(OH):Cl particle sizes.

e The growth kinetics of the Co2(OH)sCl nanospheres is solvent concentration
dependent.

e Selective choice of solvent can give control over Co2(OH)sCl particle size.

Interestingly, this study demonstrated how the change in Co2(OH)sCl particle size and shape

affected the Co2(OH);CI-H>O nanofluid properties. It was found that:

e Enhanced thermal conductivity is strongly dependent on the Co2(OH)sCl particle size.

e Increased viscosity is strongly dependent on the Co2(OH)sCl particle shape.

The findings in this study provides insight about the influence of propanol concentration on
the growth of Co2(OH)sCl and their properties as nano heat transfer fluid, producing new vital
information that will further promote understanding of the formation mechanisms of

Co2(OH)sCl growth and their application as heat transfer fluid.

6.4 Future research recommendations

This study was based on propanol concentrations ranging from 0 to 100% and may be
refined and enhanced by varying the type of alcohol used. The Coz(OH)s;CIl-H,O nanofluids
used in this study were obtained via the two-step method. Since the stability of nanofluids is
the main concern linked to the preparation method, the Co,(OH)sCl-H>O nanofluids prepared
in this study should be prepared via a one-step technique such as the laser ablation
technique as the stability of nanofluids will likely be enhanced. The impact of Co,(OH)sCl

particle size and shape on the properties of their nanofluids has been reported. However, an
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investigation of the effect of different Co2(OH)sCl particle concentrations on the nanofluid
properties would benefit this study. The addition of Co2(OH)sCl nanopatrticles to different heat
transfer fluids should be carried out to evaluate the properties of the ensuing nanofluids. The
Co02(0OH)3CI-H20 nanofluids prepared in this study should be evaluated first in a nanofluid
absorption system under simulated sunlight then in an actual solar thermal system.
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APPENDICES

APPENDIX A. Additional TEM images of Co2(OH)sCl nanoparticles synthesised from different propanol concentrations

Figure A.1: Co2(OH)s:Cl nanoparticles synthesised in propanol concentrations at a) 0%, b) 10%, c) 30%, d) 70%, e) 95%, f) 98% and g) 100%
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APPENDIX B. Additional TEM images of Co2(OH)sCl nanoparticles synthesised in water at different synthesis times

100nm ——— 100nm ———— . % 100nm —lll

Figure B.1: Co,(OH)s;Cl nanoparticles synthesised in water after a) 60 min, b) 180 min, ¢) 360 min, d) 540 min, €) 720 min and g) 960 min
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APPENDIX C. TEM images of Co2(OH)sCl nanoparticles synthesised in 70% propanol for 540 min and 720 min

Figure C.1: Co,(OH)sCl nanoparticles synthesised in 70% propanol after a) 540 min and b) 720 min
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