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Abstract

This research concerns the study of nanoparticle synthesis methods and the influence that
nanoparticles can have on the physical and electrical properties of non-polar fluids. In
this study it is demonstrated that a very small volume fraction of nanoparticles can have a
very large effect on the macroscopic properties of fluids. Characterization of
nanoparticles and nanofluids has led to the creation of new techniques for controlled
deployment of nanoparticles within larger structures. A new dielectrophoretic technique
can be used for (1) uniformly sized droplet generation and manipulation with controllable
droplet size, (2) oil-in-water emulsion creation in unique way, (3) recycling nanoparticles
from nanoparticulate suspensions and (4) creation of core-shell structures. Different
types, sizes and morphologies of nanoparticles have been made successfully by chemical
synthesis and new synthesis routes have been created. A new wet chemical route has
been devised to synthesise nickel nanoparticles with controllable size and different
morphology including new shapes such as micro-flower and nano-stars. PZT
nanoparticles have been synthesized hydrothermally with controllable size and new
morphologies created such as nearly spherical nanoparticles and pellets. A novel wet
chemical synthesis method was developed to produce core-shell structures of Ni- and also
Fe;0y4 - coated SiO,, BT, and PZT particles.

The characterization of non-polar fluid-based nanofluids included a sedimentation study,
studies of the fluidic properties (viscosity and surface tension) and electrical properties
such as DC conductivity and dielectric permittivity. The results clearly show that the
macroscopic properties of base fluids (silicone oil and perfluorinated oil) were changed
even with a very low concentration (< 0.6 vol %) of nanoparticles added. The properties
of nanofluids are found to depend on the properties of the base fluid and also on the
properties of the dispersed nanoparticles. Importantly, the properties are demonstrated to

depend on the fluid-particle interaction.
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Chapter 1 Introduction

1.1 Context of the research

Nanotechnology is the design, characterization, production and application of
structures and systems at nano-scale with control over their size and shape [The Royal
Society, 2004]. It is a multidisciplinary technology that involves different fields of
science (biology, chemistry and physics) and engineering research.

At the present time scientists can produce nanomaterials of many different shapes
(from spherical nanoparticle to nanotube and nanowire) with extraordinary electric,
electronic, mechanical, thermal and optical properties [Choi, S.U.S. 2009]. As an
example, the optical properties of nano-size semiconductors (e.g. PbSe) can be tuned
to span the optical region of the electromagnetic spectrum by varying the size of the
quantum dot, because quantum size effects rule the energy of the electronic band gap
[Badr, Y. et al. 2006].

Early in the study of nanotechnology scientists realised that below certain size the
conventional physical and chemical rules do not apply [Preining, O. 1998]. Some of
their properties dramatically change as dimensions are reduced to nano-scale.
Physical property such as dynamic contact angle has changed significantly by
changing the droplet size to nano-size [Sedighi, N. et al. 2008]. In some metals and
semiconductors at the typical size range of 2-20 nm, the melting temperature
undergoes a huge change [Wang, J. et al. 2006]. Ag and Pb nanowires of diameter 30
nm have twice as high elastic constants as the bulk Ag and Pb metals [Cuenot, S. et al.
2004]. These properties are sometimes remarkable in comparison to the bulk materials
properties, and sometimes beneficial (accelerated catalysis) or harmful (increased
toxicity) for the users.

Awareness of nano-structural properties could improve the understanding of many
aspects of chemical and physical behaviour. For example, calcium carbonate particles
have a critical size (850 nm) and particles > 850 nm are fragile and breakable, but
when the size decreased to < 850 nm the particles become elastic and flexible [Wang,
J. et al. 2006]. Such knowledge of the importance of the size and morphology of

particles could lead to different applications.



Nanoparticles have fascinated scientists even from earlier times, for example gold
nanoparticles were used by the Chinese to colour porcelain and ceramics, and in
Europe for stained glass windows of cathedrals. Hence while the effects are not new it
is only recently that the core understanding of the nano-scale has become of major
interest. In our time, nanoparticles are class of materials with at least one dimension
that is 100 nm or less. This description defines them as a sub-set of colloidal particles.
The key characteristics of nanoparticles are the huge surface area to volume ratio and
the small size of the particles. These two are interrelated since the large surface to
volume ratio increases as the size decreases. When the particle size is reduced to
nano-scale, interfacial energies become a dominant effect on most behaviour due to
the increased number of atoms or molecules on the surface. For example: silver
nanoparticles show antimicrobial activity, but silver metal does not; there is a change
in colour of gold particles (red, blue or yellow) dependent on size. The conductance of
PVA doped with PbSe nanoparticles is found to be inversely proportional to the size
of the PbSe nanoparticles, which cause increased randomness in the PVA matrix

[Badr, Y. et al. 2006].

Nanofluids are liquid suspensions of nanoparticles. In recent years much attention has
been given to nanofluids because of their enhanced properties (heat transfer, thermal
conductivity) and unique behaviour [Koo, J. et al. 2004, Keblinski, P. et al. 2008,
Choi, S.U.S. 2009]. These properties indicate potential for nanofluids in industries
including energy, environment, medical and electronics. Nanofluids still have

potential and properties to be discovered.



1.2 Thesis objectives

The overall aim of this work is to create new methods for nanoparticle deployment

and in the process of achieving that aim:

1) to study nanoparticle synthesis methods. This involves an optimised synthesis and
characterization of different nanoparticles such as nickel, iron oxide, solid silicon
dioxide, barium titanate and lead zirconate titanate nanoparticles, hollow silicon

dioxide particles and core-shell nano- and micro-sized particles.

2) to study the influence that nanoparticles can have on the physical and electrical
properties of non-polar fluids. This involves an investigation of the physical (viscosity
and surface tension) and electrical (conductivity and permittivity) properties of non-

polar fluid based nanofluids.

3) to use this deeper understanding to create some new techniques that can be used to:
i) redistribute nanoparticles in such a way that new synthesis routes for
multifunctional nanoparticles might be possible,

i) create core-shell structures,
iii) clean nanoparticle containing fluids,
iv) create emulsion in unique way.

To achieve this goal systematic study was needed to determine influence of

nanoparticles on a new dielectrophoretic droplet generation and manipulation

technique.



1.3 Thesis structure

The thesis is presented in thirteen chapters. Chapter 1 is an introduction to the
rationale for this research which leads into the background and literature review in
Chapter 2-4 of, respectively, nanoparticles and nanostructures, of physical properties
of nanofluids and of phenomena observed under electric field and the
dielectrophoretic manipulation technique, respectively.

Chapters 5 and 6 describe the experimental details of nanoparticle synthesis and
characterization, the characterization of nanofluids and the set-up of the
dielectrophoretic manipulation technique.

In Chapter 7 the results of experiments in nanoparticle synthesis are brought together
with theory on the effect of synthesis parameters (reaction time and temperature,
concentration of precursors), to show that these all affect the size and morphology of
the final product. This knowledge is used to produce nanoparticles that are suitable for
the next step, which is their suspension in non-polar medium. The nanoparticulate
suspension characterization highlighted the importance of the type, size and the
concentration of nanoparticles in the suspension. This is shown in Chapters 8 and 9 as
rheological and electrical characterization, respectively.

The findings are brought together in Chapter 10 to show that the new
dielectrophoretic technique could be used for droplet creation and manipulation of
nanofluids, base fluid recycling from nanofluid and also for creating silicone oil based

nanofluid core- polymer shell structure.



Chapter 2 Literature background of nanoparticles and
core-shell structure

This chapter focuses on the nanoparticles producing techniques and their important
functions in research and industries. The chapter contains an overview of
nanoparticles (such as Fe;Oq4, Ni, SiO,, BT, PZT) synthesis methods and applications
which has been extended over the last few years. Chemical synthesis methods have
been developed to produce nanoparticles with certain size and morphology from
spherical nanoparticles through nanostars to nanocubes. This chapter also presents an

overview of nanostructured core-shell particles.

2.1 Iron oxide (Fe3;0,) nanoparticles

Magnetite is one of the first known natural magnetic minerals. The Chinese used its
magnetic properties as early as the 4t century. Magnetite can be found in nature, in
sedimentary rocks and also in living cells, for example in bacteria, bees and pigeons.
Magnetite (Fe3;O4 or the chemical name ferrous-ferric oxide) is a black, ferromagnetic
material containing both Fe(Il) and Fe(Ill); its chemical formula may also be written
as FeO-Fe,0s. The main details of its structure were established in 1915 by Bragg and
it was one of the first mineral structures to which X-ray diffraction was applied. It is
stable in atmospheric conditions, but the surface of the individual particles may
oxidise forming a thin layer of maghemite (y-Fe,O3), which indicates that this y-Fe,O;
layer helps to prevent the Fe;O4 from further oxidization [Cornell, R.M. et al. 1996].

Magnetic nanoparticles have received increasing attention with the rapid development
of nano-science, nanotechnology and also in the fields of biotechnology and
medicine. Their application in nano-biotechnology is due to their strong magnetic
properties and low toxicity. Whereas conventional chemotherapy is extremely
aggressive, new research shows that using magnetic iron oxide nanoparticles as
vehicles for drug delivery can be very effective and with far fewer side effects. Iron
oxide nanoparticles are coated with starch derivatives that have phosphate groups and
a strong applied magnetic field gradient at the tumour location induces accumulation

of the iron oxide nanoparticles [Laurent, S. et al. 2008].



Magnetic nanoparticles (<30 nm) will exhibit superparamagnetism, which means that
they are only magnetic in a magnetic field and the magnetic field re-orientates the iron
oxide crystals toward the same direction, increasing locally the amplitude of the field.
Superparamagnetic iron oxide nanoparticles have been used for hyperthermia
treatment. First the magnetic field has created energy, then the crystals absorb it and
they can convert it into heat. Heating destroys the pathological cells [Jordan, A. et al.
1993, Laurent, S. et al. 2008]. Applications also include bio-sensing, contrast agent in
magnetic resonance imaging (MRI), magnetic ink for jet printing, magnetic storage
media, catalysis and ferro-fluids.

Several methods have been developed to synthesize magnetite nanoparticles:
hydrothermal, sol-gel synthesis, micro-emulsions, and wet chemical (or co-
precipitation) method [Laurent, S. et al. 2008]. The advantages and disadvantages of
the four above-mentioned synthesis methods are summarized in Table 2.1. The first
line indicates the degree of difficulty of each method with regard to of required
equipment and the conditions of the synthesis. The micro-emulsion synthesis and
hydrothermal method can both be used to synthesize monodispersed nanoparticles
with various morphologies. The disadvantage of micro-emulsion synthesis is the
requirement for a large amount of solvent which increases the cost. The hydrothermal

method has only a medium yield ratio [Lu, A.H. et al. 2007].

Table 2.1 Summary of comparison of some synthesis methods of iron oxide

Synthesis
methods Co-precipitation Sol-gel Micro-emulsion | Hydrothermal
(wet chemical)
Difficulty of simple, quite complicated simple,
synthesis ambient complicated ambient high pressure
conditions conditions
Reaction
temp. 20-90°C 60-80 °C 20-50 °C 180-230 °C
Reaction
period minutes-hour hours hours hours-day
organic organic
Solvent aqueous compound compound water-ethanol
Size quite narrow broad size relatively narrow
distribution distribution narrow
quite
Shape control | quite controllable | controllable controllable controllable
Yield <65% <60% <40% <60%




For the current project first challenge was to choose a suitable synthesis method and
to define the experimental conditions which lead to monodisperse nanometre size
magnetite particles. The second challenge was to select a reproducible, reasonable and
cheap method which can be used without complex purification. The wet chemical (or
co-precipitation) method is a simplest chemical method to obtain magnetic iron oxide
nanoparticles and it can produce fine, high purity nanoparticles.

The most common iron salts used in chemical co-precipitation are FeCl, and FeCls.
However, several groups have selected ferric nitrate and ferrous sulphate as iron
precursor. NaOH and NH4OH are widely used as the precipitating agent. Reaction
temperatures range from 20 °C to 90 °C and resultant particle size falls in the 3 nm to

55 nm range.

2.2 Nickel (Ni) nanoparticles

Nickel is an interesting material for its magnetic properties (it is ferromagnetic) and
for industrial applications. Nano-scale metal materials with special morphologies have
attracted intensive interest in magnetic fluid, medical diagnosis and catalysis.
Nanoparticles sometimes exhibit new properties different from the properties of bulk
materials. Nickel nanoparticles have been studied extensively over the past decades
due to their potential technological applications such as an inexpensive internal
electrode in a multilayer ceramic capacitor (MLCC) [Abdel-Aal, E.A. et al. 2007],
building blocks for single-electron devices [Puntes, V.F. et al. 2001], magnetic
hyperthermia [Bettge, M. et al. 2004], rechargeable batteries [Zhang, H.T. et al.
2006], optoelectronics [Beecroft, L.L. et al. 1997] and conducting paints [Zhang, H.T.
2006].

Nickel metal nanoparticles have been less frequently studied compared to other metal
nanoparticles (silver, gold and platinum) because it is quite difficult to avoid
oxidation and aggregation when the size is reduced to nano-scale. In the past decade
nickel nanomaterials have been synthesized with various structural and morphological
forms. For example: hollow nanospheres, nanotubes, nanorods, nanobelts, sea-urchin-
like and chain-like [Ma, F. et al. 2008] and hexagonal flakes [Liu, Z. et al. 2003,
Zhang, H.T. et al. 2006].



The preparation of nickel metal nanoparticles is relatively difficult because they are
easily oxidized. Several methods have been developed to synthesize particles with
variable morphology and size, for example: chemical method [Choi, J.Y. et al. 2005],
microemulsion technique [Chen, D.H. et al. 2000], polyol process [Kurihara, L.K. et
al. 1995], thermal decomposition [Chen, Y. et al. 2007], hydrothermal [Ni, X. et al.
2005] and interphase reduction [Kudlash, A.N. et al. 2008].

A comparison of the five latest synthesis methods is summarized in Table 2.2. The
first column refers to the difficulties or simplicity of certain methods in the means of
required equipment and the conditions of the synthesis. The simplest method is the
chemical synthesis method. This method can be employed on a large scale and

enables the size and the shape to be controlled as well.

Table 2.2 Summary comparison of the synthesis methods of nickel nanoparticle

Synthesis Difficulty Reaction Reaction Size Shape
methods of synthesis | temperature period distribution control
Chemical minutes-
route simple 20-80 °C hour quite narrow | controllable
Thermal quite 130-290 °C hours broad size controllable
decomposition | complicated distribution
Microemulsion quite 20-80 °C hours quite narrow | uncontrollable
complicated
quite
Hydrothermal simple, 110-160 °C hours broad size controllable
high
pressure distribution
quite quite
Interphase simple 100 °C hours quite narrow | controllable
reduction

2.3 Barium titanate (BT) nanopatrticles

Barium titanate is a ferroelectric oxide material with perovskite structure. It has been
investigated due to its ferroelectric, piezoelectric properties, its high dielectric
constant and its photoresistivity. Barium titanate was discovered in 1942 by E. Wainer

and N. Salomon [Lee, T. et al. 2001]. Barium titanate nanoparticles have a phase



transition from ferroelectric (tetragonal) to paraelectric (cubic) at 120 °C (Curie
temperature).
Barium titanate has wide applications in the electro-ceramic industry such as
multilayer ceramic capacitor (MLCCs), electro-optic devices, underwater transducers
and dynamic random access memories. For most of the applications it is important to
have ceramics with narrow size distribution and homogeneity.
The ferroelectric tetragonal phase has high dielectric constant (controlled by the
ferroelectric domain structure and dipole-dipole interaction) that is ideal for dielectric
application. The particles become less tetragonal with size reduction and eventually
change to cubic phase. The exact size at which this change occurs differs slightly
according to synthesis method. This has been explained by the different elastic strain
energy associated with chemical impurity and crystalline defects [Kwon, S.W. et al.
2007]. As the size reduces the physical properties change [Vinothini, V. et al. 2006].
These changes are:

-lowering of melting point,

-decrease in sintering temperature,

-disappearance of ferroelectric and ferromagnetic properties,

-enhancement of electronic conductivity.
A wide variety of nanoparticles synthesis methods have been explored: solid state
reaction [Buscaglia, M.T. et al. 2008], sol-gel [Lee, J.J. et al. 2006], electrophoretic
deposition [Dogan, A. et al. 2006], homogeneous precipitation synthesis [Testino, A.
et al. 2004], micro-emulsion method [Sakabe, Y. et al. 2005], and hydrothermal
synthesis [Clark, J.I. et al. 1998]. Hydrothermal synthesis has a low cost and avoids
using high temperature calcination. Synthesis conditions, such as pH, Ba/Ti ratio,
reaction temperature and time have a large impact on the size and morphology of the
final nanoparticles. For the synthesis of BT nanoparticles, hydrothermal method
provides an opportunity of controlling the size of the particles. Its kinetics and
crystallisation mechanics have been well investigated. Studies have shown that the
reduction of the particle size of the starting materials causes significant size reduction

of the final barium titanate powder.



2.4 Lead zirconate titanate (PZT) nanopatrticles

Piezoelectric ceramics such as PZT have wide range of applications in various
technologies due to its piezoelectric, ferroelectric and electro-optic properties. Below
its Curie temperature (350 °C) PZT exhibits non-centro-symmertric perovskite
structure with a ferroelectric tetragonal or rhombohedral phase and has spontaneous
polarization. The best piezoelectric and ferroelectric properties can be obtained from
the 52:48 Zr:Ti ratio (PbZry 5,Tip4303) which is in a morphotropic phase boundary of
tetragonal and rhombohedra phase [Moulson, A.J. et al. 2003]. One of the important
applications of PZT is in micromechanical systems. PZT used and developed in the
following fields: ultrasonic transducer, i.e. medical application and inter-cardiac
ultrasound scanner [Yu, H.G. et al. 2003], accelerometers, pressure sensors, i.e.
micro-pumps [Polla, D.L. et al. 1996], power generators and acoustic motors. PZT is
commonly used in electro-ceramics because it has a high piezoelectric coupling
constant.

Several methods have been developed to produce nano-size PZT particles, such as
solid-state [Moulson, A.J. et al. 2003], sol-gel [Ghasemifard, M. et al. 2009],
hydrothermal [Deng, Y. et al. 2003] and electrospray [Sun, D. et al. 2005]. All of the

methods have pros and cons as shown in Table 2.3.

Table 2.3 Comparison of several techniques for production of PZT nanoparticles

Compositional Morphology Calcination
control control step Cost
Solid state hardly controlled  hardly controlled required moderate
Sol-gel controllable hardly controlled required high
Hydrothermal controllable controllable unnecessary moderate
Electrospray controllable hardly controlled required high

The first column indicates the difficulties of the control over the final PZT
composition, such as PZT 52/48, 70/30, 20/80; the second column the difficulty over
the morphology of the obtained PZT such as cubic or spherical. The last column

indicates the cost of the whole synthesis process including the required equipment,
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precursors and after-treatment. The hydrothermal synthesis compares favourably in
most areas. The chosen method for this project to synthesise nano-size PZT was the
hydrothermal synthesis technique due to its simplicity, low temperature treatment and
repeatable technique. The composition that was used in this work is PbZrg 5,Ti 4303

or otherwise denoted PZT 52/48.

2.5 Core-shell structure

A core-shell structure can be defined as a particle composed of a central domain
(core) and an outer domain (shell) which are physically and chemically distinct. When
the core is removed from the core-shell structure by dissolving or evaporating, a

hollow structure results. Different types of structure are shown in Fig. 2.1.

Solid particle Hollow structure

Solid core-solid shell Liquid core-solid shell

Figure 2.1 Different structures of particles (solid, hollow and core-shell)

2.5.1 Applications for core-shell structure

Hybrid materials with core-shell structure are often composed of nano- or micro-
spheric core with shell of nanoparticles. Scientific and industrial interest of core-shell
composite particles has increased recently because of the potential for the properties
of starting core or shell material to be fine tuned, to control their magnetic, optical and
electrical properties. The preparation of core-shell particles is of interest for colloid

and interface sciences. Nanoparticle coating is carried out for various reasons such as
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stability or functionalization. For example, some biomedical applications, such as,
tagging, imaging, sensing and separation, require core-shell magnetic nanoparticles or
micro-container or micro-encapsulated products. The most promising applications in
the biomedical field for core-shell magnetic nanoparticles relate to the diagnosis and
treatment of cancer [Pankhurst, Q.A. et al. 2003, Arruebo, M. et al. 2007].

Applications of small particles with micro- or nano-core-shell structures need to meet
two basic requirements: a designable coating layer on the core particles and
economical synthesis. The core-shell particles with inorganic coatings offer
interesting prospects for the fabrication of a broad range of materials with different
properties. From the economic and environmental points of view, an aqueous method

is preferable.

2.5.2 Synthesis methods to obtain core-shell structure

A wide variety of methods have been explored and developed for the synthesis of well
defined coated powders (core-shell structure), such as, heterogeneous precipitation
[Villegas, M. et al. 2007], sol-gel process [Sugimoto, T. et al. 2003], hydrothermal
synthesis [Yang, J. et al. 2001], homogeneous precipitation [Lee, K.R. et al. 2002],
electrochemical method [Kim, S.H. et al. 2007], emulsion evaporation [Landfester, K.
2001], and spray drying [Kim, J. et al. 2002].

Other techniques to synthesize liquid core-solid shell structures are: assembly and
fusion of polymer on the emulsion droplets [Dinsmore, A.D. et al. 2002],
emulsification and freeze-drying [Yin, W. et al. 2008]. A novel co-axial
electrohydrodynamic method has been developed by Farook et al. (2008), which can
synthesise liquid filled polymer shell.

2.5.3 Synthesis methods to obtain hollow structure

The general synthesis methods that can be used to obtain hollow structure are: hard

templating synthesis, soft templating synthesis and template free methods.
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Hard templating synthesis methods

A, Layer-by-layer (LbL) assembly, Caruso et al. (1998) was the first to publish on
the LbL method, where oppositely charged materials were deposited alternatively on a
substrate and the core-shell reaction occurs by electrostatic interaction. The core
material is removed by evaporation or dissolution.

B, Direct chemical deposition technique, which involves the precipitation of shell
material on the template particles by chemical or physical interactions. One of the
early syntheses was carried out by Matijevic (1993) who called it the controlled
precipitation route. Lou et al. (2007) recently demonstrated a similar technique, called
shell-by-shell template technique; he also produced SnO, hollow structures using it. It
is based on the hydrothermal deposition of coating on silica templates.

G Chemical adsorption on surface layer or so called adsorption-calcinations
route. To use this technique the template particles need to be pre-treated prior to the
synthesis of the hollow structure. This includes three main steps: functionalization of
the template, adsorption and calcinations.

D, Stober et al. (1968) was the pioneer of Nanocoating from mesoporous shell
technique. The conventional hard templating synthesis is the most common and

effective method but the disadvantage is a medium-low product yield.

Soft templating synthesis method

Soft template techniques use liquid or gas templates as core materials. The emulsion
droplet method involves a deposition of the shell material round the interface between
the two liquid phases of the emulsion. Zoldesi et al. (2005) produced hollow silica

structures in an oil-in-water emulsion system by soft templating.

Template free synthesis method

Template free methods have been developed because sometimes the removal of hard
or soft templates is cost-effective and could affect the quality of the hollow structure
(collapse of the shell after the removal of the template). Hollow SnO, nanostructures
are produced by a one-step template free method which includes an inside-out
Ostwald ripening [Lou, X.W.D. et al. 2008]. In the early stage of reaction, solid
nanoparticles or loose aggregates of precipitated nanoparticles are formed and then

the nanoparticles start to crystallize from the surface layer, due to the effect of the
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surrounding solution. A hollowing process accompanies the crystallisation. The
molecules inside the nanoparticles have a strong tendency to dissolve, and this is the

driving force for the spontaneous inside-out Ostwald ripening.

2.6 Hollow silicon dioxide particles

Silicon dioxide can be found in sand and glass and has been of interest to scientists for
years. Silica is a quite unique material, has a variable morphology with a differing
size range. Silica is biocompatible and has good dielectric, thermal and mechanical
properties. Silicon dioxide particles can be synthesised by different methods including
sol-gel, wet-chemical and hydrothermal methods. The most efficiently and
economically used method is sol-gel synthesis. The sol-gel method for ceramics
began in the mid 1800s [Hench, L.L. et al. 1991].

Stober et al. in 1968 published the synthesis of silica in aqueous solution in alkaline
conditions in the following main steps: through hydrolysis and condensation of a
metal-organic material (e.g. tetraethyl orthosilicate, TEOS) in solvent, and the end of
this reaction the gel forms and has a Si-O-Si network. The temperature, concentration
and ratio of starting materials are important parameters in sol-gel synthesis, since they
affect the size, morphology and size distribution of products.

From an economical point of view the synthesis and use of hollow particles is
efficient. A comparison of solid and hollow particles of the same size shows that for a
hollow particle with a wall thickness of 10% of its radius, it needs about 50% less
material than a solid particle. Fields such as the aerospace industry welcome this
lighter and lower cost material. Sol-gel is a simple and economical method to produce
nano-size silica materials. Hollow silica spheres have attracted attention due to their
low cost and feasible synthesis, porosity and non-toxic behaviour. Hollow silica
particles are suitable for drug delivery, because the inner space can take up a large
amount of drug and the mesoporous shell can be used to release it. Alternatively the

outer surface can be used for biomedical purposes.
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Chapter 3 Literature background of emulsion and
properties of hanoparticulate suspension

A nanofluid is a suspension of nanoparticles in liquid. Nanofluids have been produced
by two techniques. The one-step method synthesises and disperses the nanoparticles
directly into the liquid. The two-step method separates the nanoparticles synthesis by
chemical or physical methods before dispersal in the base fluid. Nowadays nanofluids
are usually produced in small volumes. Generally the seven parameters that most
effect the properties of nanofluids are: (1) particle concentration, (2) particle shape,
(3) particle type (material), (4) particle size, (5) base fluid, (6) additives (surfactant,
anti-coagulant), and (7) temperature. These parameters have effect on the nanofluids
properties such as thermal and electrical conductivity [Keblinski, P. et al. 2008, Garg,
J. et al. 2008, Wilson, S.A. et al. 2009], heat transfer [Jordan, A. et al. 1993, Trisaksri,
V. et al. 2007] and rheological properties [Chen, H. et al. 2007].

The creation of nanofluid is connected to most of the nanotechnologies and deeper
understanding of the properties of nanofluid will be helpful for further development of
the area. Whereas some characteristics of nanofluids have been widely discussed there
remains poor agreement in some areas and it is fair to say that greater understanding
of the mechanisms involved at the atomic and molecular levels is desirable. Some
characteristics of nanofluids have been widely explored such as thermal conductivity
but certain properties still remain untouched (such as electrical conductivity and
dielectric permittivity).

This chapter has an overview of properties such as surface tension and rheology of
nanofluid and it the background of emulsions. One of the connections between nano-
science and colloid science (which include the study of emulsions) is that emulsion
could be stabilized by nanoparticles, which was discovered a century ago [Pickering,

S.U. 1907].

3.1 Emulsions

An emulsion is a heterogeneous system, consisting of at least one immiscible liquid
intimately dispersed in another in the form of droplets. Depending on the synthesis

technique the size of the droplets varies between 100 nm and 0.1 mm. Such systems
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possess a minimal stability, which may be promoted by such additives as surface-
active agents or finely-divided solids. The two basic types of emulsion are direct (oil
dispersed in water, O/W) and reversed (water dispersed in oil, W/O).

Oil-in-water (O/W)-type emulsions have been widely applied to cosmetics and
toiletries due to their pleasant watery feeling when applied to skin. In order to
improve cosmetic formulations, such as lotions, creams and base make-up liquid
foundations, it is important to obtain fine O/W emulsions with a small amount of
hydrophilic surfactant. Emulsion applications are really versatile and range from
cosmetic and pharmaceutical emulsions, polishes, paints, agricultural sprays, food
emulsions, medical emulsions, asphalt emulsions to textile industry [Becher, P. 1983].
Stable emulsions have been used extensively in food industries, petroleum production
(drilling fluids), pharmaceutical (mainly cosmetic industry) and environmental

applications.

3.1.1 Emulsion producing techniques

Liquid-liquid mixing is a well established operation in chemical engineering (and
colloid science) and mixing apparatus is available with variable capacities. An
efficient and convenient way to achieve such mixing is to use vertical baffles near the
container walls, which deflect the fluid upwards, and to use a variable designed stirrer
(rotating propeller, turbine rotor) [Sherman, P. 1968]. The problem with these
techniques is that controlling the size and the size distribution of the droplets is
difficult and often it ends up with poor reproducibility.

One of the new techniques is the layer-by-layer (LbL) deposition which offers a
promising way to prepare emulsions using electrostatic attraction of charged
biopolymers to oppositely charged droplets. In this method, an interfacial membrane
that consists of multiple layers of biopolymers is prepared by adsorbing consecutive
layers of oppositely charged biopolymers onto a primary emulsion prepared using a
conventional homogenization technique [Moreau, L. et al. 2003].

Physical and chemical factors affect the formation of emulsions, such as choice of
emulsifying agent, method of adding the two phases together and temperature. There
are many properties of emulsions which technologists want to control. The most
important of those properties are: concentration of the immersed phase, stability, size

and distribution of droplets and viscosity of emulsions.
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One of the ways to make uniformly sized emulsion is through the use of micro-fluidic
technology (Fig. 3.1). The mixture of two fluids in a micro-channel is driven by
volume flow rate or applied pressure. To produce solid particles via micro-fluidic
droplets a further treatment is needed. This treatment could be UV photo-
polymerization, solvent extraction or ionic cross linking. Methods which avoid
moving parts (passive methods) can be grouped by the flow field near the pinch-off
[Christopher, G.F. et al. 2007].
Other electrical or micro-fluidic methods used for emulsion production include:
electro-capillary emulsification [Watanabe, A. et al. 1978], micro-porous ceramic
membrane emulsifiers [Joscelyne, S.M. et al. 2000], ultrasound emulsification
[Challis, R.E. et al. 2005] and coaxial jet emulsifier [Barrero, A. et al. 2007]. One of
the methods is the electrospray technique which creates fine drops in high electric
field. The history of electrified spraying had started with Bose in the mid 18" century
who reported first electrohydrodynamic spraying, followed by Rayleigh in the late
19" century who studied the electrified drop creating field more deeply. Systematic
investigation was carried out in the early 20" century by Zeleny followed by Taylor’s
work (1964) who took the basic understanding of the phenomena to the next level.
Hayati et al. (1986) explained the mechanisms of the electrospray technique and
Barrero et al. (2007) used electrohydrodynamic flow to produce droplets and
emulsions.

