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1.1 Introduction
The term ‘‘nano’’ originates from the Greek word ‘‘nanos’’, which means
‘‘dwarf’’. When the size of a material is on the nanoscale (1–100 nano-
meters), in at least one of its dimensions, it is referred to as a nanomaterial.1

Examples of materials with one, two and three dimensions on the nanoscale
are layers, nanowires and particles, respectively.2 The unique properties of
nanomaterials have been exploited for a wide range of applications.
The need for efficient cooling materials has led to the emergence of a new
field of research on nanofluids.3–34 Several types of nanofluids have been
investigated due to their thermal properties, which include suspensions of
spherical,32,35 rod-shaped, nanowire, nanotube,36,37 and magnetic nano-
particles.3,9,38 The heat transport in nanofluids has been studied by many
researchers to understand the mechanisms involved.27,39 Moreover, there
have been a number of reviews on this topic.40,41 Conventional heat transfer
fluids have very low thermal conductivity compared to solids such as silver,
copper, aluminum, and diamond. Thermal energy is sufficient to keep
nanoparticles suspended under Brownian motion in base fluids,42 which is
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one of the attractions of using nanofluids for heat transfer applications. The
properties that make nanofluids a promising coolant are good thermal
conductivity and heat transfer, good stability and good critical heat flux.43

Studies have shown that relatively small amounts of nanoparticles can en-
hance the thermal conductivity of base fluids significantly. Different types of
nanofluids have been used in a broad range of engineering applications,
such as in automobiles, as coolants,44 in brake fluids,45 in domestic
refrigerators,46 in solar devices,47,48 cosmetics, drug delivery,49 defect
sensors,50 optical filters,51 hyperthermia,52 and sealants.53 Lately, magnetic
nanofluids containing superparamagnetic nanoparticles have been shown to
exhibit interesting properties that have been exploited in heat transfer,54,55

sensors56–60 and magnetic hyperthermia,61,62 and dye removal,63,64 among
other applications.

1.2 Preparation of Nanoparticles
Nanoparticles can be prepared either via top-down or bottom-up ap-
proaches.65 The top-down approach includes methods such as ball milling,
etching, laser ablation and electro explosion. The bottom-up approach in-
cludes methods such as precipitation techniques, solvothermal processes,
hydrothermal processes, and microwave-assisted synthesis. Schematic rep-
resentations of the synthesis of nanoparticles via top-down and bottom-up
approaches are shown in Figure 1.1.

1.2.1 Top-down Approach

In the top-down approach, micron-sized particles are reduced to nano-sized
particles using different techniques. The reduction of micron-sized colloidal
particles via mechanical milling in the presence of a liquid carrier and
dispersing agent is referred to as the size reduction method. The influencing
parameters for this method are plasticity, hardness, composition of the
chemical reagents, presence of micro-cracks and defects in a crystalline
structure. Particles synthesized via this methods are more stable because
metal nanoparticles are directly synthesized from their respective metals.
Some of the popular techniques used for the preparation of nanoparticles via
the top-down approach are discussed below.

1.2.1.1 Mechanical Milling

Mechanical milling is the most widely used method for generating materials
on the nanoscale. It is used to generate blends and also to manufacture
nanocomposites. This method involves the reduction of micron-sized col-
loidal particles via mechanical milling in the presence of a liquid carrier and
dispersing agent. The most commonly used method in mechanical milling is
the ball milling method, which involves the grinding of a powdered material
into extremely fine nanoparticles of 2–20 nm in size. The ball milling
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chamber consists of a stainless-steel container and many small balls of iron,
silicon carbides or tungsten carbides. The balls are allowed to rotate inside
the mill along with the material to obtain fine nanoparticles.66 Carvalho
et al.67 synthesized magnetite nanoparticles via high energy ball milling
using iron powder at a ball-to-powder mass ratio of 20 : 1. Salah et al.68

prepared zinc oxide nanoparticles via a ball milling method from its
microcrystalline powder in a mixing ratio of 15 : 1 by weight percentage of
steel balls and ZnO powder. Alaa El Din Mahmoud et al.69 demonstrated the
sustainable synthesis of graphite oxide using a dry ball milling technique
employing graphite flakes. A schematic representation of the principles of
mechanical (ball) milling is shown in Figure 1.2.

1.2.1.2 Etching

Etching is the process of removing a layer from the surface of a material via a
chemical reaction in the presence of a strong acid, base or suitable gas.
Li et al.70 synthesized concave polyhedral platinum nanoparticles using
this method, wherein HCl was used for etching the surface of the platinum
nanoparticles. Cheng et al.71 synthesized a Fe–Si binary oxide composite
using an organic template, where the Si units were then etched using NaOH
to leave iron oxide nanoparticles to adsorb arsenic from water.

Figure 1.1 Schematic representations of the synthesis of nanoparticles via top-down
and bottom-up approaches.
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1.2.1.3 Laser Ablation

Laser ablation involves the irradiation of a target material with a laser beam,
which leads to its vaporization and the formation of nanoparticles. The rate
of deposition is dependent on the penetration of the incident laser pulse on
the surface of the target material within the penetration depth. Pulsed laser
ablation of a liquid is an interesting way to manufacture a colloidal solution
of uniform-sized nanoparticles without the further addition of surfactants or
ligands. Duque et al.72 used this method to prepare colloidal metal oxide
nanoparticles in a liquid environment. The method is also used as a re-
placement for traditional chemical reduction methods for the synthesis of
noble metal nanoparticles. This technique does not require any additional
chemicals for the stability of the nanoparticles, hence, the synthesis of stable
noble metal nanoparticles using pulsed laser ablation is referred to as a
green technique.73 Ismail et al.74 prepared iron oxide nanoparticles via
pulsed laser ablation using iron in dimethylformamide and sodium dodecyl
sulphate solutions as a target.

1.2.1.4 Electro Explosion

Electro explosion involves the synthesis of nanoparticles via the electrical
explosion of metal wire. In this method, nanoparticles are synthesized via
the explosion of a metal wire when a high-density current pulse is passed
through it. This method has many advantages over all other methods due to
its high energy efficiency, variation in characteristics according to the pro-
cess parameters, small variation in the size of the synthesized nanoparticles,

Figure 1.2 Schematic representation of the principles of mechanical ball milling.
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stability of the nanoparticles under normal conditions, and high probability
to obtain metals, alloys, and oxides and nitrides of metal nanoparticles. Sen
et al.75 synthesized Cu, Ag, Fe and Al nanoparticles from their conducting
parent materials using an electro explosion of a wire method. Berasategi
et al.76 synthesized magnetic nanoparticles via the electric explosion of
a wire.

1.2.2 Bottom-up Approach

The bottom-up approach includes methods such as electrodeposition,
vapor condensation, thermal decomposition, laser pyrolysis, co-
precipitation, mechanochemical, sol–gel, solvothermal, hydrothermal,
bacterial, and reverse micelle techniques. Some of the popular techniques
used for the preparation of nanoparticles via a bottom-up approach are
discussed below.

1.2.2.1 Precipitation Techniques

Precipitation reactions consist of a nucleation step, followed by particle
growth.77 The simultaneous occurrence of the nucleation and growth pro-
cesses dictates the particle size and morphology. Due to difficulties in isol-
ating nucleation and growth processes for independent study, the
fundamental mechanism of precipitation reactions is still not understood
fully. When multiple elements are involved in precipitation (co-precipi-
tation), the process becomes all the more complex. The synthesis of ferrite
nanoparticles was carried out by precipitating iron salts in alkaline medium.
The advantage of co-precipitation process is that it does not produce or use
any toxic intermediates or solvents, and does not require precursor com-
plexes and high temperatures. It has become a popular technique due to its
ability to be scaled up, its reproducibility and its eco-friendly reaction
conditions.78

1.2.2.2 Solvothermal

Solvothermal synthesis is usually performed in autoclaves or reactors by
maintaining a pressure of42000 psi at a temperature ofB200 1C. There are
two types of solvothermal processes conducted for the synthesis of ferrite
nanoparticles; the solvolysis of metal salt solution and oxidation or neu-
tralization of a mixed metal hydroxide.79 A typical experimental set up of the
solvothermal method is shown in Figure 1.3. In this method, metal oxide
nanoparticles are prepared by decomposing organometallic compounds
such as metal acetylacetonates in high boiling organic solvents containing
surfactants. Fe3O4 nanoparticles are prepared by decomposing salts such as
[Fe(acac)3] in the presence of 1,2-hexadecanediol, oleylamine and oleic acid
in phenol ether.80,81 Factors such as the ratios of the starting reagents, such
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as organometallic compounds, surfactant and solvent, are the decisive par-
ameters that control the size and morphology of magnetic nanoparticles.
Also, the nature of particles formed in this method depends on the reaction
conditions, such as temperature and time.82

In this method, the particle size is controlled through a nucleation and
growth process. At high reaction temperature, the nucleation might be faster
than the growth, while over a long reaction time, the growth process is
favored. This method is suitable only for small scale but not for industrial
applications due to the high-temperature requirements. Fe3O4 nanoparticles
prepared in this way are usually dispersed in organic solvent. Recently, it
was demonstrated that water soluble Fe3O4 nanoparticles (4–60 nm) can be
prepared by decomposing FeCl3�6H2O at 245 1C in the presence of
2-pyrrolidone or a,o-dicarboxyl-terminated poly(ethylene glycol) as coord-
inating agents under reflux.83,84

1.2.2.3 Flow Injection Method

This method was developed by Alvarez et al.85 and involves the continuous or
segmented mixing of precursors under a laminar flow regime in a capillary
reactor. The experimental set up includes a multi-channel peristaltic pump,
Teflon tubing lines, a T-shaped injector and an injection valve. The advan-
tages of this method are high reproducibility due to plug flow and laminar
conditions, a high mixing homogeneity and the precise external control of
the process.

Figure 1.3 Schematic representation of solvothermal synthesis.
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1.2.2.4 Decomposition of Metal Carbonyls

This technique is based on the formation of ferromagnetic nanoparticles via
the thermal decomposition of metal carbonyls in various liquid organic
media, gases or under vacuum. At higher temperatures, metal carbonyls
decompose and yield metal particles in of the micron-sized range. However,
it has been found that in the presence of polymers, these carbonyls
decompose into nanosized particles and that it is feasible to change the
particle size by selecting the molecular mass and composition (polar and
non-polar groups) of the polymer.

1.2.2.5 Reverse Micelle Method

In this method, reverse micelles formed from nanometer-sized droplets of
an aqueous phase are stabilized by surfactants in an organic phase and used
for the synthesis of nanoparticles.86 In this technique, surfactant-stabilized
water in-oil-emulsions containing the aqueous solution of the precursor are
prepared.87 By mixing two identical water-in-oil micro-emulsions containing
the desired reactants, the microdroplets continuously collide, coalesce and
finally form a precipitate in the micelles. The precipitate can then be ex-
tracted using solvents such as acetone and ethanol by centrifuging
the mixture. In this sense, a microemulsion can be used as a nanoreactor for
the formation of nanoparticles. Although this method has been used for the
synthesis of a wide variety of nanoparticles, the shape and size usually vary
over a wide range. The working window is very narrow and only a small
amount of material can be prepared using this technique. Moreover, the
methods also requires the use of a large amount of solvent.

1.2.2.6 Electrodeposition Technique

This technique was developed on the basis of known practical experience on
the subject of preparing metals by electrolysis. The metals are deposited on
the cathode as a dense continuous layer, distinctly delimiting single crystals
and finely dispersed powders.88 Using this method, ferromagnetic metals
and their alloy-based ferrofluids can be synthesized.89 The influencing fac-
tors of this technique are the cathode surface area, current density, com-
position of the electrolyte, presence of surfactants and/or additives (such as
thiourea, urea, tartaric acid, etc.), temperature and agitation of the electro-
lyte. Electrolysis is performed in a two-layered tank using a needle-shaped
cathode sealed in a glass tube, which is lowered and raised periodically. In
the two-layered tank, the top layer contains an organic medium, which also
contains an appropriate surfactant, and the bottom layer is an aqueous
electrolyte solution. After the deposition of nanoparticles at the moving
cathode, the metallic nanoparticles are collected in the top non-polar solvent
layer containing the surfactant.
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1.2.2.7 Sol–Gel Process

Generally, a sol–gel process refers to the hydrolysis and condensation of
alkoxide-based precursors. This process contains distinct steps, i.e., (a) the
formation of stable solutions of alkoxide or solvated metal precursor,
(b) gelation resulting from the formation of an oxide- or alcohol-bridged
network via a polycondensation or polyesterification reaction, (c) ageing of
the gel until the gel transforms into a solid mass, accompanied by concen-
tration of the gel network and expulsion of solvent from the gel pores,
(d) drying of the gel, (e) dehydration and (f) decomposition of the gel at high
temperature.90,91 Long et al.92 prepared iron oxide nanoparticles using
an iron oxide aerogel obtained from FeCl3 in anhydrous ethanol and
epichlorohydrin at a 1 : 10 ratio as a precursor. The dried iron oxide aerogel
was decomposed via heat treatment at B300 1C for 20 h. Nanosized iron
oxide (e-Fe2O3) with a giant coercivity field (2 T) was prepared by combining
micro-emulsion and sol–gel processes.93

1.2.2.8 Mechanochemical Reactions

In mechanochemical synthesis, chemical reactions occur at the interfaces of
the nanometer-sized grains that are continuously re-generated during mil-
ling.94 Mechanochemical processes that make use of chemical reactions
activated by high-energy ball milling have been successfully used for pre-
paring ferrite nanoparticles. Ding et al. synthesized BaFe12O19 via the
mechanical milling of a BaCl2, FeCl3 and NaOH powder mixture.95 Later,
other ferrites were prepared via the same process using a stoichiometric
mixture of an MO (M¼ Fe, Ni, Zn) and a-Fe2O3 as the precursor
material.96–98 Druska et al.96 prepared inverse spinel ZnFe2O4, instead of
normal spinel ZnFe2O4 via the high-energy ball milling of a stoichiometric
mixture of ZnO and a-Fe2O3.

1.2.2.9 Hydrothermal Synthesis

Hydrothermal synthesis exploits the solubility of almost all inorganic sub-
stances in water at elevated temperatures and pressures and results in the
subsequent crystallization of the dissolved material from liquid.90,91 At ele-
vated temperatures, water exists exhibits a high vapor pressure and reactant
properties such as solubility and change in reactivity. These changes provide
more parameters to tune nucleated particles with different sizes and shapes,
which is not possible during low-temperature reactions. The influencing
parameters of the process are reaction temperature, pressure, reaction time
and salt composition. Recently, Wang et al.99 prepared single-crystalline
magnetite nanowires by applying an external magnetic field during
the ageing process. It was found that with increasing field, the wire con-
centration also increases. Zhang et al.100 reported that NiFe2O4 crystal-
lization in the presence of polyethylene glycol (PEG) produces nanorods.
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1.2.2.10 Solvothermal Synthesis

The solvothermal synthesis process is similar to the hydrothermal method
but uses solvents other than water. Sun et al.80 reported an organic phase
process for synthesizing monodisperse Fe3O4 nanoparticles via the reaction
of Fe(acac)3 and a long-chain alcohol. This reaction was extended to syn-
thesize MFe2O4 nanoparticles (M¼Co, Ni, Mn, etc.) with a tunable size of
3–20 nm in diameter by adding a different metal acetylacetonate precursor
to a mixture of Fe(acac)3, 1,2-hexadecanediol, oleic acid and oleylamine.81

Barker et al.101 studied the ripening process in a solvothermal technique
and showed that the size of the nucleated nanoparticles could be varied
by changing the reaction temperature, ageing time and metal precursors.
Recently, the effects of organic solvents on iron oxide nanoparticles in a
solvothermal method were studied.102

1.2.2.11 Bacterial Synthesis

In 1975, Blackmore observed that certain bacteria found in marine marsh
mud tended to rapidly navigate along a specific direction due to iron rich
crystals (B100 nm) forming chains in the major axis.103 Later, it was found
that an unclassified magnetotactic spirillum, when cultured in a solution
containing ferric salts, precipitated uniform single-crystal spinel
magnetite.104

1.3 Preparation of Nanofluids
Nanofluids can be prepared either via single (one-step) or two-step pro-
cesses. The details of these two methods are presented herein.