Co-flowing streams
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Flow Focusing
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Fig 3.1 Images of different droplet break-ups: co-flowing streams dripping (a), jetting

mode (b), break-up in cross-flowing streams unconfined (c), confined T-junction (d),
flow focusing geometries, dripping (e) and flow focus jetting mode (f) [Christopher,

G.F. et al. 2007]
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3.1.2 Emulsion stabilization

The dispersion of two immiscible liquids is energetically unfavoured because
emulsions have high specific surface areas and they are thermodynamically unstable.
However emulsions can be stabilized in various ways, such as adding surfactant
(surface active agent) or small particles. Surfactants are amphilic compounds which
mean they contain hydrophilic head group and a hydrophobic tail group. The
hydrophilic head group generally (excluding nonionic surfactants) ionisable and
forming hydrogen bonds. Surfactants can accumulate at interfaces (is called
adsorption) due to their amphilic structure which lowers the interface tension.
Surfactants are divided into four groups by the hydrophilic head group [Butt, H.J. et
al. 2006]:
- Anionic surfactants have a hydrophilic group which carries a negative charge,
e.g. sodium dodecyl-sulphate, C1,H,5SO4Na, SDS.
- Cationic surfactants have a positive charge in the hydrophilic part, e.g. cetyl
ammonium bromide, C;¢H33N (CHj3);Br, CTAB.
- Nonionic surfactants are not charged, e.g. sorbitan monopalmitate.
- Zwitterionic surfactants have positive and negative charge; the aggregated
charge is zero, e.g. N, N-dimethyldodecylamine N-oxide.
More than a century ago Pickering (1907) discovered that solid particles could
stabilise emulsions. The solid particles are adsorbed at the liquid/liquid interface and
created steric barriers to drop coalescence and stabilize the emulsions. To remove the
particles from the interface more energy is needed than for the surfactant stabilized
emulsions. Pickering discovered that if the solid particles wetted the water more than
they do the oil phase, O/W emulsion is created. Stabilising the emulsion through solid
particles depends on the mediums, particles size and shape, particles’ wettability and
the inter-particle interactions. Particles on the interface do not reduce the surface
tension dramatically (while a surfactant on the interface does) [Hunter, T.N. et al.
2008]. Binks et al. (2007) investigated the O/W emulsion stabilised by solid particles
and surfactant mixture. The pH of the continuous phase played an important role. Oil-
in-water emulsions are more like to be obtained with hydrophilic molecules.
The stabilization of emulsion by nanoparticles is due two one of the two main

mechanisms [Horozov, T.S. et al. 2006]:

18



-the droplet is fully covered by particles producing a layer around it and
protect against coalescence by steric (mechanical) stabilization (Fig. 3.2a),
-the droplet is partly covered by particles, creating a particle bridge between
the drops to avoid the coalescence of drops. The particle monolayer is a
product of the strong capillary attraction due to the meniscus around the
particles (Fig. 3.2b, c¢). This mechanism occurs at a low concentration of
nanoparticles for emulsion stabilization.

The forces between nanoparticles at the aqueous-non-polar interface [Bresme, F. et al.

2007] are: (i) electrostatic interactions (Coulomb, dipole), (ii)) van der Waals and

repulsive interactions, (iii) capillary forces (flotation force, immersion force) and (iv)

fluctuation force.

nisci

bridging monalayer

Figure 3.2 Mechanisms for the colloidal particles stabilized emulsions: steric
stabilization by densely packed particle layer (a) and bridging stabilization by partly
covered particle layers (b) and the menisci around the particles (c) [Horozov, T.S. et
al. 2006]

The interface between the oil and the water in emulsion is a suitable place for the self-
assembly of nanoparticles, driven by the reduction of interfacial energy. The
hydrophilic silicon dioxide nanoparticles form a monolayer at the O/W interface
under variable solution conditions [Simovic, S. et al. 2003]. Leunissen et al. (2007)
proved that it is not essential for the particles to be partially wetted by both phases.
Non-wetting particles are sitting adjacent but not in the interface.

Whitby et al. (2006) made the O/W emulsion stabilized by silica nanoparticles. The

adsorption of nanoparticles at the O/W interface is thermodynamically positive

19



because O/W interfacial energy is higher than either of the particle-liquid interfacial
energies. Whitby made a <0.2 vol % nanoparticles in the 2 vol % oil-in-water
emulsion which was stable for weeks due to the nanoparticles’ adsorption onto the
drop surface.

The studies by Horozov et al. (2005 a, b) indicated that the particle-oil interface has
electric charge and in the oil-particle suspension case the particles are attracted to the
O/W interface. The oil-water interface in the emulsion is negatively charged due to
the adsorption of hydroxyl ions (OH").

In the case of silica nanoparticles in liquid paraffin, the size of the particles is
significant for the image-force interaction. The particle interface interaction also
depends on the difference between the dielectric constants of the three phases (oil-
water-nanoparticles) [Danov, K.D. et al. 2006].

Oleic acid, stabilised hematite and CdSe/ZnS quantum dots with tri-noctylphine
coating were used to create magnetic and fluorescents emulsions. The results show
that at low hematite concentration the nanoparticles localised at the droplet surface
and at higher concentration they localised in an inner volume [Mandal, S.K. et al.

2005].

3.2 Surface- and interface tension

Adamson (1967) defined the interface tension as the unit of interfacial area created by
reversible work at constant temperature (T), pressure (p) and number of molecules
(n):

Yi2= (8G/OA) T pn 3.1)

where G is the Gibb's free energy of the system and A is the interfacial area.
Interfacial tension is energy per unit area. The interface tension (y;2) is a connection
between two phases and surface tension (y;) is a special case of it when one of the
phases is air.

The surface tension is a function of the entropy and enthalpy of interfacial structure

per unit surface area, Ass and Ah; respectively [Adamson, A.-W, 1967]:

y= Ahg =T As, (3.2)
Ahg=hg — I'ih; — I'oh, (3.3)
ASS= Sg — FiSi — FzSz (34)
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where T is the surface concentration of species i, &, and s, are the surface enthalpy
and surface entropy per unit area and h; and s; are the partial molar enthalpy and
partial molar entropy of the species i in the bulk phase. The bulk enthalpy and entropy
is different from the surface enthalpy and entropy.

The attraction between the molecules of the fluid has various inter molecular forces as
a result of which surface tension occurs. In the bulk liquid the molecular interactions
are balanced by attractive forces and each molecule is bond with a characteristic
binging energy. The molecular interactions are interrelated to the viscosity of the
fluid. The molecular interactions are stronger when the molecules are closer together.
At the surface on of the liquid phase is replaced by air which means weak interaction
due to the low density of the air. The interactions of molecules with the air are minor
and binding energy is reduced. Molecules at the surface have an excess surface
enthalpy (energy) which is equal to the number of missing bonds multiplied by the
binding energy per bond. Surface molecules have larger entropy than bulk molecules
which means positive entropy of surface formation [Adamson, A.W. 1967, Alam, K.
et al. 1999].

Molecules at the interface have stronger intermolecular interactions which mean
lower enthalpy of interface and reduced interface tension which generally less than
the surface tension of each of the phases.

Water and other polar liquids have strong intermolecular interactions which result in
high surface tension but any contamination lowers the surface tension. Water has the
highest surface tension due to the high degree of hydrogen bonding. Hydrocarbons
have low and fluorinated fluids have very low surface tension, because the fluorine
atom does not share electrons very well. This all means the chemical composition of
the fluids is an important factor to determine the surface and interface tension of

them.

3.2.1 Applications and measuring techniques of surface tension

The understanding of phenomena that occur at the interfaces has interested many
members of both the industrial and academic communities. Surface tension is
important in number of applications such as packaging, biomedicine, printing and

cleaning.
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Several methods were used to measure the surface tension of liquids. Figure 3.3
shows the various methods to measure surface tension. More details about the
methods are in Chapter 6. The method can be static or dynamic and in either case
solid particles can be involved in the fluid. The measurement of the surface and
interfacial tension by a tensiometer is based on force measurement of the interaction
of a probe with a surface or interface of fluids. In tensiometry the probe is hung on a
balance and placed in contact with a testing liquid. Two types of probes are
commonly used: DuNouy Ring and Wilhelmy Plate. Another kind of method is the
pendant drop shape analysis technique which uses the shape of a drop of liquid
hanging down from a syringe tip. It has a balance of forces. In all methods which are
used for measuring the surface tension a great deal of care must be taken to avoid any
contamination which can modify the result. Several parameters, such as temperature,
time of the measurement, dust and any contamination, can have an effect on the
surface tension. In the sessile and pendant drop method the size of the drop also has
an influence on the result. Choosing the suitable method requires a great deal of care

since each method has advantages and disadvantages.

Du Nouy ring method Capillary rise method

Pendant drop method Drop volume method

= . . Spinning drop method Sessile drop method
- - L ]

Wilhelmy plate method Bubble pressure

method

Figure 3.3 Surface tension measuring methods
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3.2.2 Nanoparticles at the interface

The adsorption of colloidal particles at the interfaces between two immiscible fluids
was investigated by Pickering (1907) about a century ago. Fluid interfaces are
complex because electrostatic and inter-particle forces create long range deformation
of the interface. Particles adsorb onto a liquid interface if the total energy is thereby
reduced. The types of interaction between the particles and two immiscible fluids
include van der Waals, solvation and electrostatic interactions. Electrostatic charges
on the particles play an important role in their adsorption at the interface of the
liquids. Vignati and Piazza (2003) suggested a mechanism of the solid stabilized
emulsions and they believe that the stabilization is due to steric hindrance or surface
rheology rather than the reduced interfacial tension of fluids. If small particles
(submicron and nano-sized) have wettability with two fluids then it can adsorb onto
the interface between them by reducing the shared area and the energy cost [Clegg,
P.S. et al. 2008]. At the interface of two immiscible fluids with nanoparticles three
kinds of interfaces are present: liquid-liquid, and two solid-liquid. Assembly of
nanoparticles is driven by the minimization of the Helmholtz free energy.

The fluid-fluid interface offers potential for assembly of nanoparticles. Nano-size
charged particles at an aqueous interface are stabilized by a repulsive Coulomb
interaction. When the aqueous phase is connected with the oil phase the particles will
exhibit long-ranged dipolar repulsion [Pieranski, P. 1980, Nikolaides, M.G. et al.
2002]. Nikolaides et al. (2002) measured the attractive interactions, between colloidal
particles at an oil-in-water interface, due to capillary forces. Dipolar interaction
causes repulsion and the interfacial distortion causes capillary attraction.
Nanoparticles in suspension/emulsion dispersed in an immiscible fluid are likely to
transfer from the bulk phase to the interface dependent on their wettability.
Hydrophilic particles can stabilize oil-in-water emulsions while hydrophobic particles
prefer to stabilise water-in-oil emulsions. The particles are saturated at the surface and
cover the interface by self-assembly.

The interactions and forces between nanoparticles at fluid interfaces are presented in
Table 3.1. In the Table R means the colloid size (radius for spherical particles) and A
means a distance of the next closest particle, which is h=d-2R for spherical particles,

d is the intercolloidal distance, atf means attraction and rep means repulsion.
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At the interface between particle and medium the main interactions are electrostatic
and van der Waals forces. The capillary interaction which is affected by thermal
fluctuations plays an important role. The last in the list are the solvation forces which
are connected to molecular information of the interface. The last column in the table

gives the particle size range in which the interaction can be of significance.

Table 3.1 Interactions at fluid and nanoparticle interfaces [Bresme, F. et al. 2007]

[nteraction Character Functionality Strength (kg 1"} Particle size
Capillary

—immersion attfrep In(R/d}) 10...10° nm... mm

—electrostatic art [a'\’..--".r."}1 1...10° 100 nm... um

—anisotropic attfrep [a‘\’.,--'}rl"]'l fig) ... 10 Jem
Electrostatic

—dipolar rep (R/d)} 10...10° nm. .. (m
Van der Waals art (R/NYy..(R/d)" 0.1...1 NMi. .. jJm
Fluctuation force

—fixed colloids  att (R/M'Z . Inlnid/R) 1 nm

—free colloids att (R/my'2 (R 1 nm
Solvation att/replosc | nm

Vafaei et al. (2006) investigated the change of contact angle of aqueous nanofluids
containing different size bismuth-telluride (average size 2.5 nm and 10.4 nm)
nanoparticles. They found that both the concentration and size had an influence on the
results; the contact angle increased with the concentration increase and with the size
reduction.

Ravera et al. (2006) conducted an experimental investigation of the changes of the
interfacial properties of liquid/air and/or liquid/liquid systems by nanoparticles with
surfactant in water. They used different concentrations of silica nanoparticles with
same amount of CTAB (hexadecyl-trimethyl-ammonium bromide) surfactant. They
found that when they increased the concentration of the nanoparticles the starting 40
mN/m value (no SiO, in water/CTAB system) changed to 70 mN/m containing 0.5
wt% Si0,. Due to the adsorption of CTAB on the particles surface in the
water/CTAB/SiO; system increased the surface tension of the system. When they kept
the nanoparticle concentration constant (1.0 wt %) and increased the surfactant
concentration the surface tension remains constant.

Scientists developed different methods to control the surface wettability. These are

stimuli-responsive materials which have surface free energy or morphology properties
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sensitive to external environmental changes such as light irradiation, electric field,
solvent and thermal treatment. The surface free energy of the substrate can be tuned,
for example the surface profile can be changed from hydrophilic to hydrophobic or
visa versa. One of the methods which are used to control the surface wettability is
light switches. It is quick and can be targeted to individual particles (Fig. 3.4). The
most studied photosensitive materials are titanium dioxide and zinc oxide. The
reversible generation of photo-generated surface oxygen defects site cause the change

of the surface wettability.

Figure 3.4 Reversible switching between hydrophobic and hydrophilic surface
behaviour, ZnO nanorods (a), lotus-like TiO, nanorods (b) and the ZnO nanorods film

before and after UV illumination (c) [Feng, X. et al. 2006]

3.2.3 Surface tension under electric field

Liquid drop under electric field changes in at least two ways:

-the shape of the drop, which is a pronounced effect and easily detectable,

-the surface tension of liquid, that is harder to detect.
One of the ways to measure the surface tension of liquid while applied field exists is
the vibrating jet mode by Sato et al. (1998), because this method does not have any

direct contact with the liquid surface. The surface tension of liquids is reduced by an
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applied electric field [Sato, M. et al. 1997, 1998]. This reduction could be due to the
macroscopic charged liquid particles repelling each other and therefore decreasing the
tension force. Bateni et al. (2005) investigated the contact angle of sessile drop under
electric field and found that the contact angle of polar fluids increased in electric field

but there was no change for non-polar fluids.

3.3 Suspension rheology

Dispersions and suspensions have been of interest to both science and industry.
Rheological science is the study of the flow and deformation of matter under applied
force.

The shear stress (¢ in Pa) is defined as the amount of force (F) applied to the sample
per unit area (A):

c=F/A (3.5)

The shear rate (y in s1) is the speed of the deformation:

y=dy/dt (3.6)
Viscosity (n in Pa s) is a property of suspension which is measure of its resistance to
flow:

n=oly (3.7)

A viscometer is a device to measure the changes in viscosity of liquids or suspensions
with varying time, shear stress or shear rate. Liquids can have Newtonian or non-
Newtonian behaviour which depends on the complex interaction including
hydrodynamic interaction between solid particles and the surrounding liquid, the
attractive and repulsive force between the solid particles and the particle-particle
interactions. The viscosity of some suspensions is dependent on the shear rate and by
this dependent the rheological behaviour can be classified. Figure 3.5 shows the
characteristic flow curves of Newtonian and non-Newtonian suspensions.

A Newtonian fluid has a viscosity that is independent of the shear rate and the
viscosity is constant with respect of time of shearing. Shear thinning behaviour
describes viscosity that decreases when the shear rate increases, and shear thickening
behaviour describes viscosity that increases with the shear rate. The Bingham fluid

behaviour means certain amount of force (yield value) needs to be applied to the

26



sample to detect the induced flow. Below this force the fluid has similar characteristic
to that of a solid. Pseudoplastic behaviour means the viscosity instantaneously

decreases when the shear rate increases.
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Figure 3.5 Rheological behaviour of suspensions: (i) Newtonian, (ii) shear thickening,
(iii) shear thinning, (iv) Bingham plastic, and (v) pseudoplastic [Rahaman, M.N.
2006]

3.3.1 Influence of forces on viscosity

Three kinds of forces co-exist to various degrees in suspensions. Firstly, the
interactions between the particles must be considered. These are controlled by the
properties of the medium such as polarizability. The forces between particles can be
either attractive or repulsive. Attraction can come from the van der Waals attraction
between the particles or electrostatic attraction on different parts of the particles. The
repulsion can come from like electrostatic charges or from entropic repulsion of the
surfactant on the particles’ surface. If the attraction is overcome the suspension
flocculates, if the repulsion wins out a dispersed system occurs. Secondly, the
Brownian motion, which is a randomising force, is strongly size dependent. Thirdly,
there are also viscous forces acting on the particles. The viscous forces are
proportional to the velocity difference between the particles and the surrounding

medium [Barnes, H.A. et al. 1993].
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Rheological measurements can give some information about aggregation in
suspensions. The rheological yield values are related to the strength of the structure or
of agglomerations which can be damaged by shear. The viscosity describes the
volume of the fluid which aggregates at the shear rate used. Rheological data also
carry information about the practical behaviour of the suspensions. In magneto
rheological fluids, for example, the magnetic interaction between particles
overshadows the van der Waals force and act over a greater length scale. Particle

structures are formed such as chains and columns [Scholten, P.C. et al. 1990].

3.3.2 Influence of particle characteristic on the viscosity

Volume fraction

Einstein’s theory of the relative viscosity (n/n;) for small spherical particles at very
low concentration (¢<0.05) is [Barnes, H.A. et al. 1993]:
nms=142.5 ¢ (3.8)
where 1 is the viscosity of the suspension,

1s 1s the viscosity of the pure medium,

¢ is the volume fraction of particles.
At this very low particle concentration the particle/medium interactions are important.
The spherical particle has rotational motion with a same velocity as the medium flow
velocity. Forces are acting on the upper and the lower hemisphere of the particle and
this makes it rotate. This rotation will be resisted by viscous forces round the particle
surface. As the overall flow is kept constant the stress must be increased, therefore the
viscosity is increased by the added particles.
At higher particle concentrations, the effect of pairs of particles also has to be
considered. If two particles are at different levels in the flow field the higher particle
will overtake and pass the particle at the lower level. If the particles are too close
together (less than 2r, where r is the particle diameter) the trajectories of the particles
will be distorted. When they have higher concentration (¢ > 0.05) the hydrodynamic
forces have to be taken into account as do the near-miss trajectories and the influence
of the particles’ Brownian motion. At higher concentration (¢ > 0.625) the increased
particle concentration and the magnitude of inter-particle forces increases the chance

and size of flocs i.e. the random close packing of particles and particle networks.
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At high concentration the particles in the suspension are at a very low shear rate, the
Brownian forces are dominating and the particles have to move around each other or
bounce off. Under these conditions the viscosity will be high but constant. At slightly
higher shear rates the velocity gradient induced an orientation of the particles’
structure and the particles can pass each other more freely, so the viscosity is lower in
this shear rate. At very high shear rates the structure is grossly orientated and the
particles form layers separated by clear layers of the medium and at this point the
viscosity is at its lowest value. This suspension has a shear thinning behaviour
[Barnes, H.A. et al. 1993].

As the concentration of particles increases, the interaction between particles during
flow which causes the viscosity changes normally increases. Krieger-Dougherty in
Eq. (3.9) shows that for spherical particles the rheological properties are directly
related to the volume occupied by the particles [Barnes, H.A. et al. 1993].
Neer={1-(@/gm) ] " (3.9)
where ¢ is the volume concentration of particles in the suspension , ¢y, the maximum
packing fraction, which is 63% for random close packing, [n] is the intrinsic viscosity,
or effective hydrodynamic shape factor, which is equal to 2.5 for spherical particles.
Therefore, if the viscosity of the medium and the concentration of the particles are
known, and the maximum packing of the particles is determined, then the viscosity of
the nanoparticle suspension can be calculated by the Krieger-Dougherty equation.
Most of the models were based on interactions between the particles and used the
same viscosity of the media in the thin film around the particles as in the bulk, which

is sometimes not a true depiction of the situation.

Particle size
Generally the particles size and size distribution of suspended solids have influence

on the suspension viscosity due to the collision and packing [Chen, S. 2006].

Particle morphology
Generally the particles geometry has influence on the viscosity. Figure 3.6 shows the

orientation and deformation of rod-like particles (a), spherical particles (b) and
particles aggregation (c) under shear [Chen, S. 2006]. Particles with different
morphology aggregate and de-aggregate in a different way.
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Figure 3.6 Schematic graph of deformation and structure break-up under the applied
force for rod-like particles (a), spherical particles (b) and aggregations (c) [Chen, S.
2006]

3.3.3 Viscosity of nano-suspensions

The stability of a nano-suspension is governed by surface and interfacial phenomena.
Nanoparticles in suspensions mostly aggregate due to the van der Waals force of
attraction if they not protected from it. The van der Waals force can be reduced by
introducing repulsive forces on the surface of the nanoparticles. Stability of the
suspension can be achieved by the introduction of repulsive forces through
electrostatic or steric stabilisation [Tripathy, S.S. et al. 2008].

BaTiOs suspension in 2-butanol-ethanol with phosphate ester surfactant has been
studied by Chartier et al. (1993). They showed that in a suspension with a low solid
concentration the electrostatic stabilization is dominant but that at high solid
concentration steric stabilisation is dominant.

Paik et al. (1998) studied BaTiOs suspension in ethyl alcohol and fish oil. They
concluded that the stability of the suspension was dependent on the solvent’s polarity
and the electrostatic surface potential of the BaTiO; particles. The stability of BaTiO;

particles suspended in organic solvent is due to the electrostatic repulsive force.
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The main portion of the rheological behaviour of a nanoparticle suspension depends
on the interaction between nanoparticles. At high shear rate the large size network-
structures are destroyed but when the shear rate decreases from the top value these
network-structures start to re-establish [Ghasemi, E. et al. 2008].

Garg et al. (2008) investigated the viscosity of copper (particle size 200 nm)
nanoparticles in ethylene glycol up to 2 vol % without surfactant and the results show
that the increase of the viscosity was four times higher than predicted by the Einstein
model (Eq. 3.8), but their data could fit to: n/ns=1+c, ¢, where ¢, ~11. There is a net
attractive inter-particle force which gives rise to the structure of networks of particles.
The rheological behaviour of a nanoparticle suspension is dependent on the solid
concentration because the interaction between the nanoparticles is inversely
proportional to the average separation distance. When the solid content increases the
nanoparticles are get closer to each other and the van der Waals forces become
dominant in comparison to the total interaction energy. The nanoparticles also form
strong networks of flocs [Lopez-Esteban, S. et al. 2007].

Chen and Ding (2007) studied the rheological behaviour of titania nanoparticles in
ethylene glycol with the nanoparticle concentration between 0.5 and 0.8 wt% the
nanofluids were found to have Newtonian rheological behaviour. Theoretical analysis
shows that the Krieger-Dougherty equation (Eq. 3.9) predicted the high shear
viscosity of spherical titania nanoparticles in ethylene glycol based nanofluid. They
show that the shear thinning behaviour of a nanoparticle suspension depends on the
particle concentration and the base fluid’s rheological character.

Hong et al. (2007) studied the rheological behaviour of the iron oxide aqueous
suspension containing surfactant. They used oleate-sodium and PEG (poly-ethylene-
glycol) as a surfactant and the solid loadings of the suspensions were up to 38 wt%.
They found that the viscosity influenced by the temperature at low concentration of
iron oxide and at higher concentration the suspension showed shear thinning
behaviour.

The dependence of suspended particles size on the viscosity was studied for Al,O3 -
(36 nm and 47 nm diameter) -water and CuO-water suspensions containing less than
4% volume fraction of nanoparticles [Nguyen, C.T. et al. 2007]. They estimated the
viscosity of nanofluids using the Einstein formula but found it did not fit. Further
theoretical investigation enabled the Batchelor equation (Eq. 3.10) to be established
[Barnes, H.A. et al. 1993].
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Me=142.5 +6.5 ¢ (3.10)
where m is the viscosity of the suspension,

1 is the viscosity of the pure medium,

¢ is the volume fraction of particles.
This equation corrects FEinstein’s formula and considers the effect due to the
Brownian motion of spherical particles. They found that the theoretical formulas
underestimated the viscosity of the nanofluids. They concluded their results as: the
dynamic viscosity of nanofluid increases with the particles volume fraction and the
particles size in Al,O3-H,O suspension at higher concentration had effect on the
viscosity [Nguyen, C.T. et al. 2007].
The rheological behaviour of nickel nanoparticle dispersion in o-terpineol with
organic surfactant was examined by Tseng et al. (2006). The solid loadings went up to
28% and the shear rates were between 1 and 1000 s™. They suggested the oligomer-
polyester molecules are adsorbed onto the nanoparticles’ surface and formed a steric
layer on it. The interparticle potential was dominated by van der Waals forces. The
stability of nanoparticles in liquid medium is determined by repulsive (steric
interaction in non-aqueous system) and attractive forces (such as van der Waals
forces).
Hwang et al. (2005) studied the rheological behaviour of titania nanoparticles
suspended in silicone oil. When the viscosity of silicone oil medium was high the

suspension of titania nanoparticles showed shear thinning behaviour.
Generally the key factors which have influence on the nanoparticulate suspension’s

viscosity are: concentration, size, shape, size distribution, surface properties of

nanoparticles and the properties of the medium.
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Chapter 4 Literature background of phenomena under
electric field and dielectrophoresis

As known from the late 19" century through studies by Lord Rayleigh liquids can
readily interact with electric fields, which can cause them to move, form jets or break
into drops. Further scientific observation made by Zeleny in the early 20" century and
forty-five years ago by Taylor. Taylor (1964) studied the behaviour of various fluids
under electric field and showed that the liquids even with low conductivity (< 107
S/m) would allow an electric charge to form on the drop surface. Liquids with low
electrical conductivity make a fundamental difference to the physical principle
governing the droplet producing process. The electrical relaxation time exceeds the
hydrodynamic time and droplet generation is possible. The electric field acts on a
liquid meniscus and works against the surface tension. When the applied electric field
reaches a certain intensity, a cone is formed from the liquid and at higher field
strengths a jet of liquid is projected from the cone tip. Repeated generation of small
and uniform liquid drops [Ferndndez de la Mora, J. 1990] is desirable for many areas
of technology.

Some nanofluids show special properties under electric field, for example
electrorheological fluids are ideal mechanical-electrical interfaces because of their
fast response time and their reversible rheological properties [Espin, M.J. et al. 2006].
This chapter presents an overview of electrical conductivity and dielectric permittivity
of nanofluids. The final part of this chapter is dedicated to dielectrophoretic

phenomena and their use in various areas of science from biology to engineering.

4.1 Phenomena under electric field

The term electrohydrodynamics (EHD) describes a range of phenomena. EHD in its
broadest sense covers the following types of particle and fluid transport mechanisms:
electrophoresis, electrorotation, electro-osmosis and dielectrophoresis.

Electrophoresis is a movement of charged particles in a stationary fluid under ac or dc
uniform electric field. Electrophoresis was discovered by Reuss in the early 19"
century, when he observed that clay particulates in water-based suspensions migrate

under an electric field. Uncharged particulate suspension carries an electric surface
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charge and electrophoresis occurs due to the specific molecular structure of the fluid
at the interface of the particles. Electrorotation takes place when the suspended
particles display angular movement under electric field. Electro-osmosis is a
movement of the diffuse ionic layer around a fixed surface charge, the fluid moving
along parallel to the fixed surface. Dielectrophoresis (DEP) occurs when a non-
uniform ac or dc electric field exists and uncharged, polarized particles are suspended

in the fluid.

4.1.1 Dielectric permittivity

James Maxwell (1831-1879) formulated the concepts of permittivity and permeability
to serve as constants in his equations which described most electro-magnetic
behaviour. Permittivity (¢) is a measure of the ability of a material to be polarized by
an applied electric field. A given amount of material with high permittivity can store
more charge than a material with lower permittivity. Permittivity, also called electric
permittivity, is a constant of proportionality that exists between electric displacement
and electric field intensity. This constant is equal to approximately 8.85:107"* F/m in
free space (vacuum). In other materials it can be lot different, often substantially
greater than the free-space value, which is symbolized &,. In applications, permittivity
is often expressed in relative, rather than in absolute, terms. If g, represents the
permittivity of free space and & represents the permittivity of the substance in
question, then the relative permittivity &, is given by:

e=c/g “4.1)
Relative permittivity also called dielectric constant and the complex permittivity is a
function of frequency (®). The response of materials to alternating field is
characterized by a complex permittivity, which have real and imaginary parts:

g(®) = £ (o) +ie™ (o) 4.2)
where: € is the imaginary part of permittivity which is related to the dissipation or
loss of energy within the medium, and € is the real part of permittivity which is
related to stored energy within the medium.

Under AC electric field the frequency of the signal comes into play and the
polarization phenomena can be different at different frequencies [Maex, K. et al.

2003]. At different frequencies three polarization phenomena occur as shown in Fig.
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4.1. At 10° Hz the maximum frequency for orientation polarization above this
frequency distortion and electronic polarization occurs and in the order 10" Hz
resonance frequency for distortion polarization. At 10"° Hz the resonant frequency of

the electronic polarization occurs.
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Figure 4.1 Schematic diagram of the real and imaginary parts of permittivity of fictive

material [Maex, K. et al. 2003]

Saimoto et al. (1999) studied suspensions of micro and submicron-metre size silica
particles in silicone oil under shear and electric field. They found that the relative
permittivity of pure silicone oil was independent of the electric field strength and
shear rate. The relative permittivity of suspensions containing silica particles (630
nm) and water (2 wt %) were found to decrease with an increase in the field strength
(1-4 kV/mm). When silica particles (75 um) are suspended in silicone oil and water (7
wt %) the results show that the shear rate was nearly constant at different electric field
strengths (1-4 kV/mm).

Hallouet et al. (2007) investigated a composite of magnetite nanoparticles in an epoxy
resin and they found that the result of their permittivity measurement could not be
described by any models due to the formation of agglomerates. The ferromagnetic
resonance occurs at 3 GHz and they found that it is independent of the particle

concentration.
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4.1.2 Electrical conductivity of nanofluids

The transport of nanofluids under electric field is important in several microfluidic
applications including dielectrophoresis. The nanofluids and the discovery of their
unexpected and sometimes unconventional properties require interdisciplinary
expertise.
Nanoparticles tend to agglomerate if they are not prevented from doing so with
functionalization or surface coatings. This leads to uncertainties in the effective
particle size, particle numbers and inter-particle spacing in nanofluids. Perhaps as a
consequence the overall behaviour of such fluids cannot be explained effectively by
existing models based only on the volume fractions and the physical properties of the
individual phases [Wen, W. et al. 2003, 2008, Gong, X. et al. 2008]. Some different
models have been discussed to explain some of the unusual properties of nanofluids
[Choi, S.U.S. 2009].
-Nano-layer of liquid molecules by Yu and Choi (2003).The ordered liquid
nano-layer create a “bridge” between the nanoparticles and the base fluid. This
is a static model.
-Percolation theory. Foygel et al. (2005) used Mont Carlo simulations to show
that the percolation can start at very low concentrations (0.01 vol %).
-Brownian motion of nanoparticles. This is a dynamic model which closer to
the reality because a nanofluid is a dynamic system even if the fluid is
stationary but the nanoparticles have Brownian motion.
-Nano-convection. Xuan et al. (2006) develop a model with static and dynamic
terms which take the nanoparticles size into account and their work shows that
the nano-convection effect is stronger when the particles’ size < 30 nm. Koo et
al. (2004) explain the effect of fluid dragged by nanoparticles in their
theoretical model. Patel et al. (2005) use the Brownian motion, nano-
convection and special specific surface area of nanoparticles to explain the
behaviour of nanofluids.
One possibility for the unexpected behaviour of nanofluids is the short range particle—
fluid attraction through excess fluctuations in the potential energy. The aggregates in
the nanofluid under electric field are interconnected particles and the physical contact
of particles in this network provides higher electrical conductivity. The agglomerates

capture some fluid on the particle surface and this entrapped fluid could behave like a
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solid which effectively may change the solid volume fraction. From another point of
view the entrapped fluid on the surface of the particles could act as a shell around the
particles providing different electrical properties than the particle had originally. The
agglomeration-deagglomeration kinetics [Chakraborty, S. et al. 2008] of the solids
with electrorheological style ordered chains could be the explanation of the increased

electrical conductivity behaviour of nanofluids.

4.2 Dielectrophoresis

Dielectrophoresis (DEP) was first reported by H.A. Pohl at Princeton University in
the early 1950s and defined as “the translational motion of neutral matter caused by
polarization effects in a non-uniform electric field” [Pohl, H.A. et al. 1977].

If the uncharged particle with the ability to become polarized is placed in a non-
uniform electric field the particle will experience a net force due to electric field
gradient and move toward to the highest/lowest field intensity.

The motion is dependent on how polarized the particle becomes compared to the
liquid medium. If the particle is more polarizable than the medium the particles move
toward the higher electric field which called positive dielectrophoresis. If the medium
is more polarizable than the particles the particles will move away from the high
electric field this called negative DEP. Both variations are seen in Fig. 4.2.

Figure 4.2 (a) and (b) shows electrophoresis in a uniform electric field when the
particle is more polarizable than the surrounding medium (a) and the particle less
polarizable than the fluid around it (b). Figure 4.2 (c) and (d) shows positive and
negative dielectrophoresis in non-uniform electric field respectively. The particle on
Fig. 4.2c is more polarizable than the surrounding medium and it is moving towards
the region of higher field strength; the particle that is less polarizable than the fluid

(Fig. 4.2d) is moving towards a region of lower field strength.
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unifrm field — no DEP

non-uniform field— DEP!

e

positive dielectrophoresis

Figure 4.2 Schematic graph of electrophoresis in uniform electric field (a, b) and
positive (c) and negative (d) dielectrophoresis in non-uniform electric field [Morgan,

H. et al. 2003]

4.2.1 Application for dielectrophoresis

In the last decade DEP received increased interest from research and industry. State-
of-the-art research involves dielectrophoretic methods in biological, medical and
pharmacological fields. The main use at the moment for DEP is the manipulation of
biological cells, viruses, proteins and DNA [Pethig, R. et al. 1997].

Suehiro and Pethig (1998) used a three-dimensional grid electrode to move cells by
positive or negative DEP. To allow visual observation indium tin oxide electrodes
were used. They also controlled the electrode size and the applied frequency in ac
electric field. Cells under AC electric field behave like dielectric particles and this
enables DEP to use them.

Velev and Kaler (1999) used positive and negative DEP for microscopic biosensor
application. Gold nanoparticles with an active antibody were selected out from other
types of particles by DEP.

One of several DEP techniques used is flow separation, whereby a fluid carries two
types of biological particles, one of which duly migrates to the electrode or vessel and

another of which passes through with the flow.
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Particle motion can be achieved with both ac and dc non-uniform electric fields which
makes DEP an important tool for manipulation, transport, trap, separation and
characterization of micro- and nano-size particles in physical, chemical and biological
research.

An example chemical application for the DEP manipulation of particles is given in
Flores-Rodriguez, N. and Markx, G.H. (2006). They studied low concentration (0.01—
1.60 w/v %) aqueous suspensions of 3 pum size barium titanate particles. The
suspension showed positive dielectrophoresis over 1 kHz—20 MHz frequency range.
When amphoteric molecules HEPES (N-[2-hydroxyethyl] piperazine-N-4-[2-
ethanesulfonic acid] were added at low concentration (0.57 M), the suspension of BT
particles showed positive DEP. However, when the concentration of ampholytes was
high (0.71 M), the BT particles behaviour changed over a frequency 100 kHz and the
BT particles showed negative DEP which means the particles accumulated in
different position than in the previous case.

An example physical application is given by Krupke and co-workers (2003). They
managed to separate semi-conducting tubes from a suspension of mixture of metallic
and semiconducting single-walled carbon nanotubes. In a non-uniform AC electric
field the difference between the relative dielectric constants of metallic and semi-
conducting nanotubes made the separation occur. The semi-conducting nanotubes
remained in the suspension while the metallic nanotubes attached to the surface of the

electrodes.

4.2.2 Particle dynamics in fluids

Forces acting on particles and the surrounding fluid are:

-random or stochastic force (Brownian motion, diffusion), little control over it,
-deterministic force (gravity), more control over it,

-forces on nanoparticles: viscous drug due to fluid movement so-called
electrohydrodynamic (EHD) forces, gravity, viscous (Stokes drag) forces and
electrical force,

-particles suspended in a medium have a long-range attractive force such as
van der Waals force or Hamaker force. The van der Waals force includes three

forces (orientation or Keesom interaction force, induction or Debye force and
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London dispersion force) and the extent of the total force depends on the

interacting particles,

-forces on fluid are: local variation of permittivity and conductivity gradient in

the charge density of the fluid cause electro-osmosis which is origin in the

Coulomb force.
The two main kinds of EHD forces are: electro-osmotic force, which causes fluid
pumping. This is happens above the electrode surface between the diffuse double
layer and the tangential electric field. The layer around the particle forms a “shell”
with its own dielectric properties. In certain situations the electro-osmotic force could
be similar to or larger than the DEP force which causes fluid movement across the
electrode from the edge to the centre. The insulator layer coating on the electrode can
avoid the negative effect of electro-osmotic force. Mobile charge is found in the
electric double layer close to the surface. The thickness of the double layer calculated
and showed that it is very small compared to the size of the particle in oil. This
depends on the fluid, measured as the Debye length.
The second EHD force is the electro-thermal force which causes fluid convection. A
localised heating point in the medium causes local differences of conductivity and
permittivity of the medium. Under DC electric field with needle and plate electrode
configuration the space charge creation occur in the fluid. Close to the fluid-metal
(electrode) interface charge injection occurs especially in the tip of the needle because
it has the highest electric field. The injected charges have same polarity as the needle.
The tip of the needle has a highest electric field and generated electric power which
generates heat due to Joule effect. This heat creates a temperature gradient and makes
the fluid flow. Due to this temperature: gradient viscosity, permittivity and
conductivity gradients occur. Under tangential DC electric field double layer occurs
on the electrode surface. The movement of ions (charges) in the fluid cause electro-
osmotic flow.
EHD flow depends on the geometry of the vessel, the electrode set up, field strength
and the fluid properties [Morgan, H. et al. 2003].

Particle motion under DEP is ruled by an equilibrium balance of forces: DEP force,

buoyancy force, Brownian force and drag force [Morgan, H. et al. 2003, Cameron, N.

et al. 2004, Thwar, P.K. et al. 2007].
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FroraL = Fpep (a) + Fpuoyancy (b) + Ferownian (¢) + Fprac (d) (4.3)

a; Dielectrophoretic force

Fpep= 2 r'enRe [K(®)]VE? (4.4)
K(0)=(& m- & p)/(& p+2€ m) (4.5)
£ = &-j(c/m) (4.6)

where Fpgp is dielectrophoretic force, r is particles radius, K(w) is the Clausius-
Mossotti factor, R. [K(m)] is the real part of Clausius-Mossotti factor, € m and s*p are
complex permittivity of medium and particles respectively, ® is angular frequency, j
is imaginary number and o is conductivity. The magnitude of Fpgp depends on: the
particle’s size, the conductivity of the medium and the particle, and the electric field
strength. The magnitude of the electric field and the size of the particles have the
biggest impact on Fpgp and the relationship is Fpgp a E? and size of the particles is
Fpep o . The force of DEP is related to the mediums properties this why it is
important to choose a suitable medium. Fpgp could be higher if the difference
increases between the properties (conductivity and permittivity) of the medium and
the particles. The Fpgp is linearly related to the volume fraction of the particles (Fpgp
ar ), the Fpgp is directly related to the permittivity of the medium (Fpgp a €&,) and
Fpep is related to the magnitude of the Clausius-Mossotti factor. The term R. [K(®)] is
the real part of Clausius-Mossotti factor which varies between -0.5 and +1, depends
on the properties of the particles and the medium. If it is positive it means positive
DEP, and when it is negative it means negative DEP [Cameron, N. et al. 2004].

b; Buoyancy force

Fauovancy=4/3g mr’(pr-pp) (4.7)

where g is acceleration due to gravity, pr and p, are fluid and particle densities
respectively.

¢; Brownian motion

The Brownian motion can be studied through diffusion constant (D)

D=(kgT)/(6mnr) (4.8)
where kg is Boltzmann constant and T is temperature.

d; Drag force

Fprag=6mnr(vs-vp) 4.9)
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where r is particles radius, n is fluid viscosity and v; and v, are velocities of fluid and

particles respectively.

4.2.3 Polarization of particles and fluids

Five different polarizations take place in a liquid under AC electric field with variable
frequency: electronic, atomic, orientational, interfacial, counterion. Figure 4.3 showed
the different polarization for polarizable particle under ac electric field.

Polarizations occur below the relaxation frequency and above that they disappear
because they have not had enough time to establish. Electronic polarization (or
atomic) occurs due to the atomic structure so can apply to any material. Under an
electric field the electrons move and so they are no longer in the centre. Orientation
polarization: this mechanism occurs in liquids and gases where the dipoles can rotate
freely. Under an electric field aligns the dipoles and induces the polarization. Interface

polarization: under an electric field bulk transport of charges occurs by surface

migration.
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Figure 4.3 Schematic graph of the different polarization of a dielectric particle which

occurs at different frequency [Demierre, N. 2008]
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4.2.4 Droplet manipulation

William Gilbert in the 17" century first reported the formation of a conical meniscus
when he brought an electric field (electrified piece of amber) close to a drop of water.

An interface created between two immiscible fluids, one is an insulator or dielectric
liquid, and another is a conducting liquid. The electrically charged interface reaches a
certain level when it becomes unstable and generates a rounded shape conical
phenomenon called a Taylor-cone. From this cone a steady jet can be created which
can break up into charged drops or so called electrospray [Fernandez de la Mora, J.
2007]. Taylor (1964) studied the phenomenon and explained the conical shape of the
meniscus with the balance of electrical and surface tensile stresses. In the Taylor-cone
(semi angle 49.3°) the electrostatic forces are balanced by the surface tension of the
fluid and the jet arises from the tip of the cone where the field is a maximum. A
steady jet is created from the tip of the cone in a certain range of applied voltage and
the jet eventually breaks up and forms charged droplets in micro-size range. Barrero
et al. (2004) used this technique to produce emulsion inside the dielectric liquid bath.
Figure 4.4 shows the glycerine jet in hexane and the jet could break up into drops and

then the emulsion created.

Figure 4.4 Glycerine cone jet in hexane bath [Barrero, A. et al. 2004]

The charge of the droplets has the same polarity as the needle electrode and the
diameter of the droplets depends on the fluid’s properties. Fernandez de la Mora
(2007) showed the charge and structure of the jet also depend on the characteristics of
the tip of the cone. Higuera (2003) suggested that the viscosity is irrelevant to the jet
formation but the break-up of the jet involves viscosity which is present when more

viscous liquid jets create bigger drops.
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Dielectrophoresis is suitable for droplet creation and manipulation. Table 4.1 shows
the different techniques for droplet manipulation. Each of them has pros and cons and
is suitable for different applications. One of the advantages of using dielectrophoretic
forces to manipulate droplets and particles is the small volume range while the
disadvantage is that the liquids’ properties have to form a suitable combination

electrically and rheologically.

Table 4.1 Comparison of droplet manipulation techniques

ADVANCES DISADVANTAGES
DIELECTROPHORESIS electronic control small forces
no surface contact strongly depend on the fluids properties
interactions inside of droplet
MECHANICS/ electronic control surface contact
ACOUSTICS flexibility wetting angle hysteresis required
fast droplet transport
MICROFLUIDIC CHANNEL | high throughput low flexibility
surface contact
micro structuring of channel network

Heeren et al. (2007) showed the manipulation of micro-channel nanoparticles
suspended in fluids by electro-osmosis in the first part of the channel by a set of large
electrode with gaps and the second part of the channel the small DEP electrode pulls
the particles toward to the edges of the electrodes. The DEP is a short-range
interaction which can move the particles from the surrounding area but to mobilize
the suspension from further away it was necessary to use long-range interaction
(electro-osmosis) to induce circulation in the micro-channel.

In two immiscible fluids, hydrodynamic force micro-flow can create a core-shell
structure or coating on droplet. Ganan-Calvo et al. (1998) studied a coaxial jet flow of
water with black ink and silicone oil and the flow injected through coaxial needles.
The result was silicone oil covered black ink drops. Later Cohen et al. (2001) used
this technique to coat micro-particles (Fig. 4.5).

Loscertales et al. (2002) produced core-shell particles via electrified coaxial jets.
Capillary flow occurs when forces are stretched at the fluid interface - without it
breaking - until it reaches the required dimension and by the capillary instabilities
break to mono-disperse particle size. The same technique can be used to produce very
thin fibres due to the early solidification of the jet which does not allow drops to be

produced. This is called electrospinning.
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Figure 4.5 Schematic“;di;gram of selective withdrawal apparatus (a) and creation of

oil coated water jet (b) [Cohen, L. et al. 2001]

Millman et al. (2005) showed a controlled on-chip droplet micro-reactor which used a
synthesis of eyeball-like particles. The movement involved assembly, encapsulation
and polymerisation. The manipulation used DEP forces in non-uniform electric field.
The shape of the liquid cone is a result of the balance of pressure, surface tension,
gravity, electric stress and viscosity.

The size of the droplet or capsule has a size limit for example for medicines which
need to move through the intestine wall it cannot be larger than couple microns but to
flow in the blood stream and be undetected by the immune system it should not be
smaller than 400 nm [Barrero, A. et al. 2007]. To produce the capsules an
encapsulating agent which is usually liquid (i.e. polymer) is required; the interior
medicine can be solid or liquid. To make micrometric size fluid flow there are usually
two options. One of them is to force the fluid through a pipe, which has some size
limit and under a certain inert diameter the pipe will clog up. The second option is to
use external forces, possibly surface tension, fluid dynamic forces or electrical or

magnetic forces.
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Chapter 5 Experimental nanoparticle synthesis and
characterization

The first part of this chapter will present the experimental synthesis of different kinds
of nanoparticles and review the characterization methods. The second part of this
chapter concerns the electrophoretic characterization of water-based nanofluids. The
final part of this chapter explains the spray drying system which is used to isolate the

fragile core-shell structures made by DEP technique.

5.1 Sol-gel technique

The sol-gel process is a wet-chemical technique for the fabrication of materials
(typically a metal-oxide) starting from a colloidal system, through hydrolysis of liquid
precursors and condensation and network of the gel forms.

Formation of a metal oxide involves connecting the metal centres with oxo (M-O-M)
or hydroxo (M-OH-M) bridges, therefore generating metal-oxo or metal-hydroxo
polymers in solution. The drying process serves to remove the liquid phase from the
gel thus forming a porous material. The sol-gel is a reasonably cheap and low-
temperature technique that allows for the fine control on the product’s chemical
composition. The following equations show the general synthesis route from the
colloidal solution to the final powder. Eq. 5.1 and 5.2 show the hydrolysis and
condensation steps and the result is wet gel. Through the Eq. 5.3 the water
condensation and the following step is the drying and calcinations step to get the

metal oxide fine powder.

M-O-R + H,O = M-OH + R-OH (Hydrolysis) (5.1)
M-OR + M-OH = M-O-M + R-OH (Alcohol condensation) (5.2)
M- OH+ M-OH = M-O-M + H,0 (Water condensation) (5.3)

where M is the metal and R is the alcohol group (e.g. ethoxy group).
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5.1.1 Synthesis of solid silica nanoparticles

The sol-gel synthesis route described by Park et al. (2002) was chosen to make solid
silica in this thesis. Figure 5.1 shows the modified synthesis route to produce silica

nanoparticles with controllable size.

EtOH / H.O TEOS
Ultrasonic bath\ Sol in the two neck flask

55°C,10min with reflux

Added drop-wise

Ultrasonic bath, 2hrs

NH,OH added With | pely [ Viscous sol |

various feeding rate
l pH check till reach pH 10

’ Precipitated silica nanoparticles ‘

1 Centrifugation

’ Separated solid silica nanoparticles ‘

Dry, 80 °C, 24 hrs
Calcine, 500°C, 2 hrs

’ Solid silica nanoparticles ‘

Figure 5.1 Schematic graph of synthesis route of solid silica nanoparticles

The ethanol and the distilled water were mixed in a two-neck flask in a heated
ultrasonic bath. Temperature and time were closely controlled. The tetracthyl
orthosilicate (TEOS) was added drop by drop into the mixture by burette and the
solution was stirred in the ultrasonic bath for 2 hrs, and then the ammonium
hydroxide was added with variable feeding rates (0.03-0.1 ml/min) by burette and
during the whole process reflux was used. The precipitated particles were centrifuged
to separate them from the fluid and then dried in an oven at 80 °C for 24 hrs, and then
calcined in a furnace at 500 °C for 2 hrs. Different reaction conditions such as NH;OH

feed rate and temperature result in different sizes of the final nanoparticles.
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5.1.2 Hollow SiO, synthesis

The process used to make hollow sphere silicon dioxide nanoparticles is a
combination of sol-gel process and water-in-oil (W/O) emulsion [Li, W.J. et al. 2002,
Lopez, H.J.O. 2004]. The following equations (Eq. 5.4-5.6) show the special reactions

in the case of silicon dioxide synthesis by sol-gel technique.

n Si(OC,H5)4+H,0 = n Si(OH)4 + 4n C,HsOH 5.4
n Si(OH)4 = n SiO; + 2n H,O (5.5)
n Si(OC,H5)4+2n H,O =nSiO; + 4n C,HsOH (5.6)

where n is the number of molecules.

The main synthesis process was showed in Fig. 5.2.

TEOS/IPA/H20/HNO;
as water phase

Stir, 50°C,1h

. Emulsion, Kerosine/Span80
- Teflon beaker |~ u—— as oil phase

l Stir, 80°C,1h

Precipitation

lWash with acetone, IPA and water

Hollow microspheres
and surfactant residue

Dry, 120 °C, 12 hrs
Calcine, 700°C, 8 hrs

Hollow silica microspheres

Figure 5.2 Schematic graph of synthesis route of hollow silicon dioxide particles

For the water phase: TEOS, H,0, isopropanol (IPA) and nitric acid (HNO3) were
mixed at the molar ratio of 1: 4: 3: 0.01. The solution was vigorously stirred at 50 °C
for 60 min. For the oil phase, kerosene and sorbitan monooleate (Span 80) were

mixed at 3:1 molar ratio and mixed with the water phase in a Teflon beaker and
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stirred at 80 °C for 60 min. It was then washed three times with acetone, isopropanol
and water; dried in vacuum oven at 120 °C overnight, and finally the powders were

calcined at 700 °C for 8 hrs in a furnace.

5.2 Hydrothermal technique

The term “hydrothermal” comes from the earth sciences (geology), where it implied a
regime of high temperatures and water pressures. Typical hydrothermal research
needs a moderately high temperature and high-pressure apparatus called “autoclaves”.
Hydrothermal synthesis involves water both as a catalyst and occasionally as a
component of solid phases in the synthesis at elevated temperature (< 200°C) and
pressure (> a few atmosphere). For hydrothermal experiments the requirements for
starting materials are: -accurately known composition,

-as homogeneous as possible,

-as pure and as fine as possible.
The hydrothermal technique can control the particle size and shape of the produced
powder through the selection of precursors and the control of the reaction time and

temperature.

5.2.1 BaTiO; nanoparticles synthesis

Hydrothermal synthesis, described by Clark et al. (1999), was modified and optimised
to produce the BaTiO; nanoparticles. The synthesis was carried out in an autoclave.
The autoclave used in this project consists of a 45 ml PTFE liner that was surrounded
by a screw top steel casing. In this study one of the aims is to produce BaTiO3
nanoparticles with controlled size by hydrothermal method. The starting precursors
were anatase (TiO;) and Ba(OH),8H,O. The powders obtained by hydrothermal
synthesis and then washed with formic acid to dissolve any possible BaCOs. Powders

were finally centrifuged and dried at 100 °C 24 hrs.
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5.2.2 PZT particles synthesis

Hydrothermal synthesis described by Deng et al. (2003) was optimised and used to
prepare PZT nanoparticles. The synthesis was carried out in the Teflon lined
autoclave and placed in the oven at 160-200 °C for 1-4 hrs. The starting precursors
were ZrOCl, 8H,0 (5.56 mmol), Pb(NOj3), (8§ mmol), TiO; (3.85 mmol), KOH (0.16
mol) and distilled water. Powders obtained were washed with distilled water and
ethanol three times. Nanopowders were finally centrifuged and dried at 80 °C for 12

hrs. PZT particles with different sizes and new morphologies were synthesised.

5.3 Wet chemical synthesis technique

Chapter 2 provided an overview of the techniques and synthesis methods used to
synthesise metal and metal oxide nanoparticles. Different wet chemical synthesis
methods were suitable for the synthesis of metal nickel and iron oxide nanoparticles.
Chapter 5.3 contained the synthesis of nickel and iron oxide nanoparticles and core-

shell particles.

5.3.1 Synthesis of iron oxide nanoparticles

Magnetite nanoparticles were synthesized by the method described by Shan et al.
(2005). 23.5 g FeCl36H,0 and 8.6 g FeCl,4H,0O were dissolved in 600 ml deionised
water under N, with mechanical stirring at 800 rpm and 85 °C and then quickly added
30 ml of 7.1 M NH4OH. 16 ml of oleic acid in 30 min was added to the suspension in
drop form. The magnetic precipitate was separated by magnetic decantation and
washed with deionised water. The magnetic precipitate was modified with about 4 ml
of 7.1 M NH4OH to form hydrophilic magnetic nanoparticles. Magnetite
nanoparticles were monodisperse in an aqueous solution. The washed precipitates

were dried in vacuum oven at 40 °C for 12 hrs.
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5.3.2 Synthesis of nickel nanoparticles

A modified wet-chemical synthesis described by Choi et al. (2005) was used to
produce spherical nickel nanopowder, star-like nanoparticles and flower-like micro-
particles through the control of reaction temperature and ageing time. Figure 5.3
shows a flow chart of the synthesis procedure of spherical nickel nanoparticles,
nanostars and microflowers. The nickel-metal nanoparticles were prepared by the
thermal decomposition of Ni-hydrazine complexes and subsequent reduction of Ni
ions. Nickel acetate (0.1 mol) aqueous solution was heated up to 50 °C and then
hydrazine (0.25 mol of N,H4H,0) was added to the solution with vigorous stirring.
The solution was heated up to 65 °C, which results in light violet precipitate. When
the solution was cooled to 50 °C, an aqueous solution of sodium-hydroxide (0.3 mol)
was added to it. To obtain the spherical nanoparticles, the solution temperature was
then increased to 55 °C and remained at 55 °C for 1 hr. To obtain nano-sized nickel
stars, to the Ni-hydrazine complex added an aqueous solution of sodium-hydroxide
(0.1 mol) and then the solution was heated to 70 °C and remained for 3 hrs. When the
solution was aged for 24 hrs at 70 °C, the product was micro-sized nickel flower (see
Figure 7.4). The precipitated particles were retrieved by centrifugation. The formed
black Ni precipitate was finally washed five times with distilled water and dried at 40

°C in the oven overnight.

Ni(CH,C00),.2H,0+H,0
starting materials

N,H,H,0 l

[Ni(NH,)¢](CH,COO),,
[Ni(N,H,),](CH,COO0),

complex formation
\ temperature

Ni(OH),
Ni main branch

Ni(OH), \

l Ni nano-star %
\

Spherical Ni nanoparticles
Ni micro-flower 4:}
050 %

Figure 5.3 Schematic illustration of the possible formation process of the spherical

nickel nanoparticles and Ni nanostar- and microflower-structures
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5.3.3 Preparation of Ni- and Fe;0, - coated SiO,, BT, and PZT
particles

Figure 5.4 (a) shows a flow chart of the synthesis procedure of core-shell structures.
Si0,, BT or PZT core particles were suspended in deionised water in a volumetric
flask and the particle concentration was 0.1 g/l. The suspension was then placed in an
ultrasonic bath for 30 min. At this point, the pH of the suspension was adjusted by
adding HCl or NaOH to the value given by the measurement of zeta potential.
Similarly, in another volumetric flask, Ni or Fe;O,4 particles were suspended in
deionised water. The suspension was also placed in an ultrasonic bath for 30 min and
the pH of the suspension was adjusted as for the core solutions. Based on the
measurements of zeta potential of particle colloids in water, core and shell particles
would produce opposite surface charges at the certain pH regions. The core and shell
particle colloids with such pH values were then mixed and placed to the orbital shaker
for 30 min. The electrostatic force on the surfaces of the core and shell particles
would make the attraction of different charged particles to each other and thus form a
core-shell structure (Fig. 5.4b). The core-shell particles were dried in the oven at 40
°C.

The core-shell nano-composites were fabricated using the immobilization of prepared
magnetic Ni or Fe;O4 nanoparticles on the surface of SiO; or ferroelectric BaTiO3 or

Pb(Zr,Ti)Os3 particles by adjusting pH values in order to control their zeta potential.

Aqueous solution of Aqueous solution of
the core particles(SiO,) the shell nanoparticles(Ni)
Sonicator bath, Sonicator bath,

pH check pH check

Mix the core and the shell solution and place
in to the orbital shaker

|

Core-shell nanopowder
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Coated core-shell structures

b;
Figure 5.4 Flow chart of the synthesis procedure of core-shell structures (a), the
electrostatic force on the surfaces of the core (right vessel) and shell (left vessel)

particles (b) they attract each other and thus form a core-shell structure

5.4 Zeta potential

Materials acquire a surface electric charge when brought into contact with polar
medium, possible charging mechanisms being ionization, ion adsorption and ion
dissolution. This surface charge manipulates the distribution of closest ions in the
medium. Oppositely charged ions are attracted to the surface and ions of same charge
are repelled from it. This motion and the thermal motion lead to the formation of an
electric double layer which is made up of the charged surface and the oppositely
charged ions in the medium. The electric double layer can be considered to consist of
two regions: an inner region which may include adsorbed ions, and a diffuse region.
Zeta potential is a measure of the magnitude of the repulsion or attraction between
particles. The measurement of zeta potential is an important parameter across a wide
range of industries including ceramics, pharmaceuticals and water treatment. Zeta
potential depends on the pH, concentration of particles in the solution.

The zeta potential is the electrical potential representing the difference in voltage
between the surface of the diffuse layer and the medium. The zeta potential can be
calculated from measurements of particle movement within an electrical field

(electrophoretic mobility). Mobility is defined as the velocity of a particle per electric
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field unit and is measured by applying an electric field to the dispersion of particles
and measuring their average velocity. Figure 5.5 shows the inside of measurement
cell. Depending on the concentration of ions, either the Smoluchowski (for high ionic
strengths) or Hiickel (for low ionic strengths) equation is used to obtain the zeta
potential from the measured mobilities [Sherman, P. 1968, Shaw, D.J. 1999].

When two colloidal particles with same charge approach each other, their diffuse
layers begin to interact and result in repulsive forces. The balance of the two opposing
forces, electrostatic repulsion and van der Waals attraction, explains why some
colloidal systems agglomerate while others do not. Particles with same charge have
repulsive electrostatic forces which keep them apart but when the van der Waals force

becomes dominant the particles will aggregate.

Inside of the cell (measurement container)
Sliding surtace

lon diffusion layer containing
zeta potential

Solution
Migration
bed layer

lanic stationany
{ion fixed layer bed)

Figure 5.5 Schematic presentation of the inside of the measurement cell [Malvern].

5.5 Surface- and chemical-characterization techniques for
nanoparticles

Transmission electron microscopy (TEM) was performed on a Philips CM 20
operating at 200 kV, and scanning electron microscopy (S-FEG SEM) was performed
on a Philips XL30. X-ray diffraction (XRD) studies used standard XRD 0-20
measurement in the range 20 = 20°-90° on a Siemens D5005 diffractometer using
CuKa radiation and a Goebel mirror. The crystallite size is determined from the X-ray
line broadening using Scherrer formula given by D = 0.9 A / S cos 8, where D is the
average crystallite size, A is the X-ray wavelength used (1.5406 by, [ is the angular
line width of half maximum intensity and 6 is the Bragg’s angle in degree. Lateral
diameters of crystal grains on the film surface were made using a Digital Instruments

Nanoscope Illa Atomic Force Microscope (AFM) in intermittent contact mode. The
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pH values of particles in water were measured using a Jenway 3540 pH meter.
Electrophoresis measurements were performed using a Malvern Zetasizer 3000. The
magnetic properties of the products were characterized using a Princeton
Measurements Corporation vibrating sample magnetometer (VSM) in Cambridge
University by Drs C. Israel and N.D. Mathur. The chemical composition analysis of
the samples is measured by Energy-dispersive X-ray spectroscopy (EDX) which was
able to identify which elements are contained in different parts of the sample. This is
Philips XLL30 SFEG equipment with EDX detection system. The Optical Microscopy
was performed on a Nikon Optiphot (Bauner Scientific Ltd) with a 40x maximum

magnification.

5.6 Spray dry technique

The silicone oil core-polymer shell produced by DEP manipulation technique and
sprays dried by Biichi 190 Mini Spray Dryer (Biichi AG, Flawil, Switzerland). The
spray dryer operates on the principle of nozzle spraying in parallel flow, which means
the product and the air flowing in the same direction. Figure 5.6 shows the drying air
flow and the principle of the system. The electrostatic force on the surfaces of the core
and shell materials causes the attraction of different charged particles to each other
and thus forms a core-shell structure. The oil-in-water emulsions produced by DEP
contains polymer in the water phase. The spray dryer is heated to 160 °C (inlet
temperature), the spraying rate was set at 3-4 ml/min, the outlet temperature was

measured at around 95+5 °C and the spray airflow was set at 800 1/h.

m‘:l (1) Alrinlet [optional with attached inlet filter)
I_® _“J — ~ (2) Electric heater
I i3) Concentric inlet of the hot air around the
@) l ? spray nozzle

Il @ Spray cylinder

I@] (5) Cyclone to separate paricles from gas
stream
L (&) Product collection vessel
(7) Outlet filter

(B) Aspirator to pump air through system

Figure 5.6 Functional principle of the drying air in spray dryer [Biichi]
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Chapter 6 Experimental of nanofluid characterization

The following chapter will present experimental methods used to characterize
different kinds of non-aqueous nanofluids. The first part explains the rheological
characterization of nanofluids and the second part of this chapter presents the surface
tension measurement of pure fluid and nanofluid by two types of measuring
technique: the Wilhelmy-plate method and the pendant-drop test. The final part of this
chapter explains the electric characterization of nanofluids such as electrical
conductivity and permittivity measurements and dielectrophoretic manipulation

technique set-up.

6.1 Rheological characterization of nanofluids

Nanofluids were prepared by dispersing a known amount of oil with nanoparticles at
10, 20 and 30 g/l concentrations and then placing the suspensions in an ultrasonic
water bath for 30 min. The fluids used were silicone oil (Dow Corning 200/50cS,
viscosity 50 ¢St and specific gravity 0.96) and FC70 oil (viscosity 12 ¢St and specific
gravity 1.94). No surfactants were used in the suspension formulations. The
suspensions were found to be stable and there was no observable sedimentation over a
period of three hours. Rheological measurements were performed directly after the
preparation of the suspensions at 255 °C) using a Bohlin CVO rheometer (Malvern
Instruments) with cup-bob geometry (C14 cell). The measurements were based on the
controlled shearing model at shear-rates ranging from 0.10-10 s™. Calibrations against
standard solutions were performed on a daily basis over the course of this work to

ensure measurement accuracy.