1.3.1 Two-step Method

In a two-step method, the nanoparticles are first produced as dry powders by
either a physical or chemical process, as discussed in Section 2. The pre-
pared nanoparticles are then dispersed into a fluid with the aid of mech-
anical or ultrasonic agitation, high-shear mixing, homogenization, or ball
milling. Nanoparticles are prepared by transition metal salt reduction,105

ligand reduction and displacement from organometallics,106 microwave
synthesis107 and coprecipitation.108

Nanoparticles have a tendency to aggregate due to their high surface area
and surface activity. To overcome this, nanoparticles are often stabilized
with surface active species.109 Bonnemann et al.110 developed a method for
the production of palladium (Pd) particles of 2.2 nm in size via a chemical
reduction pathway. Copper nanofluids can be prepared by dispersing Cu
nanoparticles in both water and transformer oil via sonication in the pres-
ence of stabilizers.111 Murshed et al.23 prepared a water-based titanium di-
oxide (TiO2) nanofluid via ultrasonic dispersion. Kim et al.112 prepared
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copper oxide (CuO) nanofluids by directly dispersing commercially-obtained
CuO nanoparticles in ethylene glycol (EG) by sonication, without stabilizers.
Multi-walled carbon nanotubes (MWCNTs) are usually prepared using a two-
step method.37,113,114 The CNTs are first synthesized via a pyrolysis method
and then suspended in a base fluid with or without the use of a sur-
factant.37,113,115,116 Lee et al.35 prepared metal oxide nanoparticles (Al2O3,
CuO) using a sol–gel method and then dispersed the obtained nanoparticles
in water using a sonicator. Suresh et al.117 prepared an alumina–copper
hybrid powder via a thermochemical synthesis method followed by disper-
sion of the nanopowder in deionized water using sodium lauryl sulphate
(SLS) as a dispersant employing an ultrasonic vibrator. A water-based silver
(Ag) nanofluid was prepared via a two-step technique.118 Hwang et al.119

prepared carbon black in water and Ag in silicon oil nanofluids via a two-step
method. Zinc oxide (ZnO) nanofluids have been prepared via a two-step
technique using a magnetic stirrer.120 Choi et al.121 used zirconium dioxide
(ZrO2) bead milling in a vertical, super-fine grinding mill, for the preparation
of transformer-oil-based aluminum oxide (Al2O3) and aluminum nitride
(AlN) nanofluids using n-hexane as a dispersant. Water-based TiO2 nano-
fluids have been prepared using a two-step method.122 A schematic repre-
sentation of a two-step method involving microwave-assisted synthesis and a
direct mixing technique is shown in Figure 1.4.

1.3.2 One-step Method

In a one-step method, nanoparticle preparation and dispersion in a base
fluid are conducted simultaneously.123 A one-step process can thus be used
to prepare uniformly-dispersed nanoparticles stably in a base fluid.124 The
methods used to prepare nanofluids via a one-step process include thermal
decomposition,125 physical vapor condensation,32 chemical reduction126–128

and polyol synthesis.129

1.3.2.1 Direct Evaporation Techniques

Akoh et al.130 reported a single-step direct evaporation method for the
preparation of nanofluids. Direct evaporation and condensation are used to
produce stable nanofluids.131 Choi132 developed a ‘direct-evaporation’
technique involving a cylinder containing a fluid that is rotated and a source
material that is vaporized in the middle of the cylinder. The vapor condenses
after it comes into contact with the cooled liquid, as shown in Figure 1.5.
However, the drawbacks of this technique are the requirement of low-vapor-
pressure liquids and a low yield.

1.3.2.2 Chemical Reduction

Metallic nanoparticles can be prepared in various solvents.133 Cuprous oxide
nanofluids have been prepared via the chemical reduction of copper acetate
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by glucose.127 Liu et al.134 prepared a water-based copper nanofluid via a
chemical reduction method, where copper acetate was used as a precursor
and hydrazine (N2H4) as a reducing agent. Garg et al.6 synthesized copper
nanoparticles via a chemical reduction method using water as the solvent. In
this method, copper acetate was used as a precursor and sodium hydroxide
as the reactant. Kumar et al.128 prepared stable EG-based copper nanofluids
by reducing copper sulfate pentahydrate with sodium hypophosphite as a
reducing agent by means of conventional heating. Copper nanofluids were
prepared via a routine one-step reduction method in which copper nitrate
was reduced by glucose in the presence of sodium lauryl sulfate.135 Tsai
et al.136 prepared aqueous gold nanofluids with different nanoparticle sizes
via the reduction of aqueous hydrogen tetrachloroaurate (HAuCl4) with tri-
sodium citrate and tannic acid. Xun et al.137 prepared kerosene-based silver
nanofluids via an extraction reduction method. Said et al.138 prepared

Figure 1.4 Two-step preparation process of nanofluids. (a) Nanoparticles prepared
by a microwave synthesizer and particles are dispersed in a base fluid
using a mechanical stirrer. (b) Direct mixing of nanoparticles followed by
the addition of a dispersant and ultrasonication.

Synthesis of Nanoparticles and Nanofluids 13

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1502100/bk9781839164194-00001.pdf by guest on 29 S
eptem

ber 2023



water-based carbon nanofibers (CNFs), functionalized carbon nanofibers
(F-CNFs), reduced graphene oxide (rGO), and rGO coated over F-CNFs
(F-CNFs/rGO) nanofluids using a modified Hummers’ method and chemical
reduction methods, as well as a hydrothermal technique. Estelle et al.139

prepared reduced rGOs by chemically reducing graphene oxide using various
concentrations of sodium borohydride. Santos et al.140 reported the one-pot
synthesis of an aqueous nanofluid with improved thermal conductivity and
high colloidal stability. An aqueous nanofluid based on thioglycolic acid
(TGA)-coated copper sulfide nanoparticles (NPCu(2�x)S) was synthesized via a
chemical reduction method.

1.3.2.3 Submerged Arc Nanoparticle Synthesis System (SANSS)

A stable CuO nanofluid was prepared using a SANSS.141 The vaporized metal
in this process undergoes nucleation, growth and condensation, resulting in
nanoparticles being dispersed in deionized water. Using this approach,
nanofluids containing CuO particles of 49.1� 38.9 nm in size were
obtained.141 EG-based nanofluids containing silver nanoparticles of 12.5 nm
in size were synthesized using SANSS.142 A schematic representation of the
SANSS is shown in Figure 1.6.