6.2 Surface tension measurement by Wilhelmy method

DST 500 Dynamic Surface Tensiometer was used to measure the surface tension of
oils and nanofluids (Nima Technology Ltd). This instrument uses Wilhelmy plate to
measure surface tension of liquids by the dynamic surface tension method, and the

graph for the theory seen Fig. 6.1.
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The whole area is cleaned with special chemical to keep dust away during the
measurements. The glass container is filled up with 40 ml of oil or nanofluid and the
Wilhelmy plate is dipped into it. At least 10 measurements were taken of each sample.
The Wilhelmy plate hung from the balance hook is first immersed into the liquid and
then carefully pulled up, by lowering the sample cup, through the surface of the
liquid. The micro balance records on-line the force applied on the plate while pulling
through the surface. The surface tension is the maximum force needed to detach the
plate from the liquid surface. The surface of the plate is micro roughened in order to
give it optimum wetting properties. The plate then pulled through the surface of the
liquid until the maximum force is reached and the plate brakes away from the surface.
The liquid wets the plate and increases its total mass to some maximum point which is
proportional to the surface tension of the liquid.

The exact amount of nanoparticles (1 g/l to 7.5 g/l nanoparticles concentration) were
weighed with an electronic scale with a tenth-milligram precision and placed into the
oil. Solutions are shaken vigorously, and set in an ultrasonic bath for 30 minutes, so

that they can become as homogeneous as possible.

Connection to the computer Balance

Arm balance

Motor/ Wilhelmy
gear bo PIaaF:ZF
housing p

Glass beaker

Figure 6.1 Parts and set-up of tensiometer [Nima Tech., 2006].

6.3 Surface tension measurement by pendant drop method

The pendant drops for the surface tension measurement were produced from the tip of

a needle with an external diameter of 1.27 mm. The fluid was pumped slowly through
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the needle by applying pressure to a syringe attached to the needle through a tube. The
needle was held by stand and the experiment were recorded using a high speed Red
Lake Motion Pro CMOS camera with a definition of 1280 x 1024 pixels, EX Sigma
105 mm 1:2.8 D MACRO Lens and the images was analyzed by a program written by
P. Brocklehurst. After a pendant drop formation it expanded until it broke away from
the end of the needle under the influence of gravity and during this move the high
speed camera recorded the images, and the frames relating to a time just before the
drop were used for analysis. The geometry of the drop was used to calculate the
surface tension (Eq. 6.1). Figure 6.2 shows a typical image taken by the camera and
used for further analysis. The surface tension of the fluid is calculated from the
parameters showed on Fig. 6.2b which are the full width and the width of the drop at a
distance equal to the full width of the drop above the drop’s apex.
¥ = (gpd’ma)/H (6.1)
where v is the surface tension,

g is the gravitational acceleration,

p is the density of the fluid,

dmax 1s the full width

H is a shape factor, function of the ratio: H= ds / dpax

ds is the part width

Part Width, dg

Full Width,
dmax

Figure 6.2 Image of pendant drop (a) by the high speed camera and the key

parameters for surface tension calculation (b)
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6.4 Electrical characterization of nanofluids

DC conductivity and AC permittivity measurements and the
experimental set-up

In the following section the DC electrical conductivity measurement of low volume-
fraction nanoparticulate suspensions in silicone and perfluorinated oils at very
moderate electric field strengths will be demonstrated.

The DC electrical conductivity of base oils [silicone oil (Dow Corning 200/50cS) and
perfluorinated oil (3M™ Fluorinert FC70)] and nanofluids [contains: nickel (Ni),
barium titanate (BT) or iron oxide (FO) nanoparticles] was measured. The physical
properties of the base fluids and the nanoparticles are shown in Table 6.1. The first
part of the table shows the properties of the nanoparticles. The size of the
nanoparticles measured by SEM and confirmed by XRD. The second part of the table
shows the properties of the base fluids which shows they have similar electrical
conductivity and relative permittivity, whilst their viscosities and specific gravity are
significantly different. The third part of the table shows the mass fraction (g/l) and the

volume fraction (vol %) of the nanoparticles.

Table 6.1 Physical quantities of the nanoparticles (nickel - Ni, barium titanate - BT

and magnetite - FO) and two base fluids

Mean Bulk Particle Inter-particle spacing (notional) — (nm)
particle densit number .
diameter (kg/m% density @ Vol. fraction (%)
(nm) (m3) * 0.05 0.1 0.2 0.4 0.6
Ni 90 8800 2.62E21 824 635 486 367 309
BT 130 5850 8.69E20 1190 918 702 530 447
FO 10 5240 1.91E24 92 71 54 41 34
) Viscosity @ Relative Specific Conductivity @
Manufacturers’ Data 10s” (Pas) permittivity gravity 1kV/m (Sm™)
200/50cS silicone oil 5.0 2.60 0.973 10E-12
3MTM Fluorinert FC70 1.4 1.98 1.940 10E-12

Mass fraction (g/l)

2 4 | 10 \ 20 30
Volume fraction (vol %)
Ni 0.023 0.046 0.114 0.227 0.341
BT 0.034 0.068 0.171 0.341 0.512
FO 0.038 0.076 0.191 0.382 0.573
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The * means the particle number density (m”) is generally calculated as follow:
-to first calculate the volume of the sphere (4/3 mr’) two assumptions were
made: (i) all the particles are spherical and (ii) all particles are a uniform size
-the second is to calculate the mass of the materials (mass = density x volume)
-the next calculation is the number of molecules in each nanoparticle,
-then the next calculation is the number concentration of molecules in the
prepared suspension: number density = Avogadro number X molar
concentration, where molar concentration = (mass of solute / molecular weight
of solute) + volume of solvent,
-finally the number of nanoparticles in the suspension: molecules per litre/

molecules per particle = particles per litre and then to particles m™.

The nanoparticles concentrations in the base fluids were sets 2 g/1, 4 g/1, 10 g/, 20 g/l
and 30 g/l of concentration. The prepared nanofluids were placed in a temperature
controlled ultrasonic bath for 30 minutes. DC current measurements were carried out
using a Keithley 6517 electrometer for different applied voltages between 20 V and
100 V. The fluidic conductivity cell consisted of a 1 mm gap between concentric
copper electrodes and the effective electrode area was 21.88 cm®. The systematic error
due to the measurement system was 0.05% at 20 V and 0.01% at 100 V. The current
versus time profile (Fig. 6.3) showed a transient peak, due to capacitance, between 1-
2 seconds after application of the voltage. Readings were therefore taken after 20
seconds representing the steady-state values. Measurements were carried out at 295 K
and the cell was dried carefully in inert gas between measurements to avoid any
moisture and contamination. The circuit is shown in Fig. 6.4a, where “GRN” is refers
to ground. The cell was confined in the safety box and it had been coated inside with
earth-linked aluminium foils because of the high sensitivity to parasite
electromagnetic fields. The red object on the right size of the image (Fig. 6.4b) is a
handle for the safety interlock.

AC bridge was used for measuring the permittivity of oils and nanofluids (Fig. 6.4b)

and the nanofluids preparation was same as for the DC conductivity measurement.
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Figure 6.3 Current versus time profile of fluid at 20 V/mm and 100 V/mm
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Figure 6.4 Schematic images of circuit of conductivity set-up (a) and photo of the cell

in the safety box (b)
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6.5 Simulation of dielectrophoretic manipulation of nanofluids

Chapter 4 had a literature review and background of dielectrophoresis and it has a
clear indication of the many forces, phenomenon and parameters involved in the
dielectrophoretic droplet manipulation.

Maxwell 2D Student Version 9 is the software package which was used for analysing
electric field in cross-sections of structures. In general the Maxwell SV uses finite
element analysis (FEA) to solve two-dimensional (2D) electro-magnetic problems.
During the simulation the appropriate geometry, material properties, and system of
devices must be specified. The difficulty of the dielectrophoretic manipulation system
is the high number of parameters involved in the simulation of the system. The
simulation with Maxwell 2D was aborted because with that limited version (2D

Student Version) of the simulation program could not get any useful information out.

6.6 Experimental set-up for dielectrophoretic manipulation

This section uses the equipment originally developed by Drs S.A. Wilson and E.
Capria [Wilson, S.A. 1999, Capria, E. 2007]. The dielectrophoretic manipulation
system (Fig. 6.5) is driven by a computer using Labview 3.1 software. The computer
also controls an oscilloscope card (NI 5112), a waveform generator (NI 5401), a
motion controller (NI 7344) and a video-camera acquisition card and all of them are
synchronised by three National Instruments boards. The high-speed video camera
(Red Lake Motion Pro) with the definition of 1280 x 1024 pixels at low speed and a
recording speed between 500 and 10.000 frames per second is connected and driven
to the camera acquisition card which is synchronised by a SYNC signal generated by
the waveform generator. The trigger event used to synchronise all parts of the system
is the waveform generation.

The light for the study is provided by optical fibre lights (Schott, KL 1500
Electronic). The camera record and show an image of the dielectric cell during the
experiments. A high-speed video-camera is essential for this study, because the
structuring phenomenon and the manipulation are very quick movements which could
not be monitored by naked human eye. The motion controller is connected to both the

motor drive and the linear transducer through a Universal motor interface (UMI 7764)
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which is a 5V device. Its voltage is provided by a Thurlby PL310 DC generator. The
motor is a Nanomotion piezoelectric motor HR8. Without the driving voltage the
ceramic plate is at a standstill and generates holding torque on the stage [Capria, E.
2007].

Dielectric cells are used to study the jet and droplet generation from the two phase
liquids system made of glass with or without the internal wall and these vessels
allowing optical access. The electrode configuration was needle and plate electrodes
for all the experiments. The bottom electrode is a rectangular stainless steel mirror
finished electrode with variable size and placed inside or outside of the vessel
depending on the experiment and the size of the vessel. The needle-like top electrode
is a steel needle of 120 micron of diameter. The cell (Fig. 6.5¢) is filled with two
immiscible dielectric liquids. The permittivity of dielectric fluid 1 is higher than the

permittivity of dielectric fluid 2.
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Piezoelectric motor

Needle electrode

Plate electrode

«— Camera
(b)
Top needle electrode
Dielectric fluid1 \
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[ ]
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Figure 6.5 Experimental set-up for DEP rig, a block diagram (a) [Capria, E. 2007],

image of the electrode configuration (b) and schematic graph of the vessel (c)
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Chapter 7 Results and discussion of nanoparticles
synthesis and characterization

As previous researches have shown the optical, electronic and magnetic properties of
nanoparticles are very different from those of the bulk materials and these properties
are often strongly dependent on the particle size, shape and morphology.

The major focus of the following chapter is to discuss the results of the experimental
investigation of nanoparticle synthesis. The process parameters usually have influence

on the particles’ size and morphology.

7.1 Iron oxide nanoparticles synthesis

Fe;04 magnetic nanoparticles have been synthesized by the wet-chemical method
described in Chapter 5.3, which is quite a simple and efficient synthesis route. The
main process involved a stoichiometric mixture of ferrous and ferric salts in aqueous
medium, and the chemical reaction may be written:

Fe’* + 2 Fe’* + 80OH — Fe;04 + 4 H,O (7.1)

The reaction is completed under nitrogen atmosphere to replace the air and prevent
oxidation of ferrous ions in the water based solution. The constant nitrogen flow is
important because if there is any oxygen involved in the reaction the next equation
will occur:

Fe;04 + 0.25 O, + 4.5 H,O — 3 Fe(OH); (7.2)

If this reaction (Eq. 7.2) occurs it will change the physical and chemical properties of
the synthesised nanoparticles. The easiest proof is that the colour of the product
changes. The partially oxidized product is reddish-brownish in colour but the pure
Fe;04 is dark brown. Iron oxide is sensitive to oxidation, and so the non-oxidizing
environment is important.

Iron oxide nanoparticles are prepared in a water-based system i.e. on the surface of
the particles are hydroxyl groups. Oleic acid has the formula C;gH340, or
CH3(CH,);CH=CH(CH,);COOH and it has a carboxyl group in the end. During the
synthesis the added oleic acid molecules with their carboxylic acid head groups
reacted with the hydroxyl groups. The oleic acid layer on the surface of the

nanoparticles forms a hydrophobic shell. The end of the synthesis of Fe;O4
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nanoparticles the addition of ammonium solution has changed the outer oleic acid
layer. The oleic acid layer reacts with NH4OH and forms an ammonium salt of oleic
acid. This means that the nanoparticles’ surface changed to hydrophilic and they keep
distance from each other and so become monodispersed.
The control over the size of the synthesised nanoparticles is dependent on:

-pH of the solution,

-reaction temperature,

-the ratio between Fe(III) and Fe(Il),

-the type of the iron salt (chlorides, nitrates),

-stirring rate of mixing and the reaction time.

The influence of the pH
Regarding Eq. 7.1 the pH of the solution should be between 9 and 14 in order to
precipitate Fe;O4. At high pH hydrolysis is the favoured reaction.

The influence of the temperature

Three different temperature settings were tried (60-65 °C, 80-85 °C and 90-95 °C).
The product yield showed at low temperature that the reaction could not be completed
and resulted in a quite low yield. The middle temperature range (80-85 °C) and the
high temperature range (90-95 °C) did not show any significant difference in the

product yield so a temperature of 80 °C was used.

The influence of the ratio of iron salts
According to the Eq. 7.1 at high pH the molar ratio of Fe(III) and Fe(II) has to be 2:1
in order to synthesise Fe;Oy. If the balance of iron salts is not right this could produce

a mixture of magnetite, hematite and iron-hydroxides.

The influence of the type of the iron salts

The type of the iron salt (chlorides, nitrates) used in the synthesis had influence on the
particles’ size. First both chloride salts were tried. FeCl, and FeCl; are both soluble in
water at room temperature, but FeCls solubility increases with temperature. Figure
7.1a shows the obtained iron oxide nanoparticles from both chloride salts and Fig.
7.1b shows it being obtained from nitrate salt. The use of nitrate salt in the synthesis

slightly reduced the size of the final product. The difference between the nitrate and

66



the chloride iron salt is the solubility in water at room temperature. The FeCl;
solubility is 0.3 mol/100g and the Fe(NO)s solubility is 0.19 mol/100g [Linke, W.F. et
al. 1965]. The nitrate has lower solubility.

After a trial of different iron salts the result was quite close in terms of the size range.
The chosen iron salt was the ferrous chloride and ferric chloride based on the price of

the starting materials.

Figure 7.1 TEM images of iron oxide made from ferrous- and ferric-chloride salts (a),

the average particle size 10-15 nm and from ferrous-nitrate and ferric-chloride salts

(b), the average particle size 8-14 nm

The influence of stirring speed of mixing and reaction time

The stirring speed had influence on the product yield. It increased with the stirring
speed rate up to a certain level and with the further incensement of the speed rate was
not any significant change as Table 7.1 shows the product yield under the influence of

the parameters.

Table 7.1 Influence of stirring speed on the product yield [%]

reaction time reaction time reaction time
20 min 30 min 50 min
stirring speed
500 rpm 51.4 52.5 53.8
800 rpm 63.1 66.1 65.9
1000 rpm 63.2 65.8 65.9
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For any further synthesis the below optimised reaction parameters were used:
-reaction temperature was chosen 80-85 °C,
-the molar ratio of FeCl, and FeCl; kept 2:1,

-stirring speed was 800 rpm and kept the reaction running for 30 minutes.

The size of the nanoparticles can be estimated by TEM and XRD. The TEM images
of Fe;O,4 nanoparticles (Fig. 7.1) show that the nanoparticles are predominantly
spherical and the size of the nanoparticles varies from 10 to 15 nm, which is in a good
agreement with the value estimated by X-ray diffraction measurements (Scherrer
formula) [Chanda, S.C. et al. 2007] at 26 of 35.5° (Fig. 7.2). The size of nanoparticles
is determined by Scherrer formula:

t = (kL)/ B cosO (7.3)
where t is a crystal size, k is a shape factor (0.89) [Cullity, B.D. 1978], A is 1.54A (Cu

K ), 0 is the peak position and B is the full width at half maximum of peak.
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Figure 7.2 XRD pattern of iron oxide nanoparticles

The XRD peaks of Fe;O4 (Fig. 7.2) could be indexed by the cubic structure of Fe;O4
(JCPDS no. 19-629) indicating a high phase purity of Fe;O, and the diffraction peaks
are broad owing to small crystallite size. The XRD patent has some noise which is
quite typical for samples containing iron, because the iron produces excessive

fluorescence when Cu base is used in XRD [Cullity, B.D. 1978].
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7.2 Nickel nanoparticles with variable morphology and size

Figure 5.3 shows a schematic illustration of the formation mechanism of Ni
nanostructures. Through the reaction between Ni-acetate and hydrazine, various Ni-
complexes could form such as [Ni(NH3)s](CH3COO), or [Ni(N,Hy);](CH3COO), and
then the complexes are decomposed by NaOH forming Ni(OH),. Subsequently the
Ni** ion is dissolved from the Ni(OH), that are further reduced to metal nickel. The
detailed reaction steps are:

Ni** + 3N,Hy <> [Ni(N,Hy)31* (7.3)
2[Ni(N,Hy)3]*" + 40H — 2Ni| + N, + 4H,0 + 5N,H, (7.4)

The control over the size and morphology of the nickel nanoparticles is dependent on:
-the reaction temperature and time (including ageing time),

-and the precursors concentration.

The influence of the reaction temperature and time

It was found that the formation of the nickel nanoparticles was completed after 1 h at
55-60 °C, and the variations of the molar ratio of Ni(CH3COO), /N,H,4 between 0.4 to
0.07 help to obtain various size of nickel nanoparticles between 80 nm to 400 nm
(Fig. 7.3). Nickel particles precipitate fast at high pH (Eq. 7.4).

Increasing reaction temperature should be helpful in accelerating the formation of the
nickel nuclei. At higher temperature (> 70 °C), NiZ* move faster, which makes the
crystal growth slower. Therefore a longer time is needed to age the solution in order
to obtain star- or flower-shaped crystals. With aging time and increased temperature,
the morphology of spherical particles changes, and the nanoparticles develop into star
structure and with further ageing (24 hrs) flowery nickel micro-crystals are obtained.
Connection was found between the obtained particles morphology and the reaction
temperature and ageing time. The formed Ni nanoparticles serve as seed sites for the
further reduction of Ni(N,H,);** (Eq. 7.4) and crystal growth as the reaction proceeds
at high temperature with the longer ageing time. It is reasonable to think that the
concentration of Ni**-ion in solution changes and the Ni nuclei sites gradually
increase with the reaction proceeding, which results in the formation of Ni irregular

nanoparticles when ageing.
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The influence of precursor concentration

The concentrations of Ni-acetate and hydrazine affect the reduction rate and the
distribution of ions (or atoms) in the system. When the reaction conditions (reaction
time 1 hr and reaction temperature 55-60 °C) stay constant the change in the obtained
spherical nanoparticle size is purely due to the change in the molar ratio
(concentration) of the precursors (Ni-acetate and hydrazine). The molar ratio of
Ni(CH3;COQO), /N,H,4 is kept between 0.4 to 0.07 and size of the produced spherical
nickel nanoparticles is between 80 nm to 400 nm, which means the concentration of
the precursors controlled the size of the obtained particles.

A minimum number of atoms are required to form nickel nucleus which means under
certain precursor concentration and ratio, the reaction is incomplete. The obtained
spherical nickel nanoparticles exhibit narrow particle size distribution which results
from the fact that most nuclei are formed approximately at the same time and grow at

the same rate.

The influence of NaOH concentration

The addition of NaOH leads to an increase of solution pH to 10-12. However, the
production yield decreases if the NaOH concentration is >0.7 mol which raises the
solution pH > 13. When the concentration of sodium-hydroxide solution is high (0.3
mol) the obtained morphology was the spherical nanoparticles, while the solution
temperature was 55 °C. The low concentration of NaOH solution (0.1 mol) and the
high reaction temperature (> 70 °C) can generate nano-size star-like Ni particles.
Under the same conditions (NaOH concentration and reaction temperature) as
obtaining star-like Ni nanoparticles with increased aging time up to 24 hrs, the
formation of flower-like nickel micro-crystal can be produced. Ni**-ions in the
solution with the supports of sodium-hydroxide solution, the crystals grow along a
certain direction until all the Ni**-ions are consumed. Therefore to control the shape
of Ni particles, it is important to monitor the concentration of nickel-ion source and
sodium-hydroxide.

The morphology and the size of the samples were investigated by SEM. Images in
Fig. 7.3 shows spherical Ni nanoparticles (a-f) with the average size between 80 and
400 nm. All the particles show a narrow particle size distribution. Figure 7.4 a-c
shows the flower shape nickel structures, and Fig. 7.4 d-e shows the star shape nickel

structure. In the form of a flower, the “petals” of the nickel micro-flower are short and
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all the same length, while in the form of a star, the “segments” of the nickel nano-star
are longer, but of slightly different lengths. Ni nanoparticles have a large surface to
volume ratio and strong magnetic attraction forces, which means they tend to

agglomerate in order to minimize the total surface energy of the system.
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Figure 7.3 SEM images of spherical nickel nanoparticles, 80 nm (a), 100 nm (b), 120
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The XRD patterns of spherical Ni nanoparticles with size between 80-400 nm are
shown in Fig. 7.5 (a). All of the three characteristic peaks for nickel (26 = 44.5°,
51.8° and 76.4°), corresponding to Miller indices (111), (200), and (222), are

observed.
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Figure 7.5 XRD patterns of spherical Ni nanoparticles
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The decrease of Ni nanoparticle size results in the decrease in the intensity of these
peaks. The appearance of those peaks reveals that the resultant particles are pure face-
centred cubic (fcc) nickel (JCPDS, No. 04-0850).

It is worth noting that the experiments show that only nickel nanoparticles are
obtained even without the use of an inert gas atmosphere. Nickel is easily oxidized to
NiO or Ni;O3 but the XRD did not detect any impurity. This could be attributed to the
fact that N, gas was produced during the reaction as shown in Eq. 7.4. The N, gas
generated in the reaction might have created an inert atmosphere around the Ni
particles and hence the input of inert gas was not necessary to prevent Ni
nanoparticles from oxidation.

The calculated size values for all Ni samples by Scherrer formula [Chanda, S.C. 2007]
at 20 of 44.5° is in agreement with those observed by SEM (Fig. 7.3, 7.5).

7.3 Barium titanate nanoparticle synthesis

Hydrothermal synthesis might look simple and easy but it has some key parameters
which have to be precisely calibrated during the synthesis. A systematic study of
hydrothermal synthesis of BaTiO3 (BT) was carried out to understand the effects of
parameters such as temperature and time on the formation of BaTiO3; under alkaline
conditions because the morphologies of the nanoparticles depend on the temperature
and time of the hydrothermal treatment. BaTiO; ferroelectric nanoparticles have been
synthesized by the hydrothermal synthesis method described in Chapter 5.2.
The BT nanoparticles formed by four steps under hydrothermal synthesis at high pH
(>12) by a dissolution-precipitation mechanism:

-when the temperature reached ~50 °C the Ba(OH), octahydrate is dissolved to

Ba’* ions and OH ions and the water released,

-this released water and started the hydrolysis of Ti source,

-Ba’* ions precipitate into BT nanoparticles,

-a thin layer of BT formed on the surface of TiO, and this layer inhibits the

diffusion of Ba>" ions and the reaction between the Ba>* ions and TiO,.
One of the key parameters of the BaTiO3; hydrothermal synthesis is the low solubility
of anatase (TiO;) in highly alkaline (pH 12-13) solution which is necessary for this
synthesis. Synthesis reactions [Gou, L. et al. 2006]:
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Ba(OH), < Ba®* + 20H

TiO, + nH,0 + 20H « Ti(OH)s™ + (n-2)H,0
Ba’* + Ti(OH)s>— BaTiOs+ 3H,0

TiO, + 2 H,0 < Ti(OH),

Ba’* + Ti(OH), < BaTiO; + 2H* + H,O

The CO; gas could come from the air and/or from the water:
CO, + 20H < CO3* + H,0
Ba** + CO; * BaCO;

The crystal re-growth could occur due to Ostwald ripening phenomenon:

BT(small, cubic)+H2O+H+_)Ba2++Ti(OH)4_’BT(large, tetragonal)+H++H2O

Stoichiometric reaction:
Ba(OH); +TiO, — BaTiOs+ H,0
The reaction has two steps from the reaction kinetics point of view:

-formation of titanium hydroxide gel which is a quick reaction,

(7.5)
(7.6)
(71.7)
(7.8)
(7.9)

(7.10)
(7.11)

(7.12)

(7.13)

-Ba”* ions in the solution react with Ti(OH)4 which is a slow reaction.

The reaction kinetics is controlled by the second reaction. The rate of the nucleation
and growth is affected by parameters such as titania dissolution which has a

connection with the starting Ti source and size. The Ba:Ti ratio was carefully chosen

and it is 1.05:1. The reasons are:

-to avoid contamination of solid BT with the excess TiO, which was not

needed for the formation of BT [Lencka, M.M. et al. 1993]
-high purity of BT synthesis,

-the hydroxyl ions from Ba(OH), help the nucleation of BT from the

thermodynamics point of view [Lencka, M.M. et al. 1993]

-the Ba excess needed for the BaCOs creation.

It is known from previous publications [Lencka, M.M. et al. 1993, Gou, L. et al.
2006] that the BT particles are negatively charged at the surface. Between the
negative surface charge on the BT and OH" ions there is a repulsive force acting on
them which means there is less chance to form agglomerates. This means the average

size of the particles decreases with the higher hydroxyl ion concentration.
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Under the hydrothermal conditions the crystallization of BT nanoparticles is driven by
kinetics or thermal equilibrium. The kinetics will dominate at low temperature and/or
short time and the thermal equilibrium will dominate at high temperature and/or long
time. At low temperature some lattice defects and/or the cation cavities form during
the hydroxyl ion formation [Clark, LJ. et al. 1999, Chen, C.L. et al. 2008]. At higher
temperature the crystal energy is minimised by the thermodynamic equilibrium and
the result has less defects in the crystal and more stable structure.

The SEM micrographs (Fig. 7.6 a-d) of the BaTiO; obtained by the hydrothermal
method show that powders contain agglomerated particles having uniform particles

with size of 100 nm (a), 200 nm (b), 400 nm (c) and 500 nm (d).
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Figure 7.6 SEM images of BaTiO3 nanoparticles, 100-150 nm (a), 200 nm (b), 400
nm (c¢) and 500 nm (d)

The average particle size obtained at 180 °C for 24 hrs is about 100-150 nm (Fig.
7.6a), at 100 °C for 52 hrs about 200 nm (Fig. 7.6b), at 85 °C for 72 hrs about 400 nm
(Fig. 7.6¢) and at 65 °C for 192 hrs about 500 nm (Fig. 7.6d). The Ba/Ti ratio remains

1.05:1 to achieve stoichiometric BaTiOs; powder. The extra barium content is
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necessary for the formation of BaCOj3 due to the reaction with atmospheric CO,. The
formed BaCOs; was washed out with formic acid. The systematical study of the
influence of the temperature showed that the reaction was incomplete (precursor was
detectable) < 60 °C. BaTiO3; nanoparticles (100 and 200 nm) are spherical but BaTiO;
particles are more or less cubic especially at larger size (400-500 nm). All the
nanoparticles have a quite narrow particle size distribution.

Figure 7.7 shows all the XRD patterns of the BaTiO; samples. The XRD patterns fit
well to the peak positions of the standard cubic phase BaTiO; (JCPDS No.31-174).
The peak at 20 ~ 45° does not show any splitting in the peak which means that the BT
powder stabilized in the cubic form. The cubic phase obtained by hydrothermal
synthesis is meta-stable and active at high temperature but the phase transformation is
possible with the calcination (= 1150 °C) which eliminates OH™ vacancies and

stabilize to tetragonal phase [Clark, I.J. et al. 1999].
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Figure 7.7 XRD patterns of BT with variable size from 120 nm to 500 nm

It is known that in the perovskite structure, the [100] planes have the lowest surface
energy [Clark, IJ. et al. 1999]. The high-energy faceted edges of the cubic particles
may be subject to preferential dissolution. In addition, the strain associated with the
stabilization of the cubic structure tends to reduce the surface area of the growing
particles. Therefore, the intermediate morphology consists of cubic particles with a

spherical shape regained during the final stage of growth although some larger
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particles still retain their cubic shape. The final particle morphology is probably a
result of the competing effect between the growth rate and the edge effects. The
structural defects of BaTiOsz nanocrystals synthesized by hydrothermal method are
primarily in the form of lattice OH™ ions, which are compensated by barium vacancies
created on the surfaces of individual particles to maintain electro-neutrality [Clark, 1.J.

et al. 1999].

7.4 Lead zirconate titanate particles synthesis

Lead zirconate titanate (PZT) nanoparticles have been synthesized by a modified
hydrothermal synthesis method described by Deng et al. (2003) and the optimised
parameters are presented in Chapter 5.2. In the hydrothermal synthesis of PZT the
parameters which play key roles are:

-the concentration of precursors,

-the reaction temperature and time.
At high KOH concentration the pH of the solution is high and the solubility of
Pb(OH)* is higher in these circumstances. PZT formation occurs when the
dehydrating condensation takes place between Pb(OH)™ and Zr-hydroxide and Ti-
hydroxide at high temperature under pressure. The formation of PZT involves
nucleation and growth. With high concentration of monomers in the solution the
nucleation is fast. The obtained particles’ size and morphology depend on these steps.
The synthesis of PZT particles by hydrothermal reaction involves a dissolution-
precipitation mechanism. Trainidis et al. (2000) explained the synthesis of PZT in a
two step process when the Zr-Ti-co-precipate and Pb-ions diffuse and form
aggregated particles with the beginning of the formation of cubic shape. In the second
stage form the actual cubic shape of PZT. Harada (2008) concluded his research with
that the PZT creation fully crystallised cubes represent without mid stage. We
conclude our investigation with that the dissolution-precipitation mechanism present
and PZT forming have an intermediate state with nearly cubic shape which leads to
cubic PZT. The mechanism of our experiments could be the following:

-Zr-Ti co-precipitated particles with intermediate form, nearly cubic,

-Pb-ions diffusion and cubic form creation.
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In our investigation of the hydrothermal synthesis of PZT the concentration of
precursors is kept unchanged and the influence of the reaction temperature and time

was studied.

The influence of time

Systematic studies of hydrothermal synthesis of PZT were carried out by studying the
influence of the reaction time from lhr to 4 hrs at 160 °C (Fig. 7.8). When the reaction
time was under two hours the reaction was incomplete, which was proven by XRD

characterization (Fig. 7.9).
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Figure 7.8 SEM images of PZT particles of 1.5 hrs (a), 2 hrs (b), 3 hrs (c) and 4 hrs

(d) reaction time of hydrothermal treatment at 160 °C

The XRD graphs show precursor materials peak with the final PZT. When the
reaction time is > 2 hrs, no significant change in particle size estimated by XRD was
found (Fig. 7.8 b-d) and the average size is between 800-1100 nm. This result of the
effect of the reaction time on the size of particle suggested that the dissolution stage

was the key step.
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Figure 7.9 XRD patterns of PZT particles made by hydrothermal reaction at 160 °C

1.5 hrs with some un-reacted precursor

The influence of temperature

In this part of the chapter the effect of the reaction temperature (from 160 °C to 200
°C) on the particles size was analysed. The changes of the reaction temperature had
some effect on the size of the obtained PZT particles.