1.3.2.4 Laser Ablation

Laser ablation is another single-step technique that can be used to produce
and disperse nanoparticles directly in base fluids. Various nanofluids have

Figure 1.5 Schematic of a one-step nanofluid production system, which simul-
taneously produces and disperses nanoparticles in a low-vapor-
pressure liquid.147
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been prepared via laser ablation methods143–145 by ablating solid metals
such as Cu, Ag, and Au submerged in a base fluid.144 Kim et al.143 prepared
bare Au-water nanofluids via pulsed laser ablation in liquids. Lee et al.144

prepared a water-based Cu nanofluid via a pulsed laser ablation in liquid
(PLAL) method using Cu pellets. Phuoc et al.145 used a multi-beam laser
ablation technique for the synthesis of water-based silver nanofluids. One-
step laser ablation techniques have also been used to synthesize a variety of
nanofluids with different nanoparticles including such as Cu146 and Ag.147

Tran et al.147 prepared water-based Ag and Al nanofluids with a particle size
of 9–21 nm using a laser ablation technique, wherein a Nd:YAG laser was
used to ablate Ag and Al in deionized water. A tin solar nanofluid was pre-
pared via PLAL, wherein bulk tin immersed in EG was ablated using a
femtosecond laser. It was reported that the stability and properties of the
solar nanofluid was enhanced when compared to nanofluids prepared via
conventional synthesis methods. Lee et al.144 prepared a CuO nanofluid via
PLAL using a single-pulsed laser beam (k¼ 532 nm) as follows: (1) a copper
pellet was placed in a beaker filled with deionized water (DIW); (2) a Nd:YAG
laser was used to produce a CuO/DIW nanofluid over 8 h. Al2O3 nano-
particles were synthesized using laser ablation (at different energies of 1, 3,
and 5 J) using an Al target in DIW.148 Mbambo et al.149 synthesized an silver
nanoparticles decorated ethylene glycol based nanofluid using a hybrid
chemical–physical laser based approach, where PLAL was conducted in
parallel with well-established standard vacuum pulsed laser deposition
(PLD) technology to synthesize nanostructured and nanophase materials in
the form of thin film coatings (LLSI/PLAL). The advantage of this approach is
the combination of two major effects; namely, the standard ablation process
due to the laser–matter interaction and the acoustic process caused by the
explosion of the native gas bubbles during the local overheating at the
target–liquid interface. Kazakevich et al.150 discussed in detail the experi-
mental setup for laser ablation in a liquid environment. A solid target placed

Figure 1.6 Schematic representation of the Submerged Arc Nanoparticle Synthesis
System (SANSS).
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under a thin layer of liquid is exposed to laser radiation. Irradiation of the
metal surface results in fast removal of the material and the ejected NP re-
mains in the liquid that surrounds the target, resulting in the formation of a
colloidal solution. Due to accumulation of nanoparticles in the surrounding
liquid, their prolonged interaction with laser radiation is possible. Riahi
et al.151 prepared water-based Al2O3 nanofluids using a nanosecond Nd:YAG
pulsed laser operating at 1064 nm. Woo et al.152 prepared water-based
graphite oxide (GO) nanofluids with enhanced thermal conductivity using
PLAL and studied the effect of laser frequencies on the variation in the size
and morphology of the GO nanoparticles. It was reported that the laser
frequency significantly affects the size and morphology of the GO nano-
particles during laser ablation, leading to a profound variation in the ther-
mophysical properties of the GO nanofluids. Maximum thermal conductivity
enhancement of 82% was achieved for the nanofluids prepared at a laser
frequency of 10 Hz. A comparative study on the role of the nature of the laser
on nanoparticle preparation was reported by Rafique et al.153 where water-
based Ag nanoparticles were prepared via a laser ablation method using a
continuous wave (CW) diode laser and a pulsed Nd:YAG laser. Vegetable oil
based Ag nanofluids were prepared via laser ablation.154 The target Ag was
immersed in a beaker containing 55 mL of vegetable oil. The laser pulse
energy/area gives the fluence that is used to prepare the nanostructures in
various vegetable oils. A schematic representation of the laser ablation
process is shown in Figure 1.7.

Figure 1.7 Schematic illustration of the experimental apparatus used in laser
ablation.
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1.3.2.5 Microwave Irradiation

Another one-step approach adopted for nanofluid synthesis is microwave ir-
radiation.155 Copper nanofluids have been prepared by reducing CuSO4�5H2O
with NaH2PO2�H2O in EG under microwave irradiation.156 Mineral oil (MO)
based silver nanofluids have also been prepared using this method.157

Ethanol-based silver nanofluids were prepared using a microwave-assisted
one-step method.158 Polyvinylpyrrolidone (PVP) was used as a stabilizer and
reducing agent for colloidal silver in solution.158 Seifikar et al.159 synthesized a
carbon quantum dots (CQDs) nanofluid via the microwave heating of PEG 200
(PEG 200), wherein PEG acts as a carbon source, base fluid and dispersant
simultaneously. Nikam et al.160 prepared CuO nanoparticles using a
microwave-assisted continuous-flow synthesis technique.

1.3.2.6 Polyol Process

In the polyol process,161,162 a metal precursor is dissolved in a liquid polyol
(usually EG) to reduce the metallic precursor, followed by nucleation and
growth.161 Other one-step techniques used for nanofluid preparation are the
step physical vapor condensation method32 and plasma discharging tech-
nique.163 Zeroual et al.164 synthesized EG-based silver nanofluids via a polyol
process. The synthesis process is based on the reduction of AgNO3 in the
presence of the aqueous emulsion of latex copolymer along with EG. Oliveria
et al.165 prepared stable EG-based diamond–silver hybrid nanofluids via a
polyol process. The stability of the nanofluid can be attributed to the ions in
the dispersion that contribute toward electrostatic stabilization, preventing
the agglomeration of the nanoparticles and their sedimentation.

1.3.2.7 Phase-transfer Method

In the phase-transfer method, the reactant migrates from one phase into
another phase where the reaction occurs. This method has the advantage of
overcoming the problems associated with the insolubility of precursor ma-
terials in base fluids during the preparation of nanofluids.166 Yang et al.167

developed a general protocol to transfer metal ions from an aqueous solu-
tion to an organic medium. Combining phase-transfer technology with a wet
chemistry method for the synthesis of nanoparticles is an effective way to
prepare nanofluids.166 A simple process based on amine chemistry for the
phase-transfer of platinum nanoparticles from an aqueous to an organic
solution was reported by Kumar et al.168 By vigorous shaking of a biphasic
mixture of platinum nanoparticles in an aqueous medium and octadecyla-
mine (ODA) in hexane, an aqueous platinum nanoparticle complex was
prepared with the ODA molecules present in the organic phase and the
prepared particles are hydrophobic in nature.168 In a similar way, gold and
silver nanoparticles are transferred from the aqueous to organic phase using
alkylamine as a surfactant.169 Graphene oxide nanosheets (GONs) were
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successfully transferred from water to n-octane after modification by oley-
lamine.170 Apart from surfactants and polymers,171 surface treatment172 has
also been used to produce stable nanofluids. However, the addition of
additives can modify the surface properties of the particles, which may have
a synergistic or antagonistic effect on thermal properties.

1.3.2.8 Wet Mechanochemical Techniques

Mechanical actuation that involves the top-down approach for synthesizing
nanoparticles is a simple, cost-effective and environmentally benign alter-
native for synthesizing nanofluids. This method includes crushing, followed
by milling and grinding. The enormous developments in the technique of
high-energy ball milling (HEBM) have made it possible for the production of
ultrafine nanoparticles of different materials.173 Inkyo et al.174 developed a
bead mill process for the preparation of well-dispersed suspensions of TiO2

(titania) nanoparticles (5%) in methyl methacrylate (MMA). TiO2–PMMA
nanocomposites were synthesized via subsequent polymerization of the
TiO2–MMA suspension. Harjanto et al.175 prepared TiO2–water nanofluids
via a one-step process in which titania nanoparticles were ball-milled to-
gether with distilled water for 15 h. Nine et al.176 prepared water-based
copper and copper oxide nanofluids via ball milling in an aqueous medium.
To prepare stable nanofluids, the ball milling was performed using different
ball sizes (1 mm balls for 30 min and 3 mm balls for 1 h). Almasy et al.177

prepared a ferrofluid (10 and 15 nm) using a vibrating ball mill. It was re-
ported that a ferrofluid prepared via a wet-milled technique showed higher
saturation magnetization than that of a ferrofluid suspension prepared via a
co-precipitation synthesis.