Deng et al. (2003) studied the influence of the temperature on the size of the PZT
particles and they concluded the size increases with the increase of time and
temperature. Meanwhile Harada (2008) and Dunn et al. (2008) found the reaction
temperature between 140 °C to 160 °C did not make much influence on the particles’
size. However, our investigation shows that the temperature has influence on the
particle size and the morphology, and the latter changed from cubic to piled platelets
via nearly-spherical.

Figure 7.10 shows the SEM images of PZT particles made by hydrothermal synthesis.
The influence of the temperature was studied and the result shows that at lower
temperature 160 °C (Fig. 7.10a) the average obtained particles size is 800-900 nm.
The size of the particles decreased when the temperature increased (170 °C-200 °C).
At 170 °C (Fig. 7.10b) the obtained particles size 700-800 nm. The size of particles is
100-200 nm at 190 °C (Fig. 7.10c) and 80-100 nm at 200 °C (Fig. 7.10d). The
morphology of the PZT particles changed as well.
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The XRD graphs (Fig. 7.11) shows that the indexed peaks of PZT powder matches up
with the values for 52:48 PZT (PDF card 33-0784).
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Figure 7.10 SEM images of PZT particles, produced at 160 °C (a), 170 °C (b), 190 °C
(c) and 200 °C (d)
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Figure 7.11 XRD patterns of PZT powder made by hydrothermal method at 160 °C
(a), 170 °C (b) and 200 °C (c)
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7.5 Solid silicon dioxide nanoparticle synthesis

The main synthesis process of silicon dioxide nanoparticles is shown in Figure 5.1.
The following reactions occur during the sol-gel process: hydrolysis, alcohol
condensation, water condensation as seen in Equations 5.1-5.3. Overall reaction from
TEOS (tetraethyl orthosilicate) into SiOj is:
Si(OC,H5)4+2H,0 = SiO; + 4C,HsOH (7.14)
The two main stages needed to form SiO, nanoparticles are nucleation and growth.
The size of the final product depends on the reaction conditions. Key parameters of
the silica nanoparticles by sol-gel synthesis are:

-precursor concentration (TEOS),

-base concentration and feed rate,

-reaction temperature,

-type of the mixing (ultrasonic or magnetic).

Effect of the precursor’s concentration

The concentration of TEOS is important for the production of nuclei which in the
meantime aggregate. The nuclei which did not aggregate dissolve in the solution and
re-precipitate on the aggregated particles through Ostwald ripening. This reaction will

be going on until the equilibrium condition is achieved.

Effect of the ammonium hydroxide concentration and feed rate

The second parameter is the added base concentration and feed rate because the base
increases the hydrolysis of TEOS [Rahman, L.A. et al. 2007, 2008] and the
condensation rate of hydrolysed monomers and this latest reaction results in the
increased size of the SiO,. The lower base concentration results in smaller particles
size.

Hydrolysis is a slow reaction even when a base is used as a catalyst. Several studies
[Matsoukas, T. et al. 1988, Park, S.K. et al. 2002] have already reported that the
ammonium hydroxide concentration has an effect on the obtained particles’ size. A
short nucleation period results in nuclei with narrow size distribution. The creation of
nuclei is followed by growth process until the equilibrium reaches. This is detected by

the pH changes.
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When the ammonium hydroxide feed rate was slow (0.03 ml/min) the kinetic energy
produced by the reaction resulted in slow particle growth and small particle size (20
nm). The increase of the feeding rate of ammonium hydroxide and slightly reduced

temperature have obtained bigger particles size (40 nm).

Effect of the temperature change on the reaction

It was found that the formation of the solid silica nanoparticles could be completed as
low as 25 °C. Increasing reaction temperature was helpful in accelerating the
formation of the silica nuclei. A connection was found between the size of the
particles obtained and the reaction temperature. A higher temperature resulted in a

smaller particle size because the nucleation rate is higher.

Type of mixing (ultrasonic or magnetic)

Several studies [Park, S.K. et al. 2002, Rahman, I.A. et al. 2007] have shown that the
type of the mixing makes different size and structure of final product. The use of
ultrasonic mixing produced smaller particle size than the magnetic mixing. The higher
temperature and the change of homogenising type (magnetic instead of ultrasonic)
result in a radical increase of the particles size (300 nm). The obtained silica
nanoparticles have a smooth surface, spherical shape and quite narrow size
distribution. Figure 7.12 shows the size of obtained particles being in the range of 20
nm to 300 nm.

Table 7.2 summed up the effect of temperature and ammonium hydroxide feeding rate
on the subsequent particle size while keeping the concentration of reactants
(EtOH/H,O/TEOS/NH4OH) constant. The dramatic change in the size is caused by
the change of the homogenising technique. In Table 7.2 the * means magnetic stirring

and EtOH means ethanol.

Table 7.2 Parameters and results of the solid silica nanoparticles synthesis

Concentration of reactants | NH,OH feeding rate | Temperature | Average Size
EtOH/H,O/TEOS/NH,OH [ml/min] [°C] [nm]
[mI]
1 48/2.0/4.1/55 0.03 55 2015
2 48/2.0/4.1/55 0.1 45 4015
3 48/2.0/4.1/55 0.1 40 8015
4 48/2.0/41/5.5 0.1 25 300*+5
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Figure 7.12 TEM images of silica nanoparticles with average size: 20 nm (a), 40 nm

(b), 80 nm (c) and 300 nm (d)

7.6 Hollow silicon dioxide particles synthesis

The synthesis of hollow silicon dioxide particles was shown in Fig. 5.2, which is a
two-step sol-gel-emulsion process. The following reactions occur: hydrolysis, alcohol
condensation, water condensation as seen in Equations 5.1-5.3 and the overall
reaction from TEOS into SiO; is shown in Eq. 7.14.

The morphology of the obtained silica particles depends on the kinetics of the TEOS
during the hydrolysis and the condensation. The typical sol-gel method involves a
hydrolysis of TEOS in polar solvent while using a base or acid as a catalyst. The
chosen catalyst has an effect on the final product, because the acid as catalyst tends to
promote network formation (like in our case the hollow form) and the base catalyst
tends to promote the formation of solid nanoparticles (as seen in Chapter 7.5).

The first step is the pre-hydrolysis of TEOS and then the non-ionic surfactant (Span
80, C24H440¢) and the silicon from TEOS bond together by hydrogen bonds and due
to self-assembly the coated structure starts forming on the surface of the emulsion

droplets and the core-shell structure is created. The hydrolysis of TEOS molecules
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occurs when the TEOS molecules attack the interface of the water-in-oil emulsion
where the polar Si(OH),O(CH,CHj3), (TEOS) molecules prefer to accumulate. During
the hydrolysis a water molecule replaces one of the ethoxy groups of the TEOS, a
hydroxyl group is forms. Two hydroxyl groups will then react and release a water
molecule and simultaneously form a Si-O-Si bond, which is called polymerization and
gellation starts. The preferred position of silica particles is at the water-oil interface.
The whole synthetic method of obtaining hollow silica particles relies on the self-
assembly of the surfactant on the droplet surface.
The surfactant has a double function in this synthesis. The functions are: facilitate
emulsion formation and promote emulsion stability and form monolayer at the water-
oil interface. The non-ionic surfactant (Span 80) is preferred due to its lower cost and
has the advantage of varying the length of the hydrophilic and hydrophobic groups.
Key parameters were studied in this investigation of the synthesis of hollow silica
particles by sol-gel-emulsion method are:

-precursor concentration (TEOS),

-reaction temperature and time,

-type of mixing.

Effect of the reaction temperature and time

The time for the formation of viscous sol by pre-hydrolysis of water phase is tested to
be a minimum of 40-45 min because if the time is shorter than this the reaction is
unfinished as detected by an optical microscope. The dry product (before calcination)
collapsed and could not keep the core-shell form, which means the reaction was not
finished. The optimised reaction time of this stage was set for 60 min. The reaction
temperature at this stage was set for 50 °C. At lower temperature the reaction was
unfinished and a higher temperature was not necessary to have as good a result for

structure and as product yield.

Type of mixing (magnetic or mechanical) and the stirring rate

In the beginning of the experimental investigation a mechanical (rod) stirrer was used,
but the equipment had a limited stirring rate (up to about 500 rpm) and to increase the
stirring speed, magnetic stirring mode was used. Figure 7.13 shows the effect of the

stirring rate on the particle size.
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Figure 7.13 Hollow silica particles produced by mechanical (rod) stirring (a) and

magnetic stirring (b)

The size distribution is quite wide in all batches of the synthesised hollow silica
particles. Both stirring modes (mechanical and magnetic) could not provide
homogeneous stirring effect, which leads to the broad size distribution in the final

product.
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Figure 7.14 E-SEM images of hollow silica particles made by sol-gel-emulsion
synthesis method, broken silica particles (a), hollow silica particle with a chip and a

thick shell (b), images of silica by SEM (c) and silica particles (d)

The homogenisation step in the further batches was carried out in magnetic stirring

mode. The final product of hollow silica before the calcination was whitish-pale-
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yellow and after the calcination it was black. The resultant black colour could be
carbon residues of the organic network. The surfactant in the reaction used for self-
assembly (scaffolding) and to help the polymerisation. Fig 7.14 shows the obtained

particle size and their structure.

7.7 Core-shell Ni- and Fe;0, - coated SiO,, BT, and PZT
particles

The synthesis of the nanoparticles is described in Section 5.3.3. The synthesis route
used to produce the coated particles is a quite simple and efficient. Figure 7.15 shows
the SEM images of (a) SiO,, (b) BT, (c) PZT (d) Ni and the TEM image of (e) Fe;O,.

The average size of SiO,, BT, PZT, Ni and Fe;O4 particles is about 15 pm, 130 nm, 1
pm, 90 ~100 nm and 10 nm, respectively. SiO,, BT and Ni particles are spherical
while PZT particles are more or less cubic. Except for Si0O,, all the particles showed a
narrow particle distribution. Due to the large surface to volume ratio and strong
magnetic attraction forces, the Ni and Fe;Os nanoparticles tend to agglomerate in

order to minimize the total surface energy of the system.
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Figure 7.15 SEM and TEM images of particles (a-e) and core-shell particles (f-i). a:
SiOy; b: BT; c: PZT; d: Ni ; e: FesO4 (TEM); f: SiOy/Ni; g: SiOy/ FezOu; h:BT/FesOy;
i: PZT/ Fe;04

Fig. 7.16 shows the zeta potential values of the SiO,, BT, PZT, Fe;04 and Ni particles
in water as a function of pH. Zeta potential measurement gives the information about
the overall surface charge of the particles and how this is affected by the changes in
the environment (e.g. pH). The measured colloid suspensions were prepared without

adding any surfactant. Adjustment of the pH was carried out by adding HCI and
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NaOH solutions. The results of the electrophoresis measurements revealed that the
zeta potentials of core (SiO,, BT and PZT) and shell (Ni and Fe;Q,) particles have
opposite signs in some pH regions, for example, at 4.3 <pH < 9.0, the zeta potential
for SiO, particles was between 0 and -40 mV while the zeta potential of Fe;O4
particles was between +30 and O mV. This allowed for the easy attachment of the
Fe;0,4 particles on the surface of SiO; particles at this pH region, similarly, of the Ni
particles on the surface of SiO; particles at 4.3 <pH < 10.7, of the Fe;O, particles on
the surface of BT and PZT particles at 4.2 <pH < 9.0 and 5.1 < pH < 9.0, respectively.
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Figure 7.16 Zeta potentials of SiO,, BaTiOs, PZT, Fe;0O4 and Ni particles in water as

function of pH

SEM was also employed to examine the morphology of the coated particles (Fig. 7.15
f-1). In comparison with the un-coated particles (Fig. 7.15a-e), the coated particles
have a rough surface. The ferrite coating is confirmed from the change in size, shape
and the presence of Fe element in the particle determined from EDX (data shown Fig.
7.17). In the EDX analysis for core-shell structure, a suitable electron beam
acceleration voltage needs to be selected in order to effectively identify the layers’

elemental information.
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Figure 7.17 EDX results for PZT/Fe;04 composite in different voltage

The SiO, particles remain spherical after they were coated with Ni (Fig. 7.15f) or
Fe;04 (Fig. 7.15g). The PZT crystals with cubic shape have a smooth edge after they
were coated with Fe;O4 (Fig. 7.151). The thickness of the shell can be controlled
through the mediation of the ratio of core and shell particles and the reaction time.
Fig. 7.18 shows the SEM images of Ni coated SiO, particles obtained at different
molar ratios of core-shell particles. It is worth noting that the higher the shell particle
concentration is, the rougher the coated surface is. This is understandable because the
higher concentration of shell particles leads to multi-layer coating. Shell morphology
is strongly dependent on the parameters, such as, pH values, suspension concentration
and core-shell particle ratio. Fig. 7.18a and 7.18b show the core-shell particles
obtained with the Ni particle concentration at 0.01 g/l and 1 g/, respectively. Fig.
7.18b shows an obvious over-loaded surface coating.

Fig. 7.19 shows the XRD patterns of Fe;O4 particles and Fe;O,4 coated SiO, particles.
Because SiO; is amorphous (XRD pattern was not shown), all the peaks on the XRD
pattern of core-shell Si0,/Fe;04 particles are the reflections from Fes;O4 particles. The
XRD peaks correspond to the spinal structure in Fe;O4 particles and Fe;O, coated
Si0, sample. These peaks are broad due to the small particle size but did not shift
after coating. Because the intensity of these peaks is very weak, it is difficult to
estimate the crystallite size of these Fe;O, particles using Scherrer formula. The XRD
patterns of PZT/ Fe;04 and BT/ Fe;04 are not shown because the Fe;O4 peaks on
these patterns are too weak compared to the peaks coming from PZT and BT

reflections.
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Figure 7.18 SEM of a single SiO, particle coated with nickel particles at different Ni

concentration
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Figure 7.19 X-ray powder diffraction patterns of Fe;O4 particles and SiO,/Fe;O,4 core-

shell composite at room temperature

Fig. 7.20 shows the XRD patterns of Ni particles and Ni coated SiO,. Three
characteristic peaks for nickel (20 = 44.5°, 51.8°, and 76.4°), corresponding to Miller
indices (111), (200), and (222), were observed. This revealed that the resultant
particles were pure face-centred cubic (fcc) nickel at both samples (JCPDS, No. 04-
0850). The XRD patterns reveal that only nickel is detected. Although it is known that
nickel is easily oxidized to oxides, some possible oxides such as NiO, Ni,O3 are not

observed in the XRD profiles. Because the core-shell samples have been exposed to
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the air and water for a long time during the synthesis, the absence of nickel oxides
also indicates that the current synthetic method for Ni coated core-shell structure is
feasible in achieving metallic Ni coated core-shell structure. The calculated size
values for both pure Ni and coated Ni by Scherrer formula at 26 of 44.5° are general

approximates to that of SEM observation (Fig. 7.15).
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Figure 7.20 X-ray powder diffraction patterns of Ni particles and SiO,/Ni core-shell

composite at room temperature

The AFM is used to measure the surface topography of the samples in tapping mode.
Fig. 7.21a shows the 3D image of the Fe;O4 coated PZT surface and Fig. 7.21b shows
the 2D surface image of PZT/Fe;04. The 3D image (Fig. 7.21a) shows a well coated
PZT surface with a larger roughness in comparison with uncoated PZT surface (Fig.
7.21b).

The Fe;04 coated particles were measured in the VSM at 300 K. Fig. 7.22 shows the
magnetization versus field plots of the Fe;O4-coated particles. The magnetic curves of
three samples exhibit ferromagnetic behaviour (hysteresis can be seen in the inset of
Fig. 7.22). All of the samples possess a lower saturation magnetization M (Table 7.3)
than bulk Fe;O4 (92 emu/g) [Zhang M, et al. 1994] due to the presence of the SiO,,
BT or PZT. After normalizing the M; values of core-shell particles to emu per gram of
bare 10 nm Fe;0O4 nanoparticles (53.8 emu/g [Zhang, M. et al. 1994, Lee, J. et al.
1996, Huang, C.K. et al. 2008]), the weight percentage of shell can be crudely
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estimated (Table 7.3). Under the same conditions, the content of Fe;O4 coated on the
different surfaces is varied and this might be related to the relative size of core and
shell particles. The magnetic properties of Ni coated SiO, particles were also
measured at 300 K (Fig. 7.23) and M=7.8 emu/g is 14% of the bulk value was (55
emu/g) [Cullity, B.D. 1972] due to the presence of the SiO,.

Digital Instruments NanoScope

Scan size 2.000 pm
Scan rate 0.5307 Hz
Number of samples 512
Image Data Height
Data scale 400.0 nm

El view angle
Lt light angle

0.5
X 0.500 pm/div 0 deg
Z 400.000 nm/div
s_pzt.006 (a)
Uncoated area
Height Angle Surface Normal Clear Calculator
2.00 45.0 deg
22.5 dey
0.0 d
1.00 e
Digital Instruments NanoScope
Scan size 2.000 pm
Scan rate 0.3989 Hz
Number of samples 512
Image Data Phase
Data scale 45.00 dey
.
o 1.00 2.00
[
Coated area
s_pzt.004
(b)

Figure 7.21 AFM images of the PZT surface coated with Fe;O, particles. a: the 3D
image of the Fe;O4 coated PZT surface; b: the surface of PZT/Fe;0,4 obtained by the
AFM in tapping mode
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Figure 7.23 Magnetic hysteresis loop for SiO,/Ni particles

Table 7.3 Magnetization data for various samples measured at room temperature

Sample M; (emu/g) Content gpey (%)
BT/Fes0, 8.6 16
SiO./Fez0, 15.4 29
PZT/Fe30, 18.3 34
SiOo/Ni 7.8 14
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Chapter 8 Results and discussion of nanofluid
characterization

This chapter presents the results and discussion of the experimental investigation on

the rheological characterization, surface and interface tension results of nanofluids.

8.1 Sedimentation of nanoparticles in nanofluids

Our nanofluids have been made by a two-step method which first makes nanoparticles
and then disperses them into the fluid as explained in Chapter 6. The nanofluids were
found to be stable and there was no observable sedimentation over a period of three
hours. The absence of surfactant gives an opportunity to use the “pure” nanofluid in
further characterization without additional complexity.

The stability of nanofluids generally depends on the particles’ surface properties, size
and shape. Agglomeration of nanoparticles occurs readily in nanofluids, effectively
increasing their size and their sedimentation rate.

The settling of small particles (<50 um diameter) is described in the mid 19th century
by George Gabriel Stokes. This assumes that the drag on a spherical particle is due to
viscous forces. This is the case when particle velocity is insufficient to cause
turbulence in the surrounding fluid [Wilson, S.A. 1999]. Therefore, a Stokes Law
approximation was used to estimate the settling time for nanoparticles in the non-
polar fluid:

Settling time = (18ps) / [gd2 (Ds-Dy)] (8.1)

where u is the fluid viscosity; s is distance; d is the particle diameter; D, and Dyare the
densities of the solid and the fluid respectively.

Settling time is the time it takes for nanoparticles to settle through the same depth (1
mm) of nanofluid. This theoretical calculation (Table 8.1) can be used to estimate the

sedimentation time of nanoparticles in nanofluid.

Table 8.1 Estimated settling times for nanoparticles in oils

Settling time [hours]

BT [130 nm] Ni [100 nm] Fe;04 [10 nm]
Silicone oil FC70 Silicone oil FC70 Silicone oil FC70
32.3 20.3 31.2 17.6 613 399
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The experimental investigation of the settling of nanofluid gave the practical result
and it is concluded that the sedimentation was not a significant factor during the time
ranges of any our measurements (the longest took about 30 min).

The measured settling time of nanofluids shows that no sedimentation was visible in
the iron oxide-silicone oil nanofluid after 8 hrs, in the nickel-silicone oil nanofluid the
observable sedimentation started after 2.5 hrs, and the sedimentation of the BT-
silicone oil nanofluid was observable after 3 hrs. The sedimentation has been started
in different time due to the different size (iron oxide 10 nm, BT 130 nm and nickel
100 nm) and bulk density (iron oxide 5240 kg/m’, BT 5850 kg/m’, and nickel 8800
kg/m3 ) of the suspended nanoparticles. The sedimentation occurred in all of the
nanofluids after 2.5 hrs, due to aggregation of nanoparticles and a lack of any
additives or surfactant.

The theoretical calculation of the settling time by Stokes law is not fully suitable for
nanofluids and this caused the difference in the estimated and the measured settling
times for nanofluids.

Our experimental results have good agreement with previous study [Donselaar, L.N.
et al. 1997] which also shows that the sedimentation velocity has very little

dependence on the particle concentration.

8.1.1 Sedimentation of mixed dispersion of nanoparticles in
nanofluids

In our experiments mixtures of nanoparticles (Ni and Fe;O,4) in fluid were studied.
Nanofluids containing both Ni (100 nm) and Fe;O4 (10 nm) nanoparticles were made
as explained in Chapter 6. The ratio of the size of the suspended particles is large
enough (1:10 in this case) the mixed nanoparticles system was found to sediment
more slowly than a mono-dispersion of the larger particles. It is believed that the
smaller particles influence the “network”™ of larger particles. Even weak inter-particle
attraction has an effect on the sedimentation result. The van der Waals attraction
between the bigger particles is different when the system contains small sized
particles as well. The small particles are thought to prevent the bigger particles
touching each other and mixed-particle agglomerates are energetically unfavoured

[Wilson, S.A. 1999].
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Sedimentation was experimentally observable in the mixed nanoparticles system after
3.5 hrs which is 1 hour more than for the pure nickel nanofluid.

Our experimental result shows good agreement with the study by Thies-Weesie et al.
(1996) which shows that the sedimentation velocity is reduced under gravity for

mixed uncharged spherical particles.

8.2 Rheological characterization of nanofluids

This part of the work is an investigation into the rheological character of some non-
polar fluids containing different types of nanoparticles. The nanoparticles (BT, nickel
and iron oxide) were synthesised with controlled size distribution and morphology.
Suspensions of particles in either silicone oil or FC70 oil with different solid loadings

(10, 20 and 30 g/1) were measured over the shear-rate range of 0.10-10 s

8.2.1 Effect of solids concentration on viscosity

Fig. 8.1 shows the change in viscosity of the suspensions of silicone oil containing
nanoparticles against shear rate in the range of 0.10-10 s'. The suspensions contain
the particles of (a) Fe;O4, (b) nickel and (c) barium titanate with different solid
concentrations (10, 20 and 30 g/l). All of the suspensions show shear-thinning flow
behaviour over the whole examined shear rate range.

The viscosity of Fe;O4 nanofluids increases with increasing particle concentration, as
shown in Fig. 8.1a. The rheological behaviour of the suspension containing
nanoparticles is thought to depend mainly on the interaction of nanoparticles. When
two colloidal particles approach each other, the double layer on each particle overlaps
and thus they generate a repulsive force on each other. This repulsive force is partly
affected by an attractive force due to the van der Waals interaction between the
approaching particles and exhibits a power-law distance dependence whose strength
depends on the dielectric properties of the interacting colloidal particles and
intervening medium [Barnes, H.A. et al. 1993, Khastgir, D. et al. 2000].

The rheological behaviour of suspensions with different relative contents of nickel
(Fig. 8.1b) is affected both by the volume fraction of solids and by agglomeration of

nickel nanoparticles. The nickel nanoparticles are more or less spherical in shape and
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tend to form agglomerates that in principle can induce local changes in the viscosity
of the suspension.
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Figure 8.1 a-c Iron oxide-silicone oil suspensions (a), nickel-silicone oil (b) and

BaTiOs -silicone oil (c) suspensions viscosity vs. shear rate relationships
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Figure 8.1b shows the highest increase of viscosity of base fluid amongst all of the
tested fluids, is observed in the nickel nanoparticle suspensions in silicone oil. This is
particularly interesting as it ties in with the findings of the later measurements on
electrical conductivity described in Chapter 9.

Suspensions of BaTiO; in silicone oil (Fig. 8.1c) exhibit non-linear viscoelastic
behaviour of shear thinning. This is agreement with the observations made by
Khastgir et al. (2000), who attributed the viscoelastic behaviour to the shear rate
dependence of the size and structure of aggregates of BaTiO; particles. If the system
contained more than 10 vol% of solids, it shows signs of plasticity which was
explained as the formation of networks of particles.

When the size of the particles decreases (BaTiO; 100-120 nm, Ni 90-100 nm and
Fe;04 10-15 nm), the specific surface area of the particles increases and there are
larger numbers of nanoparticles in the suspension for a given weight loading. This
clearly does have an influence on the macroscopic fluid properties.

The two fluid media used in this investigation have different chemical make-up,
different viscosity and different density. Hence the inter-particle interaction in these
media is expected to be different. Fig. 8.2 shows the change of viscosity of
suspensions containing nanoparticles in FC70 against shear rate in the range of 0.10-
10 s (a) Fes0s4, (b) Ni and (c) BaTiOs. All of the suspensions show shear-thinning
flow behaviour at the whole examined shear rate range. As before, the viscosity
increases with the solid concentration of Fe;O4, Ni and BaTiOs3 indicating that the
inter-particle interaction has an influence on the rheological behaviour of the
suspensions.

Fig. 8.2a indicates that the rheological behaviour of the suspensions containing the
particles of Fe;O4 depends mainly on the strength of nanoparticles interaction. The
nickel-FC70 suspension (Fig. 8.2b) shows the greatest increase of viscosity with the
increase of particle concentration. All the nickel suspensions show viscoelastic
behaviour within the examined shear rate range. The BaTiO; -FC70 (Fig. 8.2c¢)
suspensions with different solid additions are all viscoelastic in the 0.1-10 s shear

rate range.
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FC70 fluid (c) suspensions viscosity vs. shear rate relationships
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8.2.2 Effect of particle size on viscosity

In general, reducing the average size of the solid-phase while keeping the same solid-
concentration brings particles much closer together. In this study the interparticle
spacing varies typically within a notional, 3-10 particle diameters, given a uniform
suspension. Fig. 8.3 shows the viscosity of suspensions against shear rate in the range
of 0.10-10 s for (a) silicone oil and for (b) FC70 fluid suspension with 20 g/l of solid
concentrations of barium titanate particles (size 120 nm, 200 nm and 500 nm). The
synthesis and characterization of different sizes of BT has been discussed in Section
7.3. All of the suspensions show shear-thinning flow character at the whole range of
shear rate.

The viscosity both in silicone oil- and in FC70-based nanoparticles suspensions
increases with decreasing size of the barium titanate particles. Fig. 8.3 shows that the
size of the particles plays an important role in the silicone oil and in the FC70 fluid-
based nanoparticles suspensions. The smaller particles (120 nm and 200 nm) cause
bigger increase in the viscosity, which is in agreement with some previous studies
[Yan, Y. et al. 1991, Chen, S. et al. 2005, Nguyen, C.T. et al. 2007]. The flow curves
(Fig. 8.3) showed increasing shear thinning behaviour with decreasing particles size.
Overall it can be assumed that the rheological properties of nano-suspensions are
influenced by many factors, such as the particle concentration, size and the interaction

between the particles and the medium.
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(a) and the BaTiO;-FC70 fluid (b) suspension of different size of BaTiO;

nanoparticles at 20 g/l concentration

One of the latest reviews [Murshed, S.M.S. et al. 2008a] shows a similar observation
to those shown here, namely the viscosity increases with the volume fraction of

nanoparticles and with the size reduction.

8.2.3 Effect of mixed dispersion of nanoparticles on the viscosity

Fig. 8.4 shows the viscosity of mixed-particle suspensions against shear rate in the

range 0.10-10 s for (a) silicone and (b) FC70 oils with 10 and 20 g/l1.
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Figure 8.4 The viscosity-shear rate dependence of the suspension containing both

nickel and iron oxide in silicone oil (a) and nickel and iron oxide nanoparticles

suspended in FC70 fluid (b) at 10 and 20 g/l concentration

The mixtures chosen were of nickel and iron oxide nanoparticles. The silicone oil-
nickel suspension has shown the largest increase of viscosity in the all the examined
monodispersed nanoparticles suspensions and the iron oxide particles were used to
provide a bimodal size range. This leads to slightly reduced viscosity, when compared

against the expected value at the same solid concentrations (Fig. 8.4).

Even through the models have been seen (Section 3.3), there is normally still
inconsistency between the experimentally measured data and the prediction. The
classical models which were used to predicting the viscosity of suspensions and
nanofluids such as Einstein’s (Eq. 3.8) and Krieger and Dougherty’s (Eq. 3.9) could
not be used to fully explain our observations. The classical models are not applicable
for some of the nano-suspensions and this is a gap in current data. The existing

models often under- or overestimate the viscosity of nanofluids.
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8.3 Surface tension of nanofluids

The surface and interface tension play an important role in any droplet creation
technique including micro-fluidic and dielectrophoretic systems. In droplet-based
technologies the size of the droplet is related to the viscosity and the surface- and
interface-tension of the fluid. This one of the reasons why the surface tension has
been measured and the interface tension was estimated by models.

The following section addresses the surface- and interface tension of nanofluids. The
surface tension has been measured by several different methods. The first part of this
chapter (8.3.1) is explaining the sessile drop method, the next section (8.3.2) shows
the result and discussion of the surface tension measured by Wilhelmy method, the
8.3.3 section shows the result of the pendant drop test and section 8.3.4 shows the

interface tension calculation with different models.

8.3.1 Surface tension measured by sessile drop method

Scientists have been interested for a long time in the phenomena behind the droplet
shape and the droplet contact angle with surfaces. One of the methods to measure the
contact angle/surface tension of fluid on a surface is the sessile drop method. Many
parameters affecting the surface tension measurements generally include drop size,
temperature, time and contamination. The sessile drop method is affected by the
roughness and non-homogeneity of surface as well. In the case of sessile drop method
a drop of the fluid placed on a surface and the contact angle measured.

In the sessile drop measurement the type of the surface used to place the fluid droplet
is special in the meaning of material, roughness and cleanliness. The water has
special, very high surface tension 72 mN/m at 25 °C. Figure 8.5 shows images of
water drops on PZT (a), water-based iron oxide nanofluid on PZT (b), water on PTFE
(c), and water-based iron oxide nanofluid on PTFE (d). The shapes of the drops are

ideal for contact angle measurement by sessile drop method.
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Figure 8.5 Ideal images of water on PZT (a), water-based iron oxide nanofluid on
PZT (b), water on PTFE (c) and water-based iron oxide nanofluid on PTFE (d), 6c

means contact angle

Silicone oil and FC70 fluid have very low surface tensions 20.8 and 18 mN/m at 25
°C respectively. Hence the surfaces used for the contact angle measurement for oil
drops should be highly hydrophilic (or even super-hydrophilic) to be able to measure
the contact angle. Otherwise the oil droplet will spread over the surface. Figure 8.6
shows images of FC70 oil on PZT (a), FC70-based BT nanofluid on PZT (b), silicone
oil on gold coated glass (c), and silicone oil-based BT nanofluid on gold coated glass
(d).