1.3.2.9 Sol–Gel Method (Hydrolysis)

Sol–gel process is a technique widely used for the synthesis of nanofluids.
There are two stages in this process, (i) hydrolysis: in this process the func-
tional binders of the precursors are substituted with hydroxyl groups.
(ii) Condensation reaction : a continuous network is formed as the hydroxyl
groups of the monomers become connected.178 For the preparation of water-
based silica nanofluids using a sol–gel process, tetraethyl orthosilicate (TEOS)
was taken as the precursor, ethanol as a solvent, DIW for the hydrolysis
reaction, and ammonium hydroxide as a base catalyst.179 Samed et al.180

prepared stable water-based TiO2 nanofluids using a sol–gel technique. Jing
et al.181 prepared water-based silica nanofluids containing different particle
sizes (5, 10, 25, and 50 nm) by varying the TEOS concentration.

1.3.2.10 Emulsion Polymerization

Emulsion polymerization is a polymerization process in which emulsifi-
cation of hydrophobic polymers is achieved using an emulsifier in aqueous
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solution, then free radicals are generated using either water or oil soluble
initiators. Goud et al.182 prepared nanoencapsulated phase change ma-
terials (nEPCMs) via mini-emulsion polymerization. Petroleum jelly (45 g)
and paraffin wax (5 g) were heated in a beaker. The composite was then
mixed with AIBN, oleylamine and styrene using an ultrasonicator for 1 h at
55 1C. Triton X-100 and DIW were then added to this mixture and mixed
using an ultrasonic probe for 30 min. The solution was kept under an inert
atmosphere (nitrogen purging) for the polymerization process. After ni-
trogen purging, the solution was kept at constant temperature at 75 1C and
stirred continuously using a mechanical stirrer at 400 rpm for 15 h to
obtain nEPCM. Finally, a PCM nanofluid was prepared by dispersing the
nEPCM in deionized water using an ultrasonic shaker. Han et al.183 pre-
pared a suspension of indium nanoparticles in polyalphaolefin (PAO) using
a one-step, nanoemulsification method. An indium pellet was added to
PAO oil and then the mixture was heated 20 1C above the indium melting
temperature (157 1C). A PAO aminoester dispersant was injected into the
reaction vessel, which also acted as a stabilizer, and the mixture was al-
lowed to stirrer for 2 h to form an emulsion with micron-sized droplets.
Then, the emulsion was exposed to high-intensity ultrasound radiation for
more than 2 h until a stable nanofluid was formed. Using an emulsification
and polymerization route Kim et al.184 prepared biphasic nano colloids via
the free-radical polymerization of a mixture of an acrylate copolymer pre-
cursor consisting of methyl acrylate, methyl methacrylate, and vinyl acetate
which was dissolved in poly(dimethyl siloxane) (PDMS). The increasing
molecular weight leads to the incompatibility of the acrylate copolymer in
the PDMS and drives the phase separation on the nanometer scale and at
the end of the polymerization process, with one phase partially or entirely
surrounding the other phase, and the resulting structure referred to as a
biphasic structure or an acorn structure due to its morphology. Joseph
et al.185 synthesized a polystyrene encapsulated PCM via a mini-emulsion
polymerization. In this method, n-octadecane was used as PCM, styrene as
the monomer for encapsulation of the PCM, a-a0 azoisobutyronitrile solu-
tion as the free radical initiator for polymerization, TritonTM X-100 as the
surfactant, and oleylamine as the short-term stabilizer to protect the
polymer against temperature and oxygen during the synthesis. Jitheesh
et al.186 prepared a composite PCM by homogeneously mixing paraffin
wax and petroleum jelly to encapsulate polystyrene shells via a mini
emulsion polymerization process, Bhanvase et al.187 synthesized water-
based (polyaniline) (PANI) nanofiber nanofluids via an ultrasound-assisted
emulsion polymerization method. Yao et al.188 prepared a novel functio-
nalized microgel-based hybrid nanofluid, composed of a composite core of
poly(2-dimethylamino ethyl methacrylate) microgel and silica (PDMAEMA/
SiO2) and a shell of polyetheramine, fabricated via the combination of
inversed emulsion polymerization, biomimetic silicification and grafting
approach.
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1.3.2.11 Green Synthesis

Many research studies have proved that the preparation of nanofluids by
green methods is more effective than traditional methods. Various physical
and chemical approaches for synthesizing nanofluids impact the environ-
ment badly due to the toxic nature of chemicals. The plant-based synthesis of
nanofluids is a quick and easy procedure and does not require high tem-
perature. Green synthesis approaches can be scaled up easily in the prepar-
ation of nanoparticles and nanofluids. Green synthesis methods have
attracted much attention in recent years as they include the usage of vitamins,
enzymes, amino acids and plant extracts. Sarafaz et al.189 prepared different
volume fraction (0.1%, 0.5% and 1%) silver nanofluids (ethylene-glycol/water
(50 : 50 by volume) as a base fluid) using a plant extract method from green tea
leaves and silver nitrate. Kumar et al.190 prepared metallic and non-metallic
nanofluids from green synthesized silver and selenium nano-particles (NPs)
using the Azadirachta indica plant (Neem). It has been reported that at room
temperature, a low concentration of Neem leaf extract is sufficient to bio-
synthesize silver NPs in the lab from silver nitrate solution and selenium NPs
from sodium selenite. Jameel et al.191 prepared platinum nanoparticles via
both sonochemical and conventional methods (one-pot synthesis methods),
using a Prosopis farcta fruit (PFF) extract as a reducing agent and stabilizer.
Rufus et al.192 synthesized hematite nanoparticles using an aqueous leaf ex-
tract of Anacardium occidentale as a reducing and capping agent. It has been
reported that synthesized nanoparticles enhance the thermal conductivity of
conventional base fluids; water and EG at room temperature. Gautham
et al.193 prepared iron (Fe) nanoparticles using extracts of Terminalia bellirica
(TB), Moringa oleifera fruit (MOF) and Moringa oleifera leaves. Among these,
TB extract based NPs showed superior antioxidant activity when compared to
the other biosynthesized Fe samples. Ranjbarzadeh et al.194 prepared silica
nanoparticles using a rice plant source and prepared silica nanofluids. The
prepared nanofluids exhibited well-defined nanostructure and long-term
stability. Okonkwo et al.195 prepared silica (SiO2) and titanium (TiO2) nano-
particles using olive leaf extract (OLE) and barley husk (BK), respectively, and
prepared water/BH–SiO2 and water/OLE-TiO2 nanofluids. Omiddezyani
et al.196 prepared a cobalt ferrite/reduced graphene oxide (CoFe2O4/rGO)
nanocomposite using gallic acid (GA) as a green agent at room temperature. It
was shown that p–p interactions between the graphene and the aromatic ring
of GA enhanced the stability in a suspension. Sone et al.197 synthesized CuO
nanoparticles using Callistemon viminalis flower extracts at room temperature
as a chelating agent and prepared water-based CuO nanofluids. Govindasamy
et al.198 prepared magnesium oxide nanoparticles (MONPs) using Pisonia alba
leaf extract. This study reported that the MONPs showed good antioxidant and
antifungal properties. Luna-Sanchez et al.199 prepared silver nanoparticles
using Jalapeno chili extract. The reduction of the silver nanoparticles was
achieved by the flavones and flavanols present in the extract of Capsicum
annuum var annuum. Sadri et al.200 prepared graphene nanoplatelet
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nanofluids via a one-pot free radical grafting method using gallic acid. It was
reported that the nanofluids showed good stability even after 63 days of
preparation. Sadri et al.201 prepared multi-walled carbon nanotubes
(MWCNTs) using a free-radical grafting reaction and dispersed them in water
to form an aqueous suspension of MWCNTs. It was reported that the ther-
mophysical properties and stability of the MWCNTs was better in aqueous
suspension. Shirazi et al.202 synthesized nitrogen-doped activated carbon/
graphene using high nitrogen levels employing empty fruit punch pulp and
formulated it into a nanofluid for the analysis of its thermoelectric properties.
Pauzi et al.203 prepared ZnO nanofluids using gum Arabic as a stabilizer.
It was reported that the stability of the ZnO nanofluids was extended to
6 months due to the effect of gum Arabic. Hosseini et al.204 prepared highly-
dispersed, covalently-functionalized MWCNTs using clove extract via a
one-pot free-radical grafting method. Then, the prepared nanotubes were
dispersed in water to form nanofluids. Kulkarni et al.205 synthesized silver
nanoparticles using neem leaf extracts. Mostafa Yusefi et al.206 prepared Fe3O4

nanoparticles using Garcinia mangostana fruit peel as a stabilizing and cap-
ping agent via a co-precipitation method. Zainona and Azmi prepared hybrid
nanofluids by dispersing TiO2–SiO2 nanoparticles in water and a bio-glycol
mixture. The bio-glycol based nanofluids prepared in a ratio of 40 : 60 showed
good stability and enhanced thermal properties.207 Sarafraz et al.208 prepared
silver nanoparticles using green tea leaf extract and the prepared nano-
particles were dispersed in coconut oil.

1.4 Enhancement of Nanofluid Stability
The long-term stability of nanofluids is an essential requirement for their
applications. Unlike molecular fluids, the production of well-stabilized
nanofluids is a difficult task. Particle–particle and particle–fluid interactions
account for the stability of nanofluids. Owing to the high surface area-to-
volume ratio of fine nanoparticles, the dispersed particles (even with stabil-
izing entities) have a tendency to aggregate because of van der Waals
attraction forces that dominate the other repulsion forces, namely; double
layer electrostatic repulsions, hydration forces and steric forces.209,210 For the
production of stable nanofluids, one has to produce fairly monodisperse
nanoparticles and functionalize them with a suitable stabilizing moiety to
prevent interparticle attractions. Even with the best available production route,
it is difficult to produce nanoparticles with a polydispersity of o5%.211

Chemical methods (surfactant addition, pH adjustment, and surface modifi-
cation) and physical methods (ultrasonic agitation, homogenization, and ball
milling) have been applied to sustain the long-term stability of nanofluids.

1.4.1 Chemical Treatment Methods

From an application point of view, the stability of nanofluids is a major
concern. The stability of nanofluids depends on the nature of the base
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fluid and nanoparticles. By the addition of surfactants or modification of
the particle surfaces, the stability of nanofluids can be improved.

1.4.1.1 Surfactant Addition

Nanofluids are thermodynamically unstable systems. However, they can be
made kinetically stable with the aid of suitable surface-active species. Sur-
factants are widely used in nanofluids research to disperse the nanoparticles
evenly in the base fluid. The type of surfactant can be selected based on the
choice of the base fluid. Surfactants can be anionic (negatively charged),
cationic (positively charged), non-ionic (neutral), or amphoteric (both
negatively and positively charged) based on the charge on their head group.
Commonly used surfactants in nanofluids research are sodium dodecyl
sulfate (SDS),212 oleic acid,213–218 cetyl trimethyl ammonium bromide
(CTAB),219 and polyvinyl pyrrolidone (PVP).219 Almanassra et al.220 studied
the effect of three different types of surfactants; gum arabic (GA), PVP, and
SDS on the stability and thermo-physical properties of carbon nanotube
(CNT)/water nanofluids. Choi et al.221 studied the effect of various sur-
factants such as sodium dodecylbenzenesulfonate (SDBS), CTAB, SDS, and
Triton X-100 (TX-100) on the suspension stability and solar thermal ab-
sorption characteristics of water-based nanofluids containing MWCNTs that
can be used as working fluids for volumetric solar thermal receivers. Vekas
et al.222 prepared nano-sized particles (typically 3–15 nm particles of mag-
netite, maghemite or cobalt ferrite) in a magnetic nanofluid stabilized with
various chain length surfactants. Das et al.223 studied the effect of different
surfactants (SDS, CTAB, oleic acid and acetic acid) on the stability of water-
based TiO2 nanofluids.

1.4.1.2 Surface Functionalization

In this method, the surfaces of the nanoparticles or nanotubes are func-
tionalized before dispersing them into the base fluids. Functionalization
introduces electrochemically active sites on the nanoparticle/nanotube sur-
faces, thus improving their dispersion in the base fluid.224 Nanoparticles are
more stable when the pH of the solution is far from the isoelectric point, at
which the particles have surface charge and the zeta potential values
are zero.

1.4.2 Physical Treatment Methods

In this method, high energy is applied to nanofluids through ultrasonica-
tion, homogenization or ball milling to break the nanoparticle clusters and
form a well-dispersed colloidal suspension.
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1.4.2.1 Ultrasonication

In this method, the liquid sample is irradiated with ultrasonic (420 kHz)
waves. Sound waves propagate in the liquid media resulting in alternating
high-pressure (compression) and low-pressure (rarefaction) cycles. During
rarefaction, high-intensity sonic waves create small vacuum bubbles or voids
in the liquid, which then collapse violently (cavitation) during compression,
creating very high local temperatures. Ultrasonication (bath or probe) is a
commonly used method by which to physically disperse nanoparticle clus-
ters. Probe sonication is the most widely employed stabilization method
among the physical treatment methods. Sound energy at an ultrasonication
level of 20 kHz and above is applied for a predetermined period of time to
disperse nanoparticles into a base fluid and to break clusters of nano-
particles.225 Mahbubul et al.226 studied the influence of ultrasonication time
on the stability of a water-based Al2O3 nanofluid. Garg et al.227 investigated
the effect of ultrasonication time (20 min, 40 min, 60 min, and 80 min) on
the viscosity and heat transfer performance of a MWCNT nanofluid. Kwak
and Kim et al.228 studied the effect of ultrasonication time for different time
periods from 1 h to 30 h on EG-based CuO nanofluids. Lee et al.229 stabilized
water-based Al2O3 nanofluids by applying ultrasonic vibration (5 h, 20 h and
30 h) at sound frequencies of 30–40 kHz. The influence of varying the so-
nication time on the stability of CuO–water nanofluids was studied and re-
ported by Nemade et al.230

1.4.2.2 Ball Milling

This is a process where micron-sized materials are reduced to ultrafine
powders. In a ball mill, the size reduction is achieved by impact and
attrition, where a hollow cylindrical shell rotates about its axis either
horizontally or at a slight angle and is partially filled with balls made
of steel or stainless steel.231 The collision between the tiny rigid balls in
the cylinder generates localized high pressure. Farbod et al.232 synthesized
engine oil-based CuO nanofluids, wherein oil, nanoparticles and grinding
balls were put into a container and milled for 3 h by a planetary mill.

1.5 Techniques for Characterizing Nanofluids
It is necessary and important to understand the physicochemical properties
of prepared nanoparticles and nanofluids. For this purpose, there are a wide
range of characterization techniques, such as X-ray diffraction (XRD), phase
contrast microscopy, and transmission electron microscopy (TEM), which
are used to gain information on nanoparticle size, shape, composition and
porosity. In this section, the basic characterization techniques are discussed
in detail.
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1.5.1 XRD

This is one of the most extensively used techniques for the characterization
of nanoparticles of any size. Since the wavelengths of X-rays are similar to
the size of atoms, they are useful for determining crystal structures, the
nature of phases, lattice parameters and crystalline grain size, achieved
using XRD.233 The principles of crystallography are based on Bragg’s law.
The Scherrer equation is used to determine crystallite size. For spherical
particles the equation for crystallite size can be written as:

d¼ 0:89l
bCosymax

(1:1)

where d is the crystallite size of the particles, 0.89 is a proportionality con-
stant for spherical particles; b is the full width at half maxima, y is the angle
of diffraction and l is the wavelength of the X-ray source (for CuKa,
l¼ 1.5416 Å).