Unfortunately the contact angle of these oils could not been measured on common
hydrophilic surfaces because the angle was too small. For this reason further
experiments were carried out to produce a super-hydrophilic coating on a glass slide.
Theoretically clean glass should be suitable for the oils contact angle measurement.
For this reason different methods were used to deep clean the glass slide from
chromo-sulphuric acid bath, acetone-isopropanol ultrasonic bath, and high
temperature (150 °C) heat treatment. Unfortunately none of the treatments produced a
surface suitable for sessile drop measurements of these oils. Due to the very low
surface tension, a super-hydrophilic surface would be necessary for use with the

sessile drop method.
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a b
c d
Figure 8.6 Images of FC70 oil on PZT (a), FC70-based BT nanofluid on PZT (b),

silicone oil on gold coated glass (c), and silicone oil-based BT nanofluid on gold

coated glass (d)

In the next step different sub-micro/nano coatings were produced on the glass surface
to make it super-hydrophilic, by spin-coating, dip-coating or the nano-layer growth on
the surface. In the literature [Greene, L.E. et al. 2005, Hosono, E. et al. 2007] TiO,
and ZnO nano- and submicron-particles are used to create super-hydrophilic surfaces.
The preferred surface should have nano-roughness which helps to keep the drop on
the surface without spreading.

The original idea of the use of nano-scale roughness is from Nature. Lotus and some
other plant leaves have a special water repellence due to nano-scale features on the
leaves. This has inspired nano-scientists to create lab-made materials with nano-scale
bumps on the surfaces that will be water and oil repellent.

Figure 8.7 shows SEM images of titanium dioxide plates (a) produced by
hydrothermal method [Hosono, E. et al. 2007], ZnO nano-rods (b) produced by
growing process on glass slide from solution [Greene, L.E. et al. 2005], TiO, nano-
sheet (c) and ZnO nano-rods on glass (d) surface for super-hydrophilic surface.
Unfortunately none of these surfaces was suitable for the contact angle measurement

by sessile drop method of silicone and FC70 oils.
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Figure 8.7 SEM images of titanium dioxide plates (a) and ZnO nano-rods (b), TiO,

nano-sheet (c) and ZnO nano-rods on glass (d)

8.3.2 Surface tension measured by Wilhelmy plate method

The Wilhelmy plate method has been explained in Section 6.2. This method was used
to measure the surface tension of silicone oil, FC70 oil and silicone oil-based and
FC70 oil-based nanofluids. The result shows that added nanoparticles reduced the
surface tension of base fluids (Fig. 8.8).

Figure 8.8a shows the surface tension of silicone oil-based iron oxide, BT and Ni
nanofluids with nanoparticles concentration from 1 to 7.5 g/l. All sample behaved
similarly which means that beyond a certain concentration (3 g/l) even added extra
nanoparticles did not produce any further reduction on the surface tension. In the
silicone oil based nanofluids the highest reduction occurred in the nickel nanofluid.
Figure 8.8b shows the surface tension of FC70 oil-based iron oxide, BT and Ni
nanofluids with nanoparticles concentration from 1 to 7.5 g/l. The iron oxide
nanofluid had the highest reduction in FC70 oil-based nanofluids.

The added nanoparticles reduced the surface tension of the base fluid even at very low

concentrations.
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Figure 8.8 Surface tension of silicone oil-based (a) and FC70-based (b) iron oxide, BT

and Ni nanofluids with various nanoparticle concentrations
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8.3.3 Surface tension measured by the pendant drop method

The pendant drop method has been explained in Section 6.3. In this project it was
used for surface tension measurements of silicone oil and silicone oil base SiO,
nanofluid.

The first set of measurements was the check and calibration of our pendant drop
system. The result of these tests showed in Table 8.2. The table shows the three tests
on water, silicone and FC70 oils. The last line in the table shows the surface tension
values from the literature. For each test ten consecutive frames near the dropping

point were analysed.

Table 8.2 Pendant drop calibration tests result for water, silicone oil and FC70

Water [mN/m]

Silicone oil [mN/m]

FC70 [mN/m]

70.2
71.8
70.4

20.5
20.8
20.2

18.6
17.9
18.4

average:70.8+0.7

average:20.6+0.3

average:18.3+0.3

value in literature
72

value in literature
20.8

value in literature
18

The measured values indicate that our pendant drop set-up and calculation is quite
correct and precise because the measured surface tension values were close enough to
the literature values and the standard deviation is low. Tests on silicone oil based
nanofluid were performed with different sizes of (20, 40 and 300 nm) SiO;
nanoparticles, Table 8.3 shows the results. The presence of nanoparticles in the
silicone oil gives a slightly higher density and this was compensated for in the code.
The results indicate that the added nanoparticles slightly changed the surface tension

of the silicone oil.

Table 8.3 Surface tension of SiO;-silicone oil nanofluid by pendant drop test

Si0; nanoparticles Concentration Surface tension
[nm] [g/1] [mN/m]
20 10 20.7+0.2
40 9.6 20.7+0.3
40 20 20.5+0.3
300 10.8 20.4+0.5
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The influence of the hydrophobicity/lipophilicity of the particle has an affect on the
surface tension of the fluid in that it is suspended. Generally, a moderate
hydrophobicity is required to give particles sufficient interfacial detachment energy to
remain at interfaces. Hydrophilic nanoparticles are more difficult to assemble into
ordered film than hydrophobic nanoparticles.

Our result of surface tension reduction by silica nanoparticles is in good agreement
with Ravera’s et al. (2006) who used silica (15 nm) in water and reported reduced

surface tension.

8.3.4 Interface tension calculation of nanofluids by different
methods

Liquid-liquid interface tension is an important property and its estimated value is
required for many fields such as colloid and environmental science. The estimation
and calculation of interface tension has a long history which started in the late 19™
century by Berthelot’s rules Eq. (8.2) and Antonow’s rule Eq. (8.3) [Tavana, H. et al.
2007]. The interface tension occurs from an imbalance of forces acting on molecules
at the interface. The magnitude of the interface tension is depending on the difference
between the intermolecular forces within the fluid and the intermolecular forces
between the fluids [Tavana, H. et al. 2007]. When the interface tension is low the two
fluids have comparable intra-phase molecular interactions and when it is high they
have very different interactions.

Berthelot’s: Yao=Ya+Yo—-2Fat+y)” (8.2)
Antonow’s: Yab=Ya—7Yb (8.3)

To modify Berthelot’s rules Girifalco and Good (1957) developed a model for
estimated the interfacial tension which including a modifying factor (®):
Yao=VatVo-20(7ays)” (8.4)
where y , and v 1, are the surface tension of liquid a and b respectively and @ is a
constant which is equal to the ration of energies of adhesion and cohesion for two
phases [Murshed, S.M.S. et al. 2008b].

The value of @ wvaries from 0.31 (water/mercury) through 0.5-0.7
(water/hydrocarbons) to 1.15 (water/isobutyl-alcohol) [Girifalco, L.A. et al. 1957].
The closest system for us is the hydrocarbon/fluorocarbon system with ©=0.8-0.9

[Girifalco, L.A. et al. 1957] and the value of ®=0.8 of polymethylsiloxane/
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polytetrafluoroethylene system. Figure 8.9 shows the chemical formulae of silicone
oil (a), Fluorinert liquid (b) and polytetrafluoroethylene (c). The sequence of fully

fluorinated carbons repeated in both Fluorinert and polytetrafluoroethylene.

F. r
CHs T
O—Sti FF\/\ F
F
CH, F
\y:f’ F

||= |l= PO ./FF
{9-9) - |-
F FI, N-[(CF,),-CFsl;  *

c b

Figure 8.9 Chemical structures of silicone oil (a), Fluorinert (b) and

polytetrafluoroethylene (c)

The interface tension data of silicone oil/Fluorinert reported by Someya (2005) and
they used image processing with fitting a drop shape method (pendant drop method
with they own image processing and calculating method). The calculated value for
silicone oil KF96-20St/Fluorinert FC70 is 7.726 mN/m.

Table 8.4 shows the value of interface tension of silicone oil (200/50cS) / Fluorinert
FC70 fluid calculated by different models. The first model used to calculate interface
tension is by Berthelot’s model (Eq. 8.2) the second one is the Antonow’s model (Eq.
8.3) and the last is Girifalco and Good model (Eq. 8.4). The result compared to the
published value of silicone oil/Fluorinert system and the calculated value clearly
shows that the Berthelot’s model overestimates, the Antonow’s model underestimates
and the Girifalco model has quite good agreement with the published value. In the

further calculation of interface tension the Girifalco model (©=0.8) was used.

Table 8.4 Values of interface tension calculated by different models

Interface tension by Berthelot’s model 26.3 mN/m
Interface tension Antonow’s model 2.8 mN/m
Interface tension Girifalco’s model* 7.8 mN/m
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Table 8.5 shows the measured value of surface tensions by different methods and the
calculated value of interface tension by Girifalco model. The first column of Table 8.5
shows the calculated value of the literature value of surface tension of fluids, the
second column shows the surface tension of fluids measured by Wilhelmy plate
method, the third column shows the surface tension of fluids measured by the pendant
drop method and the last line shows the interface tension of silicone oil/ FC70. Our
results both the Wilhelmy and the pendant drop as well show good agreement with
published data (silicone oil KF96-20St/ FC70 is 7.726 mN/m) [Someya, S. et al.
2005].

Table 8.5 Calculated interface tension of by Girifalco model

Value in Wilhelmy Pendant drop
literature method method
Surface tension of
silicone oil 20.8 mN/m 20.7 mN/m 20.6 mN/m
Surface tension of
Fluorinert FC70 18.0 mN/m 17.9 mN/m 18.3 mN/m
Interface tension* 7.8 mN/m 7.8 mN/m 7.9 mN/m
$=0.8

Literature on the interface tension calculation of nanofluids has a limited number of
publications. In all of them ® has increased by 4.2-19.4% [Murshed, S.M.S. et al.
2008b] and it depends on the type and concentration of nanoparticles and the base
fluid. None of the published papers used the same system as ours (SiO,, Ni, BT and
Fe;04 nanoparticulate suspension in silicone oil 200/50 / FC70 fluid) and the increase
of @ is generally calculated from literature and this means about 10% increase
compared to the base fluid due to the change in the inter- and intra- molecular
structure and forces. Table 8.6 shows the result of interface tension of nanofluids

calculated by Girifalco model (©=0.88).
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Table 8.6 Calculated interface tension of silicone oil based nanofluid/FC70

Concentration  Surface tension Interface tension of
[g/1] [mN/m] silicone oil nanofluid /
FC70 [mN/m]
Silicone oil + Fe;04 1 20 4.6
3 19.7 4.5
5 19.7 4.5
7.5 19.7 4.5
Silicone oil + BT 1 20.1 4.6
3 19.8 4.6
5 19.8 4.6
7.5 19.8 4.6
Silicone oil + Ni 1 19.8 4.6
3 19.5 4.5
5 19.5 4.5
7.5 19.5 4.5
Silicone oil + Si0O,

20 nm 10 20.7 4.7
40 nm 9.6 20.7 4.7
40 nm 20 20.5 4.7
300 nm 10.8 20.4 4.7
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Chapter 9 Results and discussion of nanofluids
electrical characterization

This chapter will present the results and the discussion of the experimental
investigation on the electrical characterization of non-polar fluid based nanofluids
such as dc electrical conductivity and dielectric permittivity.

Relatively stable suspensions of nanoparticles are important for their electrical
characterization. This chapter will show how the electrical properties of nanofluids
depend on the properties of the base fluid and the dispersed particles properties such

as concentration and size.

9.1 Electrical conductivity of nanofluids

Figure 9.1 shows DC conductivities for the six different nanofluids measured at
different particle concentrations under moderate electric field conditions. The dc
electrical conductivity of two base fluids and the prepared six nanofluids were
measured as explained for the set-up and the nanofluid preparation in Section 6.4. The
physical properties of the base fluids and the nanoparticles were shown in Table 6.1.
Some interesting relationships could be found between the properties of the two base
fluids:

-silicone o0il and FC70 fluid have nearly same, very low electrical

conductivity,

-the dielectric permittivity of FC70 is slightly lower than the permittivity of

silicone oil,

-FC70 has got lower viscosity than the silicone oil,

-the specific gravity of FC70 is double that of the silicone oil.
Physical quantities for the nanoparticles are also shown in Table 6.1. Some interesting
relationships could be found between the properties of the nanoparticles:

-the two magnetic nanoparticles the iron oxide and the nickel have different

sizes and bulk densities,

-iron oxide nanoparticles have a similar bulk density as barium titanate

nanoparticles, but the size of barium titanate nanoparticles is more than ten

times bigger than the size of the iron oxide nanoparticles
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-nickel nanoparticles and barium titanate nanoparticles have similar masses
due to the large size of barium titanate nanoparticles and the high density of
nickel

-for all nanoparticles used in these measurements it could be said that their

effective electrical conductivities at the nano-scale are uncertain.

Figure 9.1 shows the conductivity of the 10 nm diameter iron oxide nanoparticles
(FO) (row A); the 130 nm diameter barium titanate nanoparticles (BT) (row B) and
the 90 nm diameter nickel nanoparticles (Ni) (row C) suspended in silicone oil (left
side) and in FC70 fluid (right side).

The figure shows that the silicone oil based nanofluid has some field-dependent
character over the examined range, shown as an increase in measured conductivity as
the applied voltage is increased; but this is not the only effect observed. The base
fluids conductivity hugely increased with the added nanoparticles especially in Ni-
silicone oil suspension.

The conductivity of iron oxide-FC70 nanofluid is higher than it is in the silicone oil
based nanofluid. In the silicone oil based nanofluid the field-induced conductivity
enhancements were observable in all samples especially when the concentration of
nanoparticles >10 g/1.

In the silicone oil based barium titanate nanofluids the observed DC conductivities
were higher than in the FC70 based nanofluids. This tendency is opposite in
comparison to the iron oxide nanofluids. The DC conductivities of FC70 based nickel
and barium titanate nanofluids show small increases. Note that the 20 g/l BT and 30
g/l Ni have similar volume fractions of particles.

The DC conductivity of the silicone oil based nickel nanofluid shows an especially
high increase even at very low concentration (4 g/l). In the higher concentration of
nickel (30 g/1) the value of the dc conductivity result is 1E-1 S/m which is a huge

increase of the conductivity of the silicone oil.
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Figure 9.1 DC conductivities of three types of nanoparticles in two different dielectric

fluids: silicone oil (left side) and FC70 (right side)

The increases of conductivity by nanoparticles in our measurements follow a

relationship: In J o< \E (where J is the current density, E the applied electric field and

the current density = electrical conductivity x electric field strength). This indicates an

energy-activated Poole-Frenkel behaviour [Zielinski, M. et al. 1977, Ongaro, R. et al.

1991]. For example, Fig. 9.2 shows the relationship between In J and VE in the

silicone oil based iron oxide nanofluids.
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Figure 9.2 The In J vs. VE graphs of silicone oil-iron oxide nanofluids

In Figure 9.3 the DC conductivities of mixed nickel and iron oxide nanoparticles in
the nanofluids are shown in different volume fractions. The particle combinations are
nickel:iron oxide - top row in the ratio 1:1 by weight, middle row 3:1 by weight,
bottom row 9:1 by weight.

The result shows that in silicone oil based nanofluids the nickel particles plays a
dominant role which have a good agreement with the result obtained from the single
particles type measurements. In FC70 oil based nanofluids the measured
conductivities hardly varied at all with the different volume fraction of mixed
nanoparticles (Fig. 9.3). The presence of nickel and iron oxide nanoparticles together
enhance the electrical conductivity of the base fluid more than iron oxide
nanoparticles on their own. There could be synergistic effects between the different

types of particles as well as between the fluid-particles.
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Figure 9.3 DC conductivities of nanofluids containing both nickel and iron oxide

nanoparticles - silicone oil (left side) and FC70 (right side)

117




9.2 Dielectric permittivity of nanofluids

The dielectric permittivity of low volume-fraction (< 0.6 vol %) nanofluids in silicone
and FC70 oils was studied experimentally at moderately high frequencies (100 Hz to
1 MHz). The dielectric permittivity of six different nanofluid systems, (representing
combinations of three different nanoparticle types — Ni, Fe;sO4, BT - and two base
fluids — silicone and FC70 oils), was measured as explained the set-up and the
nanofluid preparation were carried out in accordance with Chapter 6.4. The two base
fluids (silicone oil and FC70) have similar relative permittivities as shown in Table
9.1. The measured permittivity data have a quite good agreement with the

manufacturer’s data of both oils.

Table 9.1 Permittivity of base fluids

Materials Relative permittivity Relative permittivity
[Measured] [Manufacturer’s Data]
200/50cS silicone oil 2.45 2.60
3M™ Fluorinert FC70 1.85 1.98

The permittivity of silicone oil-based (Fig. 9.4a) and FC70-based nanofluids (Fig.
9.4b) showed little change with variable (10 g/l and 30 g/I) concentration at 100 Hz to
1 MHz frequency range with 5V applied voltage.

Figure 9.4a shows the permittivity of silicone oil-based nanofluids. In all of the
examined low concentration (< 20 g/I) of silicone oil-based nanofluid in this
moderately low frequency range the permittivity was same value as the base fluid,
which means on the graph they overlap each other. At high concentration (> 30 g/1) of
nanoparticles the permittivity of nanofluid dropped to low value. The highest change
obtained in the high concentration (= 30 g/l) nickel-silicone oil nanofluid which
contains the conductive metal nanoparticles (average size 90 nm). Moderate change
has been obtained in the iron oxide- and barium titanate- silicone oil nanofluids in >
30 g/l concentration.

Figure 9.4b shows the permittivity of FC70 oil-based nanofluids. In all of the
examined low concentration (< 20 g/1) of FC70 oil-based nanofluid in this moderately
low frequency range the permittivity was same value as the base fluid, which means

on the graph they overlap each other. At high concentration (> 30g/l) of nanoparticles
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the permittivity of nanofluid has been dropped to low value. The highest change
obtained in the high concentration iron oxide-FC70 oil nanofluid which contains the
semi-conductive iron oxide nanoparticles (average size 10 nm). Moderate change has
been obtained in the nickel- and barium titanate- FC70 oil nanofluids.

The permittivity change with the increase in frequency at room temperature could be
explained by the dielectric polarization mechanism. Interfacial and dipolar
polarizations are active in the low frequency range.

The type of the nanoparticles in the nanofluid had effect in the value of the measured

permittivity. The metal nickel nanoparticles in silicone oil showed the highest change

of permittivity.
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Figure 9.4 Permittivity vs. frequency graphs of silicone oil-based nanofluids (a) and

FC70-based nanofluids (b)
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Chapter 10 Results and discussion of the
dielectrophoretic manipulation technique

This chapter describes a relatively simple electrohydrodynamic technique that can be
used for uniformly sized droplet creation and manipulation, oil-in-water emulsion
creation and to remove nanoparticles from oils. No moving parts and no small
diameter tubes are involved. In simple experiments the power consumption is quite
low, typically in the low milliwatt range.

The advantages of using dielectrophoretic forces are to create droplets with uniform
droplet size distribution and controllable droplet size. The disadvantage of the
dielectrophoretic droplet manipulation technique is that the electrical and rheological
properties of the two liquids have to match. The properties of pure oils (silicone and
FC70 oils) such as permittivity and viscosity make them suitable for the use in the
electrohydrodynamic technique. Whilst the physical (viscosity and surface tension)
and electrical properties (conductivity and permittivity) of silicone and FC70 oils
based nanoparticles suspensions (nanofluids) has been investigated, and previous

chapters (Chapter 8 and 9) explained their properties.

10.1 Dielectrophoretic manipulation of fluids

The experimental system (explained in Section 6.6) used for studying the
dielectrophoretic structuring is composed of a transparent dielectric cell (Fig. 10.1),
which contains a needle electrode, the two immiscible dielectric fluids, and a plate
which forms to earth connected electrode. Droplets of the dielectric fluid 1 (silicone
oil) are generated at the tip of a needle electrode in point-plane configuration. Both
micron- and nano-litre droplets of silicone oil are achievable using this method and
they acquire an electrical charge, due to the injection from the needle tip. This is
relatively slow to decay, as they pass through the lower fluid (dielectric fluid 2). FC70
is a very low conductivity, strongly-insulating perfluorinated oil.
Dielectrophoretic droplet generation is achievable using the Fig. 10.1 configuration
with no externally applied pressure when three key conditions are in place:

-the upper fluid (silicone oil) must have a higher dielectric permittivity than the

lower fluid (FC70 oil);
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-the intensity of the electric field adjacent to the needle along its length must have
sufficient intensity to generate a dielectrophoretic body force on the fluid;
-charge injection must take place at the needle tip. In practical terms, thinner

needles are preferred as they provide the process with more controllability.

Top needle electrode

Dielectric fluid1 \

Silicone oil

Glass vessel

s ()
Dielectric fluid2 ﬁ/.
FC70 ail

\

[
Bottom-plate electrode

Figure 10.1 Schematic diagram of the dielectrophoretic vessel

Different phenomena were observed in the above explained system. Figure 10.2
shows the steps of the droplet generation by dielectrophoresis. Figure 10.2a shows the
silicone oil and FC70 oil system without an applied electric field. Figure 10.2b-d and
10.3 shows images of the silicone oil sheath (cone) around the needle electrode. The
field exerts a positive dielectrophoretic force on the fluid and there is a net flow of
silicone oil towards the tip of the needle. Figure 10.3 represents a particular case
where the electric-field-induced (dielectrophoretic) force is counter-balanced by the
restoring (buoyancy) force exerted by FC70 fluid, preventing further fluid flow.
Hence there is a detectable electric field threshold for droplet generation to occur.
This is relatively insensitive to the sign of applied voltage.

Under electric field the generated charges in the fluid are repelled from the electrode
(by Coulomb force) and injected into the bulk fluid. When the applied electric field
strength reaches a threshold voltage level in the needle and a plane electrode
configuration charge injection occurs through the tip of the needle.

At the threshold voltage, the highest electric field existing at the tip of the needle was
capable of forming charged droplets from the silicone oil (Fig. 10.2e-f). When
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buoyancy was dominated by the electric forces and the voltage was higher droplet

creation was replaced by a continuous jet of silicone oil.

Figure 10.2 Filmstrip of the droplet generation by dielectrophoresis
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Silicone ol

FC70 oil

Figure 10.3 Cone generation of silicone oil around the needle into the FC70 oil

Note that the fluid at the tip assumes a conical shape with a swept angle of ~48°. This
is very close to the Taylor angle (49.3°), characteristic of electrospray systems
[Taylor, G.I. 1964].
In this needle-and-plate electrode configuration of dielectrophoretic system the size of
the generated droplet could be controlled by:

-the rheological properties of silicone oil (Fig. 10.4),

-distance between the two electrodes (Fig. 10.5).

Figure 10.4 Generation of different size of droplets by DEP technique with variable
silicone oil viscosity, 100 ¢St (a) and 50 cSt (b)

124



Figure 10.5 Drop size changes with the distance between the two electrodes. The

distance between the two electrodes 4 mm (a) and 9 mm (b)

10.2 Dielectrophoretic manipulation of nanofluids

In previous experiments (for pure silicone oil and FC70 fluid) a glass or
polycarbonate vessel was equally suitable for the dielectrophoretic droplet
manipulation, but when the top fluid was changed from pure silicone oil to silicone oil
based nanofluid the nanoparticles started to sediment on the side of the vessel by the
interface of the two oils (silicone 0il/FC70), due to the surface charge of the
polycarbonate vessel. For this reason in any further experiments glass cell was used.
The glass cell is filled with two immiscible dielectric liquids. Figure 10.6 shows the
schematic graph of DEP vessel with silicone oil based nanofluid. In electric field, the
permittivity of dielectric fluid 1 (silicone oil-based nanofluid) is higher than that
permittivity of dielectric fluid 2 (FC70 oil).

Three different nanofluids (Ni, Fe;0O4 and BT nanoparticles in silicone oil) were tested
with variable concentration (1 g/I-30 g/l) to discover the effect of the nanoparticles in

the dielectrophoretic droplet generation.
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Figure 10.6 Schematic diagram of the dielectrophoretic vessel for nanofluid droplet

generation

Figure 10.7, 10.8 and 10.9 shows the effect of the different concentration of
nanoparticles on the created droplet size and the size of the cone around the top
needle electrode also changed.

Figure 10.7 shows FC70 as lower fluid and silicone oil-based nickel nanofluid as
upper fluid with low concentration (< 10 g/l) of nickel (a) and the high concentration
(> 20g/1) of nickel (b) nanofluid systems. The size of the cone of the fluid around the
needle is reducing when the concentration of nanoparticles is increasing due to the
change in the electrical and surface tension properties.

Figure 10.8 shows FC70 as lower fluid and silicone oil-based iron oxide nanofluid as
upper fluid, with low concentration < 10 g/l (a) and high concentration > 20g/1 (b) of
iron oxide nanoparticles respectively. The droplet size and cone size is decrease with
the increase of the nanoparticles concentration. It is worth nothing that the iron oxide
nanoparticles tend to separate at the interface at high concentration (Fig. 10.8b).
Figure 10.9a, b shows FC70 fluid and low (< 5 g/l) and high (10 g/l) concentration of
BT nanofluid as upper fluid, respectively. The droplet size and cone size decrease
with the increase of the nanoparticles’ concentration till the concentration is <10 g/l.
Our results have a good agreement with Tan et al. (2008) who showed that in micro-
fluidic flow focusing device the size of the generated droplet is reduced by 20% in

diameter when the base fluid changed to nanofluid. The observed difference is due to
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the change of the interfacial tension and viscosity of nanofluid compare to the pure
base fluid.

Silicone oil based Ni nanofluid
> 209/l

FC70 ail

Figure 10.7 FC70 oil and silicone oil-based nickel nanofluid system, change of the

droplet and cone size with the nanoparticle concentration

Silicone oil based iron oxide nanofluid Sedimentation of iron oxide nanpparticles

FC70 ail

Figure 10.8 FC70 and silicone oil-based iron oxide nanofluid system, change of the

droplet and cone size with the nanoparticle concentration
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Figure 10.9 FC70 and silicone oil-based barium titanate nanofluid system, change of

the droplet and cone size with the nanoparticle concentration

With the droplet and cone size changes the threshold voltages are changed as well.
Table 10.1 shows the variable concentration of nanoparticles in the silicone oil-based
nanofluid and the required applied voltages to produce droplet from the
dielectrophoretic system. The threshold voltages increased with the increase of the

nanoparticles concentration in the nanofluid.

Table 10.1 Threshold voltage of nanofluids for droplet generation

Threshold [kV]

Concentration[g/l] Fe;04 Ni BT
0 2.90 2.90 2.90
1 2.50 2.70 2.82
5 3.10 3.30 3.50
10 4.04 3.50 4.70

20 7.00 4.30 -

30 7.96 4.44 -

The different types of nanoparticles in various concentrations have changed the

electrical properties and the viscosity of the base oil (silicone oil) as previously
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measured (Chapter 9). The surface and interface tensions of silicone oil also changed
with the added nanoparticles. The changes of these properties of the silicone oil have
an impact on the dielectrophoretic system as whole, which means had been changes in

the threshold voltage and the generated droplet size.

10.3 Sedimentation of nanofluids under electric field

Sedimentation could occur under the influence of external field. Our nanofluids have
been made by a two-step method (explained in Section 6) and created a well-mixed
and uniformly dispersed nanofluid. Sedimentation of nanoparticles at the oil-oil
interface has been evaluated.

Particles with induced dipole-moment could become sediment faster under electric
field. The settling rate of suspensions in 1 g/l to 20 g/l concentrations at the oil-oil
interface are enhanced by a non-uniform DC electric field and the settling rate
increased with higher electric field intensity. Our result has a good agreement with
previously published results [Yi, W.D. et al. 1995, Kim, S.S. et al. 2008]. Suspension
of magnetic nanoparticles had shown agglomeration and sedimentation under DC
electric field, which has good agreement with Peterson et al. (1977).

Due to a formation of aggregates the sedimentation velocity could be increased under
the influence of an external field. Figure 10.6 shows a two phase fluid system of
silicone oil with iron oxide nanoparticles formed a nanofluid (upper fluid) and FC70
oil (lower fluid).

The FC 70 oil (lower fluid) was placed into a glass vessel and topped up with silicone
oil based nanofluid (upper fluid), then a non-uniform DC electric field was applied in
a needle and plate electrode configuration. Figure 10.10 shows the system after the
applied non-uniform electric field (dielectrophoresis). The settling of nanoparticles
can be seen in the interface of the two oils (Fig. 10.10b). The sedimentation was
observable after the dielectrophoresis in the high concentration (>20 g/l) of silicone

oil based iron oxide nanofluid system.
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" FC70 oil

Figure 10.10 Sedimentation of iron oxide-silicone oil nanofluid after an applied

electric field (a) and higher magnification (b)

10.4 Emulsion formation by dielectrophoretic manipulation of
fluids

A particular application for the dielectrophoretic manipulation technique is for
silicone oil-in-water emulsion preparation. The applications for oil-in-water emulsion
are versatile from food industries through pharmaceutical to cosmetics.

This method is electrically controllable (by Nanomotion piezoelectric motor) to a fine
degree, enabling precise quantities of droplets to be delivered to the aqueous phase.
Both micron- and nano-litre droplets of silicone oil are achievable using this method
and they acquire an electrical charge, due to injection from the needle tip, which is
relatively slow to decay as they pass through the lower fluid (FC70 oil).

The experimental set up (Fig. 10.11) is fundamentally same as before (Chapter 10.1)
but now has been extended with a new part which is semi separated from the main
vessel.

A barrier effectively divides the container into two separate compartments. As the
silicone oil droplets pass under the barrier, the buoyancy force allows them to rise up
to the aqueous phase. The aqueous phase is containing surfactant which is reduces the
high surface tension of the water and the droplet could cross the interface and keep
the spherical shape in the aqueous phase to produce oil-in-water emulsion.

Figure 10.11 shows the system which has been used to create a silicone oil-in-water
emulsion by DEP manipulation. The lower part of the vessel is filled with FC70 oil,

and on the dielectrophoretic side (right side on the figure) topped up with silicone oil.
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In the emulsion producing side (left side on Fig.10.11) the top liquid is distillate water
with sodium dodecyl sulphate (SDS) surfactant.

Top needle electrode

Silicone ol . ‘
in water Glass barrier

emulsion

- . .

Water with surfactant
j r HV
FC70 fluid N S

—

Silicone oil

Bottom-plate electrode

Figure 10.11 Schematic diagram of phenomenon to produce emulsion by DEP

Figure 10.12 shows transportation of oil droplets between chambers in a set-up
similar to the Fig. 10.11 configuration. Using the non-uniform electric field, the
droplets would travel under the barrier to the opposite side of the vessel but when the
buoyancy was the predominant effect, they would ascend bursting at the interface
between FC70 and the water phase. If the water phase contained surfactant which
hugely reduced the interfacial tension of the water the silicone oil droplet (or
nanofluid) could cross the interface and keep their spherical shape inside the water
phase to create a silicone oil-in-water emulsion. Figure 10.13a, b shows optical
microscope images of silicone oil-in-water emulsion, produced by DEP manipulation
which is creating homogeneous emulsion with the controllable silicone oil droplet

size.
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Figure 10.12 Silicone oil droplets travel under the barrier in the DEP system

Figure 10.13 Silicone oil-in-water emulsions by dielectrophoretic manipulation

The choice of the surfactant is important and the function of the surfactant is to reduce
the surface tension of the water and stabilize the emulsion. Surfactants are stabilizing
emulsions by two main mechanisms: steric and electrostatic stabilization. When the
SDS dissolved in the water it breaks into two main parts: the anionic surfactant part
and the cationic counter ion (sodium). When the silicone oil drop hit the water from
the DEP manipulation the hydrophobic tails of the anionic part gets close to the oil
drop and the head (cationic part) moves to the drop surface because it is oppositely
charged. The hydrophobic tail encapsulates the oil drop and the hydrophilic heads

face the water phase.
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10.4.1 Emulsion formation by dielectrophoretic manipulation of
nanofluids

During the dielectrophoretic manipulation of silicone oil based nanofluid the
generated droplet carried the nanoparticles inside the droplets into the aqueous phase
to create silicone oil based nanofluid-in-water emulsion. The nanoparticles in the oil
phase of oil-in-water emulsion are used in food, cosmetic and pharmaceutical
industries. The experimental system (Fig. 10.11) shows the system which used to
create the emulsion.