1.5.2 Dynamic Light Scattering (DLS)

DLS, also referred to as quasi-elastic light scattering (QELS), is a non-invasive
technique for measuring the hydrodynamic size and size distribution of
molecules and particles typically in the submicron range.234 Typical appli-
cations of DLS are the characterization of particles or molecules that have
been dispersed in a liquid. The Brownian motion of the particles or molecules
in suspension causes laser light to be scattered at different intensities. An-
alysis of these intensity fluctuations yields the velocity of the Brownian motion
and the particle size can be calculated using the Stokes–Einstein equation. In
light scattering experiments, a monochromatic light source, usually a laser,
passes through a polarizer and onto the sample. The scattered light then goes
through a second polarizer where it is collected by a photomultiplier tube
(PMT). The instantaneous scattered field can be regarded as the superposition
of waves scattered from the individual scattering centers. The scattered elec-
tric field at a given scattering wave vector q is expressed as:

E q; tð Þa
XN

j¼ 1

exp i~q �~rjðtÞ
� �

(1:2)

where ~rðtÞ is the center-of-mass position of the jth scatterer. The scattered
field given by eqn (1.2) therefore fluctuates in response to the motions of the
scatterers. If the fluctuations are faster than 10�6 s, a filter method is used to
detect and analyze the timescale of these fluctuations. Optical mixing or
beating methods are usually used for processes that occur on timescales
slower than about 10�6 s. In optical mixing methods, no ‘‘filter’’ is inserted
between the scattering medium and the detector (PMT). The scattered light
impinges directly on the PMT cathode. In the homodyne (self-beat) method
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only the scattered light impinges on the photocathode, while in the het-
erodyne method a local oscillator (a small portion of the unscattered laser
beam) is mixed with the scattered light on the cathode surface. Since PMT is
a square-law detector, its instantaneous current output is proportional to the
square of the incident electric field I(t) a 8E(t)82. The PMT output is fed to a
digital correlator, which calculates the intensity–intensity auto correlation
function (also known as homodyne correlation function), which is
defined as:

I q; 0ð ÞI q; tð Þh i¼B E q; 0ð Þj j2 E q; tð Þj j2
� �

(1:3)

where B is the proportionality constant. The normalized intensity auto-
correlation function, g(2)(q,t), is defined as:

gð2Þðq; tÞ¼ Iðq; 0ÞIðq; tÞh i
IðqÞh i2

(1:4)

and the normalized electric field auto-correlation function (also known as
the heterodyne correlation function) is defined as:

gð1Þ q; tð Þ¼ E q; 0ð ÞE q; tð Þh i
E qð Þj jh i2

(1:5)

with the assumption that the scattering volume can be divided into a large
number of statistically independent sub-regions and the scattered electric
field is a Gaussian random variable, g(2)(q,t), related to g(1)(q,t) by:

gð2Þ q; tð Þ¼ 1þ b g 1ð Þ q; tð Þ
�� ��2 (1:6)

The above equation is known as the Siegert relation and the constant b
depends on the coherence area set by the optics of the instrument and is
obtained by fitting. The heterodyne correlation function, g(1)(q,t), which is
related to the position of the particles, can be redefined as the intermediate
scattering function (dynamic structural factor), F(q,t), using eqn (1.7):

F q; tð Þa E q; 0ð ÞE q; tð Þh i (1:7)

F q; tð Þ¼ 1
N

XN

I¼ 1

XN

J¼ 1

hexp i q: ~ri 0ð Þ �~rjðtÞ
� �� �

(1:8)

hence,

gð1Þ q; tð Þ¼ F q; tð Þ
S qð Þ (1:9)

where, S(q)¼ F(q,0). For an non-interacting suspension, S(q)¼ 1, by meas-
uring g(1)(q,t) (either using a homodyne or heterodyne method), one can
determine the self-diffusion coefficient, D0, of the colloidal particles.
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1.5.3 TEM

TEM is a technique that uses an electron beam to image a nanoparticle,
providing much higher resolution than is possible using light-based imaging
techniques such as optical microscopy.235 TEM also provides information on
nanoparticle size, grain size, size distribution, and morphology. TEM ex-
ploits three different electron beam–specimen interactions, i.e., un-scattered
electrons (transmitted beam), elastically scattered electrons (diffracted
beam) and inelastically scattered electrons. The intensity of the transmitted
electrons is inversely proportional to the specimen thickness. Areas of the
specimen that are thicker will have fewer transmitted electrons and so will
appear darker; conversely the thinner areas will appear lighter due to more
transmission. The scattered part of the incident beam is transmitted
through the remaining portions of the specimen. All incident electrons have
the same energy and enter the specimen normal to its surface. All incidents
that are scattered by the same atomic spacing will be scattered by the same
angle. These scattered electrons can be collimated using magnetic lenses to
form a pattern of spots, with each spot corresponding to a specific atomic
spacing (a plane). This pattern can then yield information about the orien-
tation, atomic arrangements and phases present in the specimen. Also, in-
cident electrons can interact with the specimen inelastically and lose their
energy during the interaction. These electrons are then transmitted through
the rest of the specimen.236

Typically, a TEM consists of three stages of lensing235 comprising con-
denser, objective, and projector lenses. The condenser lenses are respon-
sible for primary beam formation, whilst the objective lenses focus the
beam that comes through the sample itself (in scanning TEM (STEM)
mode, there are also objective lenses above the sample to make the inci-
dent electron beam convergent). The projector lenses are used to expand
the beam onto a phosphor screen or other imaging device, such as a film.
The magnification of the TEM is due to the ratio of the distances between
the specimen and the image plane of the objective lens. Additional quad or
hexapole lenses allow for the correction of asymmetrical beam distortions,
known as astigmatism. It should be noted that TEM optical configurations
differ significantly with implementation, with manufacturers using custom
lens configurations, such as in spherical aberration corrected instruments
or TEMs that utilize energy filtering to correct electron chromatic
aberration.

1.5.4 Zeta Potential Measurements

Zeta potential measurements provide information about the surface
charge of nanoparticles dispersed in solution. Hence, zeta potentials play a
significant role in stabilizing particle suspensions (short- and long-term
stability). When a charged particle is introduced into a polar medium, the
depletion of co-ions (ions with the same charge as the particle surface)
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from the surface and the adsorption of counter ions (ions with the
opposite charge to the particle surface) occurs.58 The development of a net
charge at the particle surface through ionization or by dissociation of
surface groups affects the distribution of ions in the surrounding inter-
facial region, resulting in an increased concentration of counter ions (ions
of opposite charge to that of the particles) close to the surface. Whatever
the charging mechanism, the final surface charges of the co-ions are
balanced by an equal but oppositely-charged region of counterions. Some
of the counterions are bound, usually transiently to the surface within the
so called Stern layer or Helmholtz layer, while other ions form an atmos-
phere of ions in rapid thermal motion close to the surface, known as the
diffuse electrical double layer, as shown in Figure 1.8a. The difference
between the bound and free ions in the diffuse layer is analogous to the
difference between a water molecule in a sea and in the atmosphere.237

Within the diffuse layer there is a notional boundary inside which the ions
and particles form a stable entity. When a particle moves (e.g., due to
gravity), ions within the boundary move with it, but any ions beyond
the boundary do not travel with the particle. This boundary is called the
surface of hydrodynamic shear or slipping plane. The potential that exists
at this boundary is known as the zeta potential, as shown in Figure 1.8b.

The magnitude of the zeta potential gives an indication of the potential
stability of the colloidal system. If all the particles in a suspension have a
large negative or positive zeta potential then they will tend to repel each
other and there will be no tendency to flocculate. However, if the particles
have low zeta potential values then there is no force to prevent the particles
coming together and flocculating. The general dividing line between stable
and unstable suspensions is þ30 mV or �30 mV. Particles with zeta
potentials above �30 mV are normally considered stable238 (Figure 1.8c).
However, if the particles have a large density that is different from the
dispersant, they will eventually sediment.238 The important factors
affecting the zeta potential are pH, conductivity and concentration of
formulations.

Zeta potential measurements can be conducted using an electrophoresis
approach. When an electric field is applied across an electrolyte, charged
particles suspended in the electrolyte are attracted towards the electrode of
opposite charge, as shown in Figure 1.8d, where the viscous forces acting on
the particles tend to oppose this movement. When equilibrium is reached
between these two opposing forces, the particles move with a constant vel-
ocity. The velocity of the particle is dependent on the strength of the electric
field or voltage gradient, the dielectric constant of the medium, the viscosity
of the medium and the zeta potential. The velocity of a particle in an electric
field is referred to as its electrophoretic mobility, which is related to the zeta
potential by the Henry equation:

UE¼
2ez f ðkaÞ

3Z
(1:10)
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Figure 1.8 Schematic representation of (a) a charged particle with an electric double layer, (b) the distance from the particle surface and
the corresponding potentials, (c) a typical plot of the zeta potential versus pH showing the position of the isoelectric point and
the pH values where the dispersion is stable and unstable, and the (d) electrophoretic mobility in a folded capillary cell.

28
C

hapter
1

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1502100/bk9781839164194-00001.pdf by guest on 29 S
eptem

ber 2023



where, UE is the electrophoretic mobility, z is the zeta potential, e is the
dielectric constant, Z is the viscosity and f (ka) is Henry’s function (E1.5 by
Smoluchowski approximation for a particle larger than 0.2 mm dispersed in
electrolyte containing more than 10�3 molar salt). For small particles in low
dielectric constant media f (ka) becomes 1 via the Huckel approximation for
non-aqueous measurements. k is the inverse Debye length, and k�1 is often
taken as being a measure of the ‘‘thickness’’ of the electrical double layer.

For zeta potential measurements, the laser light source is split to provide
an incident and reference beam. The incident laser beam passes through the
center of the sample cell, and the scattered light is detected at an angle
of 171. When an electric field is applied to the cell, any particles moving
through the measurement volume will cause the intensity of light detected
to fluctuate with a frequency proportional to the particle speed, and this
information is passed to a digital signal processor and then to a computer.
The Zetasizer Nano software produces a frequency spectrum from which
the electrophoretic mobility and hence zeta potential is calculated. The
intensity of the detected scattered light must be within a specific range
for the detector to successfully measure it, which is achieved using an
attenuator. To correct for any differences in the cell wall thickness and
dispersant refraction, compensation optics are installed to maintain
optimum alignment.239

1.5.5 Phase Contrast Optical Microscopy

Phase contrast microscopy is a very useful technique that is used to look at
the aggregation of nanoparticles in nanofluids. However, the limitation of
this technique is that it can only measure aggregates of fairly larger sizes
(4200 nm). In phase contrast optical microscopy, a phase object causes a
small phase shift in the light passing through a transparent specimen, which
is then converted into amplitude or contrast changes in the image. As light
travels through a medium other than a vacuum, interaction with the me-
dium causes amplitude and phase changes that depend on the properties of
the medium. The basic principle to make phase changes visible in phase
contrast microscopy is to separate the illuminating background light from
the specimen scattered light, which makes up the foreground details, and to
manipulate these differently. The ring-shaped illuminating light that passes
through the condenser annulus is focused on the specimen by the con-
denser. Some of the illuminating light is scattered by the specimen. The
remaining light is unaffected by the specimen and forms the background
light. When observing an unstained biological specimen, the scattered light
is weak and typically phase-shifted by �901, relative to the background light.
This leads to the foreground and the background having almost the same
intensity, resulting in a low image contrast. For a phase contrast microscope,
the image contrast can be improved in two steps. The background light is
phase-shifted by �901 by passing it through a phase shift ring. This elim-
inates the phase difference between the background and the scattered light,
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leading to an increased intensity difference between the foreground and
background. To further increase the contrast, the background is dimmed by
a gray filter ring. Some of the scattered light will be phase-shifted and
dimmed by the rings. However, the background light is affected to a much
greater extent, which leads to a phase contrast effect. The above describes
negative phase contrast. In its positive form, the background light is instead
phase-shifted by þ901. The background light will thus be 1801 out of phase
relative to the scattered light. This results in the scattered light being sub-
tracted from the background light to form an image where the foreground is
darker than the background. The performance of modern phase contrast
microscopes is so refined that it enables specimens containing very small
internal structures, or even just a few protein molecules, to be detected when
the technology is coupled to electronic enhancement and post-acquisition
image processing instruments.

1.5.6 Fourier-transform Infrared (FT-IR) Spectroscopy

FT-IR spectroscopy is a technique that is used to obtain insight into the
nature of adsorption of functional groups at the particle interface. In FT-IR
spectroscopy, the preferred IR spectroscopy method, IR radiation is passed
through a sample. Some of the IR radiation is absorbed by the sample and
some of it is transmitted. The resulting spectrum represents the molecular
absorption and transmission, creating a molecular fingerprint of the sam-
ple. Like a human fingerprint, no two unique molecular structures produce
the same IR spectrum, making IR spectroscopy useful for several types of
analysis. The total internal energy of a molecule in a first approximation is
the sum of its rotational, vibrational and electronic energy levels. In IR
spectroscopy the interactions between matter and electromagnetic (EM)
fields in the IR region is studied, where the EM waves mainly couple with the
molecular vibrations. In other words, the excitation of molecules to a higher
vibrational state occurs upon absorbing IR radiation. In FTIR spectroscopy
studies, a small amount of solid sample is mixed thoroughly with potassium
bromide in a 1 : 100 ratio (by weight) and the mixture is then compressed
into a thin transparent pellet using a hydraulic press. These pellets are
transparent to IR radiation and are used for analysis. If the photon energy
coincides with the vibrational energy levels of the molecule the frequency is
absorbed by the molecule. Hence, IR spectroscopy is a very powerful tech-
nique that provides fingerprint information on the chemical composition of
the sample.

1.5.7 Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC)

TGA is a technique widely used to evaluate the amount of surfactant ad-
sorbed on a particle surface. Specific heat capacity is a materials property
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that describes the energy required to induce a change in the temperature of a
unit mass of the material. DSC is used to measure this quantity. The specific
heat capacity, Cp is measured using DSC by heating a sample and measuring
the temperature difference between the sample and a reference. The sample
material is subjected to a linear temperature program, and the heat flow rate
into the sample is continuously measured, which is proportional to the in-
stantaneous specific heat of the sample. Reference and sample crucibles are
placed on a sample holder inside a furnace, which generates heat radially
toward the center. Thermocouples in contact with each crucible measure the
temperature. One thermoelement is shared between the crucibles allowing
the temperature difference to be measured as a voltage.

1.6 Conclusion
This chapter gives an overview of nanoparticles, nanofluids and the different
techniques used to prepare nanoparticles, which include top-down ap-
proaches such as mechanical milling, etching, laser ablation, electro ex-
plosion, and bottom-up approaches such as precipitation, solvothermal,
flow injection, decomposition of metal carbonyls, reverse micelle, electro-
deposition, sol–gel, mechanochemical, hydrothermal, and bacterial syn-
thesis techniques. This is followed by techniques used for the preparation of
nanofluids via two-step and single-step methods. The direct evaporation
technique, chemical reduction method, submerged arc nanoparticle
synthesis method, laser ablation, microwave irradiation, polyol process,
phase-transfer method, wet mechanochemical technique, sol–gel method
(hydrolysis), emulsion-polymerization, and green synthesis are presented in
detail. The stability issues of nanofluids are discussed, along with ap-
proaches used to improve the stability of nanofluids. Methods to enhance
the stability of nanofluids using chemical treatment methods (surfactant
addition and surface functionalization) and physical treatment methods
(ultrasonication and ball milling) are discussed in detail. Various experi-
mental techniques used for the characterization of nanomaterials and
nanofluids are also detailed. Details of XRD, DLS, TEM, zeta potential
measurements, phase contrast microscopy, FT-IR spectroscopy, TGA and
DSC are presented for freshers who intend to begin research on this topic.
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