The influence of the concentration of the surfactant has been studied. In our system
neither the added low concentration of surfactant nor the transferred very low
concentration of nanoparticles from the silicone oil-based nanofluid could stabilize
the oil-in-water emulsion on their own. The combination of the two made the oil-in-
water emulsion stable. At the interface of oil and water both surfactant molecules and
nanoparticles are adsorbed. The nanoparticles used in these experiments are
hydrophilic nanoparticles and hydrophilic particles are tending to stabilize oil-in-
water emulsions [Binks, B.P. 2002].

Table 10.2 shows the concentration of the added surfactant in the aqueous phase of
silicone oil-in-water emulsion. The critical micelle concentration (CMC) of sodium
dodecyl sulphate (SDS) is 8.2E-3 M in water at 25 °C [Mukerjee, P. et al. 1971]. The
concentration of surfactant has been changed with the type of the nanoparticles.

The smallest amount of surfactant is needed in the iron oxide nanofluid to stabilize the
emulsion. The size of the Fe;O4 nanoparticles (10 nm) is significantly smaller than the
two other types of nanoparticles (Ni and BT). This means with the same nanoparticles
concentration (g/l) the particles number density is a highest in the iron oxide
suspension 1.91E24 m>,

The small different between the concentration of the surfactant was necessary to
stabilize the BT- and Ni-nanofluids due to the different surface characteristics and the
different particle number density of the two types of nanoparticles. The sizes of the
particles are similar (Ni 100 nm and BT 130 nm) but the shape and the surface
roughness (studied by SEM and AFM) are different. The particles number density of
Ni and BT particles are 2.62E21 m™ and 8.69E20 m™, respectively.

After an experimental study the minimum amount of surfactant was used in the pure

silicone oil-in-water emulsion. The changes of the nanoparticles concentration in the
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nanofluid before the dielectrophoresis of the nanofluid did not produce any detectable
difference in the final silicone based nanofluid-water emulsion. The nanoparticles are
positioned in the three phase interface (oil-water, oil-nanoparticle, and water-
nanoparticle). Between the nanoparticles are strong inter-particle capillary forces.
When the nanofluid drop hit the water-FC70 fluid interface the drop could cross it
because the surface tension of water is lowered by the surfactant, and the bouncy is

overcome after the drop has lost its acquired charge.

Table 10.2 Surfactant concentration in the silicone oil-in-water emulsion and in

silicone oil- nanofluid-in-water emulsion

Nanofluid SDS concentration [M]
Silicone oil 6.50E-05
Fe;04- silicone oil 2.50E-06
Ni- silicone oil 7.50E-06
BT- silicone oil 9.00E-06

The drop enters into the aqueous phase and the surfactant molecules adsorb on the
drop surface. The nanoparticles inside of the drop are already placed at the drop
surface by the electrical forces. The nanoparticles spontaneously form a layer at the
oil-water interface because the thermal energy is lower than the energy need to detach
them from the interface as previously shown in silica stabilized emulsion [Horozov,
T.S. et al. 2006]. It is worth nothing that those emulsions stabilized with nanoparticles
and surfactant remain stable for a long time (months) without coalescence. This
indicates that a complete adsorption layer of surfactant—nanoparticles has been formed
on the drop surface to prevent it from coalescence.

The size different between the nanoparticles (10 nm to 100 nm) and the typical
surfactant molecule (0.4-1 nm) [Tcholakova, S. et al. 2008] is significant for
stabilizing the emulsions. Due to the size differences other effects occur [Tcholakova,
S. et al. 2008]:

-nanoparticles have slower kinetics of adsorption,

-higher desorption energy.

The adsorption time increases with increasing particle size. The nanoparticle
stabilized emulsion needs a higher concentration of nanoparticles than for the

surfactant stabilized one, because the larger demand of material needed to adsorb onto
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the drop surface to cover it. Several publications show [Taisne, L. et al. 1996,
Tcholakova, S. et al. 2008] that the concentration of surfactant can be as low as 0.01
wt% but the nanoparticles concentration is varied as few weight percent. In our case
the nanoparticle concentration in the silicone oil drop is very low, and could not
stabilize the oil-in-water system.

The self-aggregation of surfactant molecules onto a drop surface is known but the
effect on this process of the already existing nanoparticles on the drop surface is not
yet clear. The surface cover of the droplet by nanoparticles could be as low as 5 %
[Vignati, E. et al. 2003] and could be inhomogeneous and the emulsion is still stable,
which should mean that the surface covered by nanoparticles in our system might be
lower than 5 % because the emulsion was not stabilised by nanoparticles alone.

The believed mechanism in the case of the DEP formed oil-in water emulsion is that
the molecules of low-molecular-weight surfactant adsorb at “vacant places” in the
interfacial nanoparticle network. The surfactant could disconnect the nanoparticle
network and cause patches (aggregates) of nanoparticles on the surface of the drop.
The excess amount of surfactant could not replace the nanoparticles place on the drop
surface because once they adsorbed to the interface is should involve high energy to
desorb the nanoparticles; otherwise the surfactant molecule could adsorb and desorb

in shorter time and energy scale.

10.5 Nanoparticles recycling from nanofluid by
dielectrophoretic manipulation

Part of this project demonstrates the successful clean up of nanoparticles from non-
polar nanofluids by dielectrophoretic manipulation technique (Fig. 10.14).

The droplets created from the silicone oil-base nanofluid (upper fluid) transporting the
nanoparticles through the Fluorinert FC70 (lower fluid) and captured at the interface
between the top and bottom fluids in the opposite side of the vessel. When the
nanofluid droplets burst at the interface, nanoparticles remain trapped at the interface
between the two immiscible fluids. Filtration ideally takes place at this point and it
occurs when it is energetically favourable for the nanoparticles to remain at the
interface. Subsequent collection of the particles can be achieved, for example, by

causing them to migrate along the interface towards a negatively charged surface.
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Clearly the tendency for the nanoparticles to remain at a particular fluid-fluid
interface, for deployment or collection, is dependent on the energetics of the particle-
fluid interaction. For particles in the low nanometre size range the thermal energy of
the system can be of the same order as the interfacial desorption energy, hence in
addition to physicochemical factors there is also important size dependence [Boker,

A. et al. 2007, Kutuzov, S. et al. 2007].
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in the interface
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Figure 10.14 Schematic graph of nanofluid recycling system by dielectrophoretic

manipulation

The technique used to shows no nanoparticles exist in the top fluid is quite simple,
which involves shining a low power laser through the fluid of interest. Viewing the oil
vertically to the laser beam, the beam itself is not visible, but in the presence of
nanoparticles, the beam is scattered, and becomes visible, appearing as small motes of
light in the fluid. Qualitative analysis of the upper fluid (silicone oil) with a laser
showed it clean of nanoparticles (Fig. 10.15) and nanoparticles were present only at
the interface between the two immiscible fluids. This was confirmed by using the

same analysis through the top and bottom fluids, where no laser beam was observed.
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Figure 10.15 Laser beam scattering by nanoparticles at the interface

Currently there is no well known technique for the removing or recycling of
nanoparticles or base fluid from nanofluid on an industrial scale. The future
application of this process could be the recycling of engine oils. Recycling of
nanoparticles will be environmentally favoured and could reduce cost for

manufacturers.

10.6 Core-shell structure formation by dielectrophoretic
technique

The synthesis and application of core-shell structures is constantly growing because
of the wide variation of applications from biological, biomedical application to
catalytic application. Part of this project demonstrates the successful preparation of
core-shell structures from silicone oil based nanofluids by dielectrophoretic
manipulation technique.

The experimental set up (Fig. 10.11) is the same as used to create silicone oil-in-water
emulsion but the aqueous phase contains a polymer. The droplets created from the
silicone oil (upper fluid) or silicone oil-based nanofluid which transporting the
nanoparticles through the lower fluid (FC70 oil) and captured at the aqueous polymer
solution in the opposite side of the vessel. When the nanofluid droplets reach the
aqueous phase the polymers capture the droplet and create a silicone oil core with
polymer shell. A spray drying method was used to isolate these fragile structures and

make it possible to take images of the final product.

137



The zeta potential measurement of oil-in-water emulsion was carried out. Similarly, in
another volumetric flask, PVP (poly vinylpyrrolidone) and PVA (poly vinylalcohol)
shell materials were suspended in deionised water and at this point, the pH of the
solution was adjusted by adding HC1 or NaOH to the value given by the measurement
of zeta potential. Based on the measurements of the zeta potential of silicone oil in
water, core (oil droplets could be containing nanoparticles) and shell materials
(aqueous polymer solution) would produce opposite surface charges at the certain pH
regions. The electrostatic force on the surfaces of the core and the shell materials
would make the attraction of different charged particles to each other and thus form a
core-shell structure. Figure 10.16 shows the zeta potential values of the O/W emulsion

and polymer solutions in water as a function of pH.
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Figure 10.16 Zeta potentials of oil-in-water and polymer solutions as function of pH.

Zeta potential measurement gives the information about the overall surface charge of
the particles and how this is affected by the changes in the environment (e.g. pH). The
results of the electrophoresis measurements revealed that the zeta potentials of core
(oil) and shell (PVP and PV A polymers) have opposite signs in some pH regions, for
example, at 1 <pH < 4.0, the zeta potential for O/W emulsion was between -58 and -
120 mV while the zeta potential of PVA solution was between +20 and 0 mV. This

allowed for the easy attachment of the polymer on the surface of the oil droplets at
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this pH region, similarly, of the PVP solution on the surface of O/W emulsion at
1 <pH < 2.4 respectively.

Environmental SEM was employed to examine the morphology of the spray dried
core-shell structure. Figure 10.17 shows the PVA coated silicone oil drops and Fig.
10.18 shows the PVP coated silicone oil drops.

Figure 10.17 shows the silicone oil core-PVA polymer shell with various sizes (3-13
pm). The oil droplets with different sizes created by DEP technique and coated with a
PVA shell. During the drying process some of the droplets had a higher temperature
in certain places in the spray dryer chamber and the surface of these shells become
wrinkled (Fig. 10.17 a, b and c). Most of the PVA shells have a smooth surface (Fig.
10.17a and c). Figure 10.17c shows a broken core-shell formation. Figure 10.17d
shows a nice, smooth surfaced PVA coated silicone oil droplet and the wires on the
surface come from an excess PVA. During the experiments different concentration of
PVA solution was tried, and Fig. 10.17d shows a high concentration one. At high

concentration of the polymer the excess of polymer dried in a wire formation.

AccV SpotMagn Det WD 1 &5um
15.0kV 4.7 6500x_ GSE 10.3 0.8 Torr

AccV SpotMagn Det WD ——— 2ym AccV Spot Magn Det WD ——————— 5um
16.0kV 4.7 8000x GSE 103 0.8 Torr 15.0kV 5.0 5000x GSE 7.0 0.7 Torr

Figure 10.17 Silicone oil droplets coated with PVA produced by DEP manipulation
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Figure 10.18 Silicone oil droplets coated with PVP produced by DEP manipulation

Figure 10.18 shows the silicone oil core-PVP polymer shell with various sizes (3-12
um). The different sizes of oil droplets are created by DEP technique and coated with
PVP. The surfaces of most of the PVP shells are wrinkled (Fig. 10.18 a, b and c), due
to the difficulty of the precise control of the temperature and the nature of the
polymer. Figure 10.18d shows a broken core-shell formation.

The polymer coating is confirmed by EDX analysis and the analysis also detected a
small amount of nanoparticles form the silicone oil based nanofluid (Fig. 10.19).
Table 10.3 shows the result of the EDX analysis. It is worth nothing that the iron
component of the droplet of silicone oil base iron oxide nanofluid is very low.
Components conformed by the analysis are: carbon (C) is from the polymer shell and
the carbon tape, aluminium (Al) is from the aluminium sample holder, silicon (Si) is
from the silicone oil and the very small amount of iron (Fe) is from the iron oxide
nanoparticles. Fig.10.19a shows the spectrum of the analysed elements (excluding Fe
peak due to its very low content). Fig. 10.19b shows the core-shell structure with the
analysed area marked as Spectrum 1.

Another way of identifying the iron nanoparticles in the silicone oil droplets was to
burn the sample at high temperature and analyse the ashes by EDX. The result had a

good agreement with the EDX analysis of silicone oil based iron oxide nanofluid
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core-PVP/PVA polymer shell structure and it has been confirmed to have a very low

concentration of iron.

Table 10.3 EDX analysis report of silicone oil based iron oxide nanofluid core and

PVP shell structure

Element Weight% Atomic%
C 70.25 77.95

(0] 22.67 18.88

Al 1.15 0.57

Si 5.03 2.38

Fe 0.90 0.22
Totals 100.00 100.00

0 1 2 3

ull Scale 7298 ots Cursar: 0.000

T 10urm Electron Image 1

(a) (b)
Figure 10.19 Spectrum of the resulted elements of the core-shell structure analysed by

EDX (a) and analysed area of iron oxide-silicone oil core and PVP shell structure (b)
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Chapter 11 Overall discussion

The investigation presented in this thesis indicates an evaluation of electrical and
physical properties of nanofluid in the optimised work of a new dielectrophoretic
droplet generation and manipulation technique. This investigation consisted of

experimental synthesis of nano-materials and the characterization of nanofluids.

11.1 Nanopatrticle synthesis and characterization

New nanoparticles synthesis routes were required to provide a known size and
morphology, which was essential to test the effect of particle size in the new
dielectrophoretic droplet generation and manipulation technique. Experiments to date
indicate that it is relatively easy to obtain nanoparticles but to have control over the

size and morphology has proven to be difficult.

Fe3;0,4 nanoparticles
The type of the iron salt used had an influence on the obtained nanoparticles size due

to their different solubilities. Ferric nitrate has the lowest solubility and provided
smaller size nanoparticles. The product yield has been improved by the optimised

reaction time and reaction temperature

Nickel nanoparticles
A new chemical solution synthesis method was used to produce nickel nanostructures

with variable morphologies. The synthesis is described in a paper — see Appendix.
Nano-sized spherical Ni nanoparticles, star-shaped Ni nano-crystals and flower-
shaped Ni micro-particles were successfully prepared by using a new wet chemical
solution route. Ni nanoparticles were prepared by reducing a Ni-complex formed
between nickel-acetate and hydrazine solution at high pH in a solution. Then through
the control of the precursor concentration, reaction temperature and ageing time,

nano-sized Ni particles with different sizes and new morphologies could be formed.
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Barium titanate nanoparticles
A systematic study of hydrothermal synthesis of BaTiOs; was carried out to control

and understand the effects of parameters such as reaction temperature and time on the
formation of BT under alkaline conditions. The BT nanoparticles were formed by a
dissolution-precipitation mechanism. The systematic study showed that the increasing
the temperature (65 °C-180 °C) and decreasing the time (192 hrs-24 hrs) led to

reduced size nanoparticles (<120 nm).

Lead zirconate titanate nanoparticles
The synthesis of PZT particles involves a dissolution-precipitation mechanism which

involved Zr-Ti co-precipitated particles with intermediate form, nearly cubic, Pb-ion
diffusion and cubic form creation.

The reaction temperature had the main influence on the obtained particle size and
increasing the temperature (160 °C-200 °C) produced smaller size particles (<200 nm)
and new morphology (from cubic to nearly-spherical nanoparticles). The morphology
was affected by the reaction temperature and at high temperature the particle growth
is faster in 2D dimension than in 3D, resulting in a novel nearly-spherical

morphology.

Solid silicon dioxide nanoparticles
The two main stages to form SiO, nanoparticles are nucleation and growth. The feed

rate and the concentration of NH,OH has been studied and when the ammonium
hydroxide feed rate was slow (0.03 ml/min) the kinetic energy produced by the
reaction resulted in slow particle growth and small particle size (205 nm). Increasing
the feed rate of ammonium hydroxide at slightly reduced temperature produces larger
particle sizes (> 40 nm).

The mixing method of precursors has an effect on particle size. The magnetic mixing

method leads to larger particle sizes than the use of ultrasonic bath as mixing.

Hollow silicon dioxide particles
Sol-gel method with water-in-oil emulsion synthesis process was used to produce

hollow silicon dioxide particles with mesoporous shells. The catalyst has an effect on
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the final product. The non-ionic surfactant (Span 80, C4sH44Og) tends to promote
network formation which leads to hollow form. The surfactant has a double function
in this synthesis and the functions are: facilitate emulsion formation and promote

emulsion stability and form monolayer at the water-oil interface.

Core-shell Ni- and Fe;0, - coated SiO,, BT, and PZT particles

New synthesis route developed to produce coated particles which used the
electrophoretic measurement of the water-based nanofluids.

Zeta potential measurement gives the information about the overall surface charge of
the particles and how this is affected by the changes in the environment (e.g. pH). The
measured colloid suspensions were prepared without adding any surfactant to avoid
the change of the double layer around the particles. The results of the electrophoresis
measurements revealed that the zeta potentials of core (SiO;, BT and PZT) and shell
(Ni and Fe;0,) particles have opposite signs in some pH regions, which allowed for
the easy attachment of oppositely charged nanoparticles on the surface of other
particles at certain pH region.

Core-shell structure of Ni- and Fe;O, - coated SiO,, BT, and PZT particles
successfully synthesised by this novel electrostatic synthesis route with the control of

the thickness of the shell through the ratio of core and shell particles.

11.2 Preparation and characterization of nanofluids

The nanofluids have been made without surfactant during this project. The absence of
surfactant gives an opportunity to use the “pure” nanofluid in further characterization
without additional complexity. If surfactant is added to the nanofluid system the
nanoparticle has an interaction with the surfactant and furthermore an interface
between the nanoparticles and the stabilizer is created. The surfactant layer could
conceivably act as an insulating layer around the nanoparticles and at minimum
introduces uncertainty to the effective particle size and interparticle spacing.

Through the characterization of nanofluids it was demonstrated that the nanoparticles
have an effect on all kinds of measured properties. The properties of nanofluids

depend on the properties of the base-fluid and the properties of the dispersed
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nanoparticles, such as concentration, size and morphology. Importantly they are also

shown to be dependent on fluid-particle interaction.

Sedimentation of nanofluids
The nanofluids show observable sedimentation over a long time period (> 24 hrs) due

to aggregation of nanoparticles through gravity and the lack of any stabilizer or
surfactant. The stability of nanofluids generally depends on the particle surface
properties, size and shape. Experimental investigation showed that all of the
nanofluids used in this project were stable for at least 2.5 hours and the measurement
periods were under half an hour. The fluid that was stable for the longest time was the
iron oxide-silicone oil base nanofluid, due to the small size (average 10 nm) and the

high viscosity of the base fluid.

Viscosity of nanofluids
The viscosity change of base fluids (silicone and FC70 oils) was investigated when

different types of nanoparticles were added in various concentrations over a shear-rate
range of 0.10-10 s”'. All of the suspension viscosities increased with increasing
nanoparticle concentration. The viscosity vs. shear rate curves for all of the samples
showed shear-thinning behaviour over the whole shear rate range. This means
increasing the shear rate decreases the viscosity due to deaggregation of particles in
the base fluid.

The influence of nanoparticle size on the viscosity of the medium was studied. The
viscosity both in silicone oil- and in FC70 fluid-based nanoparticle suspensions

increases with decreasing size of the BT particles.

Surface tension of nanofluids
In any droplet creation technique (including dielectrophoretic droplet generation

technique) the size of the created droplet is directly related to the surface tension and
the rheological properties of the fluid.

In the silicone oil based nanofluids at low nanoparticle concentration (1-3 g/l) the
reduction of surface tension was observed. At higher nanoparticle concentrations (>3

g/l) no further reduction of surface tension was observed and the value remained at
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the same level. In the silicone oil based nanofluids the highest reduction (6 %) of the
surface tension of the pure oil occurred in the nickel nanofluid.

In the FC70 based nanofluids the observed trend was the same as in silicone oil based
nanofluids and the highest reduction occurred in the iron oxide nanofluid.

It is quite likely that until the nanoparticle concentration reaches certain level (about 3
g/l in these cases) the nanoparticle network at the surface is not completed. Above this
concentration any additional nanoparticles would stay inside the solution. This may be
the result of the network of nanoparticles at the surface becoming saturated. This was
indicated by the surface tension remaining constant, despite a further increase in
concentration.

The interface tension of silicone 0il/FC70 oil and silicone oil-based nanofluids/FC70
oil was calculated by different models such as Berthelot, Antonow, and Girifalco
[Tavana, H. et al. 2007]. The interface tension occurs from an imbalance of forces
acting on molecules at the interface. The value of interface tension depends on the
interactions between the two fluids and the molecular interaction in the individual
fluids. The result shows that the interface tension of silicone oil/Fluorinert oil (7.8

mN/m) is reduced (4.5-4.7 mN/m) by the addition of the nanoparticles.

DC conductivity of nanofluids
The electrical properties of the fluids play an important role in dielectrophoretic

droplet generation and manipulation technique, specifically the conductivity and
permittivity of the base fluid and the nanofluids.

DC electrical conductivity has been measured for low nanoparticle concentrations in
silicone and FC70 oils at moderate electric field strengths [Appendix]. The results
showed that, the silicone oil base nanofluids have some field-dependent character
over the observed range, shown as an increase in measured conductivity as the applied
voltage is increased. The DC conductivity of the silicone oil based nickel nanofluid
shows an especially high increase even at very low concentration (4 g/l) and at the
higher concentration of nickel (30 g/l) the value of the DC conductivity of the silicone
oil increased by eight orders of magnitude.

There is evidence of field-induced behaviour in silicone oil based nanofluids and

analysis shows that the observed increases follow the relationship: In J o< VE (where
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J is the current density and E the applied electric field) characteristic of energy-
activated (Poole-Frenkel type) behaviour.

Enhanced DC conductivity through interaction between the particles and the fluid has
been demonstrated even at moderate fields and different types of nanoparticles have
been shown to exhibit different behavioural trends. Whilst the DC enhancement is
partly related to the spatial arrangement of the particles as expected, there is clear
evidence that energy-activated (electric-field activated) processes also play a major
role. Synergies clearly exist between nanoparticles and carrier fluids that can have a

major influence on the conductivity of nanofluids.

Dielectric permittivity of nanofluids
The dielectric permittivity of low concentrations (< 30 g/1) of nanofluids was studied.

All of the examined fluids with low concentrations (< 20 g/l) of nanoparticles had the
same permittivity value as the base fluid (silicone oil 2.45 and FC70 1.85). At higher
concentrations (= 30 g/l) of nanoparticles the permittivity of nanofluid dropped to a
lower value. The permittivity change with the increase in frequency at room
temperature could be explained by the dielectric polarization mechanism. Interfacial

and intermolecular polarizations are active in the low frequency range (< 1 MHz).

11.3 Dielectrophoretic droplet manipulation techniques

All of the previously investigated physical and electrical properties of non-polar fluid
based nanofluids have a great influence on the new dielectrophoretic droplet
generation and manipulation technique. For potential use of the dielectrophoretic
technique in further applications deeper understanding is needed of its physical limits.
The new electrohydrodynamic technique produces very uniform droplet size
distribution and controllable droplet size. This new technique is unique and has a
bright future both economically and environmentally. Characteristically:

-no small tubes involved in the droplet creation, which means no clogging,

-it can produce droplets in submicron size or even smaller size, depending on the

fluid properties,

-droplet generation occurs without externally applied pressure,

-the energy consumption is very low, usually in the milliwatt range.
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Dielectrophoretic droplet generation is achievable using the Fig. 10.1 configuration
with no externally applied pressure when three key conditions are in place:
-the upper fluid (silicone oil) must have a higher dielectric permittivity than the
lower fluid (FC70);
-the intensity of the electric field adjacent to the needle along its length must have
sufficient intensity to generate a dielectrophoretic body force on the fluid;
-charge injection must take place at the needle tip.

Under non-uniform electric fields different phenomena were observed. With an

applied electric field the silicone oil sheath (cone) around the needle electrode was

observed (Fig. 11.1 a).

Figure 11.1 Two-phase fluid systems of silicone and FC70 oils, left: a static image
shows control of the phenomenon (a), droplet generation (b) and creation of small

droplets (c)
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The field exerts a positive dielectrophoretic force on the fluid and there is a net flow
of silicone oil towards the tip of the needle. In this case, where the electric-field-
induced (dielectrophoretic) force is counter-balanced by the restoring (buoyancy)
force exerted by FC70 fluid, preventing further fluid flow. Hence there is a detectable
electric field threshold for droplet generation to occur (Fig.11.1 b and c). When
buoyancy was dominated by the electric forces and the voltage was higher droplet
creation was replaced by a continuous jet of silicone oil.

In this needle-and-plate electrodes configuration of dielectrophoretic system the size
of the generated droplet could be controlled by the rheological properties of silicone

oil and with the distance between the two electrodes (Fig. 11.1).

Emulsion creation by DEP manipulation technique
The new electrohydrodynamic technique was used for preparation of silicone oil-in-

water emulsion (Fig. 10.11). The aqueous phase contains surfactant which reduces the
surface tension of the water and then the droplet could cross the interface and retain
its spherical shape in the aqueous phase. The oil-in-water emulsion produced by DEP
manipulation creates a homogeneous emulsion with controllable oil drop size which is
significant.

Adding nanoparticles to the silicone oil created a non-polar nanofluid and during the
dielectrophoretic droplet manipulation the nanoparticles were carried inside the
formed droplets.

In our system neither the very low concentration of surfactant nor the transferred
nanoparticles could stabilize the oil-in-water emulsion on their own. The combination
of the two made the oil-in-water emulsion stable. The added surfactant concentration
could be reduced with an increased number of nanoparticles from the nanofluid.

It is worth noting that emulsions stabilized with nanoparticles and surfactant remain
stable for a long time without coalescence. This indicates that a complete adsorption
layer of surfactant—nanoparticles should be formed on the drop surface for preventing

coalescence.
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Recycling of nanoparticles from nanofluids by DEP manipulation
technique

The successful recycling of silica nanoparticles from a silicone oil based nanofluid
system has been demonstrated, using the new dielectrophoretic technique (Fig. 10.14).
The droplets created from the silicone oil-base nanofluid transporting the
nanoparticles through the FC70 fluid. When the nanofluid droplets burst at the
interface between FC70 and silicone oil, nanoparticles remain trapped at the interface
between the two immiscible fluids. Pure silicone oil could be reused and nanoparticles
could be recycled which is important from the environmental and financial point of

view as well.

Core-shell structure creation by DEP
Part of this project demonstrated the successful preparation of silicone oil core-

polymer shell structures by the dielectrophoretic technique and by a spray drying
technique. This could be significant as the synthesis and application of the core-shell
structures is constantly growing particularly for biological and medical applications.

The droplets created from the silicone oil or silicone oil-based nanofluid were
transported through the FC70 fluid and captured in the aqueous polymer (PVA or
PVP) solution. When the nanofluid droplets reach the aqueous phase a silicone oil
core with polymer shell is created. By controlling the zeta potential of silicone oil
core and shell materials (aqueous polymer solution) it is possible to produce opposite

surface charges which attract each other.
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Chapter 12 Conclusions

The main conclusions drawn from this study are the following:
-New nanoparticles synthesis methods have been created that enable:

-nickel (Ni) nanoparticles to be made spherical, star and flower shape with

size range from 80 nm-400 nm,

-lead zirconate titanate (PZT) particles to be made with variable size from 200

nm-1200 nm with cubic, pellet and nearly spherical shapes,

-spherical solid silicon dioxide (SiO;) nanoparticles to be made in the size

range from 20 nm-300 nm,

-core-shell Ni- and Fe;O; - coated SiO,, BT, and PZT particles to be made.
-In order to achieve accurate control over droplet generation and manipulation by a
new dielectrophoretic technique the measurements of physical and electrical
properties of nanofluids were required. All of the measurements (stability, viscosity,
surface tension, DC conductivity and dielectric permittivity) showed that the addition
of a small volume fraction of nanoparticles into the base fluids changes the properties
such as:

-the viscosity of base fluid is directly proportional to the concentration of

nanoparticles and inversely proportional to the size of the nanoparticles,

-the DC conductivity is enhanced through interaction between the particles

and fluid at moderate electric fields with different types of nanoparticles,

-the surface and interface tensions are reduced.
-Results from previous measurements indicated that the novel dielectrophoretic
droplet generation and manipulation technique is able to produce droplets with a
uniform size distribution and showed the control over the size even with addition of
small volume fraction of nanoparticles. This new electrohydrodynamic structuring
technique was also used for:

-nanofluid cleaning for recycling the base fluid,

-oil-in-water emulsion formation,

-the creation of core-shell structures, silicone oil core-polymer shell.
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Chapter 13 Suggested further work

Further work aimed at improving and scaling up the systems is listed below:
-In doing this work it has become apparent that the volume fraction,
morphology and size of nanoparticles have a strong influence on the physical
and electrical properties of nanofluids. In order to shed some further light on
how the surface charge of nanoparticles affects the properties of non-polar
fluids, it will be necessary to add hydrophobic and hydrophilic nanoparticles
to the base fluids. The properties of these nanofluids can then be measured and

the results compared.

- In order to find out the effect of surfactant on the properties of surfactant
stabilized nanofluids and the effect of the surfactant on the dielectrophoretic
manipulation system the following experiments would need to be performed:
(a) the use of ionic, non-ionic surfactants and polymer as surface—active agents
to stabilize nanofluids, (b) the measurements of physical and electrical

properties.

-Testing out motor oil and other kind of oils used in different industries in
order to find out their suitability for the dielectrophoretic manipulation system.
A wide variety of oils with nano-contamination is commercially available, but

it is unlikely that a large number of material combinations will be possible.

-Future development of the recycling of nanofluids project for environmental
application, including the scale up of the equipment with the use of parallel

needles.
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The magnetic nanopowders can be potentially applied in wide range of fields such as magnetic storage,
magnetic fluid, medical diagnosis, conducting paints, rechargeable batteries, optoelectronics, magnetic
recording media, drug delivery system and catalysis. They have attracted interest in the past decade
and have also been studied extensively because of their size- and shape-dependent physical-chemical
and magnetic properties for applications in various useful technologies. In this work, we present our
experimental results on the preparation of nanosized Ni nanoparticles with different shapes by using a
wet chemical solution route. Ni nanoparticles were prepared by reducing a Ni-complex formed between
nickel-acetate and hydrazine solution under basic condition. Then through the control of reaction tem-
perature and ageing time, nanosized Ni particles with different morphologies could be formed. The
morphology and sizes of synthesized nanostructures were studied by scanning electron microscopy (SEM).
Structural properties of nanoparticles were examined by X-ray diffraction. We also report the core-shell
structures of micro-composites of silica-nickel (SiO, /Ni). The composite core-shell structures were formed
by the control of the surface charges of particles in aqueous solutions. A specific composite (SiO,/Ni) can
be produced by controlling the surface charge, the pH and the molar ratio of the components. Core-shell
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structures are stable at room temperature.
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1. Introduction

Nanomaterials have attracted interest in the past decade
and have been studied extensively because of their size- and
shape-dependent physical-chemical and magnetic properties for
applications in various useful technologies. In recent years, with
growing interest in building advanced materials using nanoscale
particles, there is a need for general approaches to controlling the
size and shape of nanocrystals [1,2]. Nanoscale metal materials
have attracted much attention owing to their promising potential in
magnetic storage, magnetic fluid, medical diagnosis and catalysis.
Small metal particle arrays have been used to build single-electron
devices [2-4]. More attention has been attracted on nanoscale mag-
netic transition metal-based materials, including Ni, Co and Fe duo
to their magnetic properties and application potential. For such
crystallites, the physical and chemical properties depend sensi-
tively on particle size and shape [2-11]. In the last few years, nickel
nanomaterials with the following shapes have been synthesized:
nanotubes, nanorods, hollow spheres, nanobelts, nanoprisms, and

* Corresponding author. Fax: +44 1234751346.
E-mail address: q.zhang@cranfield.ac.uk (Q. Zhang).

0254-0584/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2008.10.068

hexagonal flakes [2-6]. Magnetic nanoparticles are being widely
used in rechargeable batteries [7], optoelectronics [8], chemical
catalysts [9], conducting paints [10], magnetic recording media,
ferro-fluids, magnetic resonance imaging contrast enhancement,
drug delivery [11] and magnetic hyperthermia [12,13]. Several
methods have been developed to synthesize particles with con-
trolled size and shape. These methods include photolytic reduction
[14], radiolytic reduction [15], sonochemical method [16], solvent
extraction reduction [17], microemulsion technique [18], polyol
process [19], and chemical route [20]. Chemical control over the
size and shape of nanocrystals presents a challenge to this field.
Li et al. [21] have reported the synthesis of pure black powder
Ni through reduction of aqueous NiSO4 with hydrazine. Ni et al.
[22] have synthesized distinct flowery shapes of Ni nanocrystals
using a hydrothermal chemical reduction containing a mixture
of Ni(NyHy4)32* and Ni(dmg), (nickel dimethylglyoximate) as the
nickel source. In this paper, we report our experimental results on
the preparation of nanosized Ni nanoparticles with different shapes
by using a modified version of the wet chemical solution route used
by Li et al. [21]. Through the control of reaction temperature and
ageing time, nanosized Ni particles with different morphologies
were prepared. We also report a core-shell structure of SiO,/Ni
composite synthesized by an electrophoretic method.
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Fig. 3. SEM images of spherical nickel nanoparticles. (a) 80 nm, (b) 100 nm, (c) 120 nm, (d) 150 nm, (e) 300 nm, and (f) 400 nm.

2. Experimental procedure

Chemicals used in this paper are: tetra-ethyl ortho-silicate (TEOS), isopropanol,
nitric acid (HNOs), kerosene, sorbitan monooleate (Span 80), Ni(CH3COO),-2H,0,
N3Hy4-2H, 0, HCI and NaOH. All the chemicals and solvents used in the synthesis of
particles were purchased from Aldrich (UK) and used without further purification.

2.1. Preparation of spherical nickel nanoparticles, star-like nanoparticles and
flower-like micro-particles

The current synthetic procedure is a modified version of the method developed
by Choi et al. [20]. Fig. 1 shows a flow chart of the synthesis procedure of spherical
nickel nanoparticles, nanostars and microflowers. In the synthesis, spherical nickel-
metal nanoparticles were prepared by the thermal decomposition of Ni-hydrazine
complexes and subsequent reduction of Ni ions. The following procedure describes
the synthesis of nickel nanoparticles. First, nickel-acetate (0.1 mol) aqueous solution
was heated to 50°C and then hydrazine (N;H4-H,0, 0.25mol) was added to the
solution with vigorous stirring. The solution was then heated to 65 °C, which results
inlight violet precipitate. When the solution was cooled to 50 °C, an aqueous solution
of sodium-hydroxide (0.3 mol) was added to it. To obtain the spherical nanoparticles,
the solution was again heated to 55°C and remained for 1h. To obtain nanosize
nickel stars, to the N-hydrazine complex added an aqueous solution of sodium-
hydroxide (0.1 mol) and then the solution was heated to 70 °C and remained for 3 h.

When the solution was aged for 24 h at 70°C, the product was microsized nickel
flower. The precipitated particles were retrieved by centrifugation. The yield of the
overall synthesis was 60% based on the amount of Ni acetate. The formed black Ni
precipitate was finally washed five times with distilled water and dried at 40°C in
oven overnight.

2.2. Preparation of hollow silica particles

The process is a combination of sol-gel process and water-in-oil (W/O) emulsion
based on the work described in [23]. For the water phase: TEOS, H,O, isopropanol
and nitric acid (HNO3) were mixed at the molar ratio of 1:4:3:0.01. The solution
was vigorously stirred at 50 °C for 60 min. For the oil phase, kerosene and sorbitan
monooleate were mixed at 3:1 molar ratio. The water phase and oil phase were then
mixed in a Teflon beaker and stirred at 80°C for 60 min. The obtained precipitates
(SiO2) were washed with acetone, isopropanol and water to remove any impurity
and dried in vacuum oven at 100°C for 10 h, and finally the powders were calcined
at 700°C for 8 h in a furnace.

2.3. Preparation of Ni coated SiO particles
The principle of synthesis for core-shell structure used in this study is based on

the electrostatic attraction between particles having opposite surface charges. The
surface charge of particles in solution can be determined by the measurement of
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Fig. 4. SEM images of microflower of nickel (a-c) and nanostars of nickel (d and e) and SEM of a single SiO, particle coated with nickel particles (f).

zeta potential. Because the zeta potential of the particles is a function of pH value of
the solution, it is possible to control the sign of the zeta potential by adjusting the pH
of the solution through adding either HCI or NaOH. Fig. 2a shows a flow chart of the
synthesis procedure of core-shell structures. SiO, core and Ni shell particles were
suspended in deionised water, respectively, in a volumetric flask and the particle
concentration of SiO, core particles in solution was 0.1 gL' and the particle con-
centration of Ni varies depending on the requirement of coating thickness. Higher
Ni concentration leads to thicker coated layer. The SiO, and Ni suspensions were
then placed in an ultrasonic bath for 30 min. At this stage, HCl or NaOH was added
to the SiO, and Ni suspensions to adjust the pH value. Based on the results of zeta
potential measurements of particle colloids in water, core and shell particles would
produce opposite surface charges at the certain pH regions. The core and shell parti-
cle colloids with such pH values were then mixed and placed to the orbital shaker for
30 min. The electrostatic force on the surfaces of the core and shell particles would
make the attraction of different charged particles to each other and thus form a
core-shell structure (Fig. 2b). The core-shell particles were then dried in the oven at
40°C overnight.

2.4. Characterization

Scanning electron microscopy (S-FEG SEM) was performed on a Philips XL30.
X-ray diffraction studies used a standard XRD 6-20 measurement in the range
260 =20-60° on a Siemens D5005 diffractometer with Cu Ko radiation and a Goebel
mirror. The crystallite size is determined from the X-ray line broadening using Scher-
rer formula given by D=0.91/8 cos 8, where D is the average crystallite size, A is the

X-ray wavelength used (1.5406A), B is the angular line width of half maximum
intensity and 6 is the Bragg’s angle in degree. The pH values of particles in water
were measured using a Jenway 3540 pH meter. Electrophoresis measurements were
performed using a Malvern Zetasizer 3000.

3. Results and discussion

A schematic illustration of the formation mechanism of
Ni nanostructures is shown in Fig. 1. Ni-complex such as
[Ni(NH3)g](CH3COO), or [Ni(N;Hg4)3](CH3COO), is decomposed by
NaOH forming Ni(OH),. Subsequently the Ni2* ion was reduced to
nickel nanoparticles.

Previous publications [22,24,25] on the synthesis of nickel
nanocrystals by hydrothermal reduction from different complexes
described the possible mechanisms of formation of the nickel
nanoflowers. For example, Ni et al. [22] used two complexes,
Ni(NyH4)32* and Ni(dmg), as the nickel source in hydrothermal
synthesis and they think that the reaction process involves two
steps: firstly, Ni(N,H4)32* is reduced, and the resulting spherical
nanocrystals serve as the flower centers. Then Ni(dmg), yields
swordlike nanocrystals which grow radially on the existing spheri-
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Fig.5. Zetapotentials of SiO, and Ni particles in water as function of pH. Adjustment
of the pH was carried out by adding standard HCl and NH4OH solutions.

cal centers as petals [22]. In our case, a chemical solution synthesis
method is used. The formation mechanism of the nickel nanocrys-
tals is possibly similar to the ones described in [6,21]: hydrazine
reacts with nickel ions in aqueous media to form hydrazine complex
[26,27].

Ni?* +3NaHy < [Ni(NaHg)s]>* W

Then [Ni(N,Hg4)3]%* reacts with OH- in alkali system as follow-
ing:

2[Ni(N2H4)3]2+ +40H™ — 2Ni | + N3 +4H50 + 5NyH4 (2)

Hydrazine is a powerful reducing agent. Temperature and time
of the reaction influence the products. Between 50 and 70°C and
under the basic condition, the reaction (2) proceeds fast and leads
to spherical Ni particles. If the temperature of the reaction (2) is
higher (70-85 °C), crystals grow fast on the spherical Ni particles.
Therefore, star-like Ni particles would yield. The pH value of the
solution also influences the products. At 50-70°C, NaOH is neces-
sary for the formation of pure spherical powder of metal nickel. If
temperature rises to 85-95 °C, Na,CO3 can be used to obtain pure
powder of metal nickel. pH value in both NaOH and Na,COs5 situ-
ations should be adjusted to 10-12 in order to keep the reaction
speed and products under control.

The low concentration of NaOH solution (<0.1 mol) and the high
reaction temperature (>70°C) can generate nanosize star-like Ni
particles and longer reaction time (aging time 24 h) can lead to the
formation of flower-like nickel crystal with microsize. Ni(NyHy )32+
was first reduced and yielded spherical nickel particles, which were
dispersed in the system. The newly formed Ni nanoparticles serve
as seed sites for the further reduction of Ni(N,H,)32* and crystal
growth as the reaction proceeds at high temperature.

It is reasonable to think that the concentration of Ni%*-ion in
solution changes and the Ni nuclei sites gradually increase with the
reaction proceeding, which result in the formation of Ni irregular
nanoparticles when ageing. Ni2*-ion concentration in the solution
with high pH (>13) supports the crystals growth along a certain
direction until all the NiZ*-ions are consumed. Therefore to control
the shape of Ni particles, it is important to monitor the pH. The
other factors that need to be considered are the temperature of the
solution and the ageing time.

At higher temperature (>85°C) and shorter time it will pro-
duce nanoparticles. Because, at higher temperature, Ni2*-ions move
faster, which makes the crystal growth slower and therefore it
needs longer time to age the solution in order to obtain star or
flower shape crystals.

The morphology of the samples was investigated by field emis-
sion scanning electron microscopy (FE-SEM). Fig. 3 shows the SEM
images of spherical shape Ni nanoparticles (Fig. 3a-f) with the
average size between 80 and 400 nm. Ni particles are spherical
(Fig. 3a-f) while particles are more or less flower shape in Fig. 4a-c
and stars shape in Fig. 4d and e. All the particles showed a nar-
row particle size distribution. Due to the large surface to volume
ratio and strong magnetic attraction forces, the Ni nanoparticles
tend to agglomerate in order to minimize the total surface energy
of the system. The produced nanoparticles are spherical with the
size between 80 and 400nm depending on the molar ratio of
Ni(CH3C00),/NyH4 between 0.4 and 0.07.

Fig. 4f shows the SEM images of SiO-, particles coated with nickel
nanoparticles (the average size of SiO; particles is about 15 pm and
the average size of nickel nanoparticles 100 nm). The SiO, particles
remain spherical after they were coated with Ni. The thickness of
the shell can be controlled through the mediation of the ratio of
core and shell particles and the reaction time.

Fig. 5 shows the zeta potential values of the SiO, and Ni particles
in water as a function of pH. Zeta potential measurement gives the
information about the overall surface charge of the particles and
how this is affected by the changes in the environment (e.g. pH).
The measured colloid suspensions were prepared without adding
any surfactant. The results of the electrophoresis measurements
revealed that the zeta potentials of core (SiO;) and shell (Ni) par-
ticles in their solution have opposite signs at 4.3 <pH<10.7. The
zeta potential for SiO, particles was between 0 and —50 mV while
the zeta potential of Ni particles was between +40 and 0 mV. This
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Fig. 6. X-ray powder diffraction patterns of spherical Ni nanoparticles (a) and
Si0,/Ni core-shell composite at room temperature (b).
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allowed for the easy attachment of the nickel nanoparticles on the
surface of SiO, particles in this pH region.

Fig. 6a shows the XRD patterns of spherical Ni nanoparticles
with size between 80 and 400 nm and Fig. 6b shows the XRD pat-
terns of the core/shell SiO, /Ni. Three characteristic peaks for nickel
(260=44.5°,51.8°,and 76.4°), corresponding to Miller indices (111),
(200), and (222), were observed. The intensity of these peaks
increases with the increase of Ni nanoparticles size. The appearance
of those peaks reveal that the resultant particles are pure face-
centred cubic (fcc) nickel at these samples (JCPDS, No. 04-0850).
The XRD patterns revealed only nickel. The calculated size values
for all Ni samples by Scherrer formula [28] at 20 of 44.5° are general
approximates to those of SEM observation (Figs. 3 and 6).

4. Conclusions

Spherical Ni nanoparticles, star-shaped Ni nanocrystals and
flower-shaped Ni micro-particles were successfully prepared by
using a wet chemical solution method. All these products were
synthesised by reduction of the complex of [Ni(NyH4)3]%* in alka-
line solution with hydrazine hydrate. The present work realized
the control of the crystal shape through controlling various Ni-
ions reduction reaction parameters to adjust the crystal nucleation
and growth processes. Also, through adjusting the solution pH val-
ues of core and shell particles, Ni nanoparticles were successfully
coated onto the SiO, particles in an aqueous solution forming core-
shell nanostructure. The resultant nickel nanoparticles, nanostar
and microflower and the core-shell particles have been confirmed
by XRD, SEM analysis.
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Abstract

The dc conductivities of several different types of nanoparticles (nickel, barium titanate and
magnetite) suspended in both silicone and perfluorinated oils have been measured and
contrasted. Enhanced dc conductivity through interaction between the particles and the fluid
has been demonstrated, even at quite moderate fields, and different types of nanoparticles have
been shown to exhibit different behavioural trends. Whilst the dc enhancement is partly related
to the concentration (or spatial arrangement) of the particles as expected, there is clear
evidence that energy-activated (electric field activated) processes also play a major role. It can
be said that effective-medium theories based solely on the electrical properties and volume
fractions of the component materials have limited applicability when assessing the dc
conductivities of these nanoparticle—fluid combinations at low volume fractions.

1. Introduction

Nano-particulate suspensions or ‘nanofluids’ illustrate a
classical conundrum whereby the continuum properties are
often readily measurable (in terms of the across and through
variables) and hence macroscopic behaviour can be modelled
adequately for engineering purposes, but afterwards there
remains a doubt that part of the story remains untold and
a real technological breakthrough is only one step away.
Researchers have sometimes found that very small volume
fractions of nanoparticles suspended in a carrier fluid can
produce quite remarkable increases in macroscopic properties,
such as thermal conductivity. This cannot be easily dismissed.
If these improvements could be stabilized at the higher end
of expectations then the technological benefits could indeed
be huge. However, when the experiments are repeated under
ostensibly the same conditions, the results can sometimes be

! Author to whom any correspondence should be addressed.
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less encouraging than previously observed. One explanation
could be that nanofluids are inherently unstable. Generally
speaking, nanoparticles tend to cluster and agglomerate if they
are not prevented from doing so. This leads to uncertainties
in the effective particle size, particle shape, particle numbers
and inter-particle spacing. For thermo-fluids, it is easy to
conceive that synergies existing between the particles and the
carrier fluid can be overshadowed when particle agglomeration
occurs; causing the system to change its characteristics and, in
effect, reverting to one with fewer, larger particles. In this
scenario the macroscopic fluid properties can be described
broadly by effective-medium theories [1-5]. However, this
does not mean that synergistic effects between the particles and
fluid do not exist, rather that they may be length-scale sensitive
and they can become obscured by randomization. For the
case of fluids that exhibit the giant electro-rheological effect,
mathematical models based only on the volume fractions
and the physical properties of the individual phases do not

© 2009 IOP Publishing Ltd  Printed in the UK
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Table 1. Physical quantities of the nanoparticles (nickel—Ni, barium titanate—BT and magnetite—FO) and two base fluids.

Inter-particle spacing (notional) (nm)

Mean Particle

particle Bulk number at volume fraction (%)

diameter  density density

(nm) (kgm™3) (m™?) 0.05 0.1 0.2 04 0.6
Ni 90 8800 2.62 x 10! 824 635 486 367 309
BT 130 5850 8.69 x 10% 1190 918 702 530 447
FO 10 5240 1.91 x 10* 92 71 54 41 34
Manufacturer’s Viscosity ~ Relative Specific Conductivity at
data (mPas) permittivity ~ gravity 1kVm~' (Sm™)
200/50cS silicone oil 50 2.60 0.973 10 x 10712
3M™ Fluorinert FC70 14 1.98 1.940 10 x 10712

adequately describe the overall behaviour [6-9]. Here the
free energy of the system has an electrical component, due to
the applied electric field, that dominates over the randomizing
effects of thermal motion and there is a true synergistic effect.
However, the physical explanation for this is not complete and
the influence of the imaginary component of the dielectric
permittivity is at present unclear. In the following study
we demonstrate that the dc electrical conductivity of low
volume-fraction nano-particulate suspensions in silicone and
perfluorinated oils is enhanced even at very moderate electric
field strengths and this effect is related intrinsically to the fluid-
particle combinations. The experiments are designed to reveal
trends by comparison and the findings do not rely on knowledge
of the nanoparticles electrical properties.

2. Experimental procedure

The dc electrical conductivities of six different nanofluid
systems (representing combinations of three different nano-
particle types and two different carrier fluids) were measured
experimentally. The nanoparticles were an electrical
conductor (nickel—Ni), an electro-active ceramic (barium
titanate—BT) and iron oxide (magnetite—which is one part
wustite FeO and one part haematite Fe,O;—FO). All of
these were synthesized in our laboratory, BT by hydrothermal
synthesis, Ni and FO by wet chemical synthesis [10]. In
all cases a narrow particle size distribution was achieved.
The base fluids were silicone oil (Dow Corning 200/50cS)
and a perfluorinated oil (3M™ Fluorinert FC70) which have
almost the same electrical conductivity and similar relative
permittivity, but which differ both in viscosity and specific
gravity. Physical quantities for the fluids are listed in table 1.
Figures given in table 1 for the nanoparticles are based on
the mean particle size, which is the only measured quantity
(derived from SEM image analysis). Hence the inter-particle
spacing of particles is a notional figure. It assumes a perfect
dispersion in the fluid and it is provided only as an aid to
visualization of the scale of inter-particle spacing at different
volume fractions. Note that the chosen range is from around
9 to 3.5 particle diameters. Theory suggests that the inter-
particle distances in these suspensions may be too large for
multi-polar interactions to dominate the electrical behaviour

[11]. However, in a practical context it is assumed that this
may be a factor.

Particles were dispersed in an ultrasonic bath for 30 min.
The concentration sets were 2, 4, 10, 20 and 30 gl’l.
The systematic weighing error in all cases was <0.001%.
Volume fractions are calculated for each suspension using the
bulk densities of the materials. Dc current measurements
were carried out using a Keithley 6517 electrometer for
different applied voltages between 20 and 100 V. The fluidic
conductivity cell consisted of a 1 mm gap between concentric
copper electrodes and the effective electrode area was
21.88cm?. The systematic error due to the measurement
system was 0.05% at 20V and 0.01% at 100V. The
current versus time profile showed a transient peak, due
to capacitance, between 1 and 2s after the application
of the voltage. Readings were therefore taken after 20s
representing the steady-state values. Measurements were
carried out at 295K and the cell was dried scrupulously in
nitrogen between measurements to exclude moisture. All
of the experiments were subsequently duplicated in order to
confirm that the measurements represented a true record of
systematic behaviour.

3. Results and discussion

Figure 1 shows dc conductivities for the six different
nanoparticle-fluid combinations measured for different
particle loadings and under moderate electric field conditions.
When considering the results it is useful to take the
following correlations into account: (i) The barium titanate
particles and the iron oxide particles have quite similar bulk
densities, but their sizes are very different and their effective
electrical conductivities at the nano-scale are uncertain;
(ii) the nickel particles and the barium titanate particles
have very similar masses (BT larger particles, Ni higher
density), but the materials have very different electrical
properties (high dielectric permittivities, but contrasting
electrical conductivities); (iii) the iron oxide and the nickel
particles both have some magnetic character, but they are very
different in size and mass; (iv) the two fluids have almost the
same (very low) electrical conductivity; (v) the viscosity of
the silicone oil is higher than that of the FC70 and its specific
gravity is around half; (vi) the dielectric permittivity of the
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Figure 1. Dc conductivities of three types of nanoparticles in two different insulating fluids: silicone oil (left side) and 3M™ Fluorinert
FC70 (right side). Row A—10nm diameter iron oxide nanoparticles (FO); Row B—130 nm diameter barium titanate nanoparticles (BT);

Row C—90 nm diameter nickel nanoparticles (Ni).

silicone oil is a little higher than that of the Fluorinert FC70;
for particles of the same type, the effect this has on the real part
of the complex Clausius—Mossotti value is therefore estimated
in the ratio of ~11:10 [1,12]. By consideration of the
applied electric field threshold for particle agglomeration [13]
and using the ‘non-equilibrium phase diagram of structures’
approach adopted by Melrose [14], it can be said that, in all
cases, the inter-particle forces due to polarization are estimated
by calculation to be much too small for any polarization-
induced aggregation of particles to occur.

In figure 1 (top row) it can be seen that the silicone oil base
fluid has some field-dependent character over the observed

range, shown as an increase in measured conductivity as the
applied voltage is increased; but this is not the only effect
observed. The conductivity of iron oxide particles in FC70
is higher than it is in the silicone oil. There is evidence of
field-induced behaviour in silicone oil at all concentrations
and particularly at 10g1=!. At 10g1~! in FC70 an increase
is also observed and this occurs at a lower applied field;
repeated experiments have confirmed that this is a consistent
occurrence. More detailed analysis shows that the observed
increases follow the relationship: In J oc ~/E (where J is the
current density and E the applied electric field) characteristic
of energy-activated, Poole—Frenkel type behaviour [15, 16].
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Figure 2. Dc conductivities of suspensions containing both nickel (90 nm diameter) and iron oxide (10 nm diameter) nanoparticles: silicone
oil (left side) and 3M™ Fluorinert FC70 (right side). The particle combinations are nickel : iron oxide—top row in the ratio 1: 1 by weight,

middle row 3: 1 by weight, bottom row 9: 1 by weight.

The barium titanate suspensions, in contrast, exhibit an
opposite tendency; they have higher conductivities in silicone
oil than in FC70. In FC70 both nickel and barium titanate show
very modest increases with increasing particle concentration.
Note that 20g1~! BT and 30gl~' Ni have similar volume
fractions of particles. Some small increases are observable at
low concentrations for both materials; however, the overall flat
response would suggest that there is no significant Hall-effect
contribution, although this may have been expected.

The dc conductivity of the nickel nanoparticles in silicone
oil shows an exceptionally high increase even at very low
volume fractions (~0.05%). Note that the peak conductivity

measured here is more than six orders of magnitude greater
than for the iron oxide and barium titanate suspensions. When
this nanoparticle-fluid combination was repeated the trends
remained the same; however, the measured values are not
consistent. Under the same experimental conditions the dc
conductivity value at 30 g 1! nickel in silicone oil has also been
measuredat I x 1074 Sm™! (20g1’1, 8x107°Sm!, IOgl’l,
8 x 107¥Sm™!). This range of variability is not present
in any of the other particle-fluid combinations; the nickel-
FC70 combination provides consistent repeatable values at
all concentrations. Given the experimental conditions it is
concluded that the observed instability is a consequence of a
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difference in the spatial distribution of the particles. Itis known
that particle chains are able to grow from asperities [17—19]
with concomitant changes to the local electric field distribution.
Electrohydrodynamic forces also pertain [20-22].

In figure 2 the dc conductivities of suspensions containing
both nickel nanoparticles and iron oxide nanoparticles are
shown over a range of volume fractions. The main features
to note are that in silicone oil the measurements correspond to
what might be expected from particle mixtures given the earlier
results, with the nickel particles assuming a dominant role. In
FC70, however, the findings are more surprising, in that the
dc conductivity of the suspension varies very little when the
proportions of nickel and iron oxide are varied over quite a wide
range. For all combinations some field-activated character
has been introduced that was absent in the single particle-type
suspensions. Conductivities are higher than could be expected
from either particle-type acting alone and overall behaviour
is, therefore, dependent on the particle—fluid interaction. Note
that both types of particle have some magnetic character which
may promote a Hall effect contribution.

4. Conclusion

Effective-medium theories based solely on the electrical
properties and volume fractions of the component materials
have limited applicability when assessing the dc conductivity
of the above nanoparticle-fluid combinations at low volume
fractions. Enhanced dc conductivity through interaction
between the particles and the fluid has been demonstrated even
at quite moderate fields and different types of nanoparticles
have been shown to exhibit different behavioural trends.
Whilst the dc enhancement is partly related to the spatial
arrangement of the particles as expected, there is clear evidence
that energy-activated (electric field activated) processes also
play a major role. The dc conductivity of a perfluorinated oil,
3M™ Fluorinert FC70, is increased in the presence of 10 nm
diameter iron oxide nanoparticles. Combinations of different
species of nanoparticles appear to influence percolation,
sometimes enhancing and sometimes moderating the observed
systems’ behaviour. Synergies clearly do exist between
nanoparticles and carrier fluids that can have a major influence

on their systems’ properties, hence they may be exploitable in
the future development of engineering nanofluids.
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ABSTRACT: Biodesulfurization (BDS) of dibenzothiophene
(DBT) was carried out by Rhodococcus erythropolis IGST8
decorated with magnetic Fe;O, nanoparticles, synthesized
in-house by a chemical method, with an average size of 45—
50 nm, in order to facilitate the post-reaction separation of
the bacteria from the reaction mixture. Scanning electron
microscopy (SEM) showed that the magnetic nanoparticles
substantially coated the surfaces of the bacteria. It was found
that the decorated cells had a 56% higher DBT desulfuriza-
tion activity in basic salt medium (BSM) compared to the
nondecorated cells. We propose that this is due to permea-
bilization of the bacterial membrane, facilitating the entry
and exit of reactant and product, respectively. Model experi-
ments with black lipid membranes (BLM) demonstrated
that the nanoparticles indeed enhance membrane perme-
ability.
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Introduction

In any industrial process using freely dispersed micro-
organisms as catalysts, they need to be separated from the
products after catalysis has taken place and the reaction has
reached its conclusion. Typically, the separation is carried
out either by filtration or centrifugation (Luo and Sirkar,
2000). This is the first step of the downstream processes
required to purify the product.
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© 2008 Wiley Periodicals, Inc.

Although the free dispersal of microorganisms in a fluid
reaction volume optimizes mass transport, it is sometimes
difficult to carry out the necessary separation afterwards,
and usually the separation procedure compromises viability;
that is, the organisms die. Therefore, efforts have been made
to immobilize bacteria, typically in the form of biofilms
coating reaction vessels with high surface to volume ratios."
The starting materials must then simply be made to flow
over the biofilm, and no separation is subsequently required
(Naito et al., 2001). Furthermore, biofilms offer protection
to the cells against adverse environmental conditions, and to
some extent at least they are self-renewing and may therefore
be used for many production cycles, or even for continuous
rather than batch processes. On the other hand, mass
transport is much slower than with freely dispersed micro-
organisms.

Some dibenzothiophene (DBT) biodesulfurization (BDS)
results have been reported using immobilized Rhodococcus
erythropolis. Naito et al. (2001) immobilized the bacteria by
entrapping them with calcium alginate, agar and resin
polymers; and Prieto et al. (2002) used Biolite beads to
support an adsorbed network of bacteria on their external
surface. Naito et al. (2001) found out that using
immobilized cells made it easy to recover desulfurized oil

"Three major techniques are used for immobilizing bacteria: entrapment,
adsorption, and coupling (Corcoran, 1985). To achieve entrapment, the
microbial cells are mixed with a gel-forming polymer, yielding pores smaller
than the size of the cells. This ensures retention of the cells, but permits
movement of nutrients, starting reagents and products. Adsorption means
allowing the bacteria to form weak chemical bonds to the substrate;
electrostatic interactions between a charged support and charged cells have
been made use of (Yang and Albayrak, 2007). However, the forces involved
in cell attachment are then so weak that cells are readily lost from the
adsorbent (Shan et al., 2005). To overcome this problem, cells can be
covalently bonded (coupled) to an activated support (Hulst and Tramper,
1989).
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and to use the biocatalyst repeatedly for long periods with
reactivation. Immobilization of bacteria by traditional
entrapment methods has major downsides, however. Mass
transfer problems reduce cell access to the substrate and
usually lead to a disappointingly low biotransformation
activity (Xu et al,, 2006).

In order to combine the advantages of immobilization;
that is, ease of separation and microbial longevity—with
those of free diffusion; that is, good mass transport—
another approach is possible, namely to decorate the
bacterial cells with magnetic nanoparticles (Shan et al.,
2005). After completion of the reaction, the bacterial cells
can be separated from the products using a magnetic field.
This is a much milder and more cost-effective process than
centrifugation, and allows the bacteria to be reused many
times (Gupta and Hung, 1989).

In the present work we have made use of a widely studied
Gram-positive desulfurizing bacterial strain, R. erythropolis
IGTS8, in order to investigate the effects of decorating the
bacteria with magnetic nanoparticles. R. erythropolis is
known to be able to utilize a wide variety of sulfur
compounds as sulfur sources (Kayser et al., 1993) and this
microorganism has been investigated in some detail (Ansari
et al., 2007; Gray et al., 1996; Li et al., 1996). We suspended
R. erythropolis in basic salt medium (BSM) containing DBT
as the sole source of sulfur, and the DBT degradation ability
of R. erythropolis was measured with the help of high-
performance liquid chromatography (HPLC). DBT was
chosen in this study as a model compound for the forms of
thiophenic sulfur found in fossil fuels; up to 70% of the
sulfur in petroleum is found as DBT and substituted DBTs
(methylated DBTs); these compounds are however parti-
cularly recalcitrant to hydrodesulfurization (HDS), the
current standard industrial method (Yang and Marison,
2005). We have used Fe;0, as the nanoparticulate material;
it is chemically stable in the working environment and
nontoxic to the bacterium. Previous work by Yang and
Albayrak (2007) has moreover suggested that bacteria can be
decorated with them by simple adsorption.

Experimental

Chemicals

Dibenzothiophene (99%), dimethyl sulfoxide, 2-hydroxy-
biphenyl (HBP), ferrous chloride tetrahydrate (FeCl,-
4H,0), ferric chloride hexahydrate (FeCls;-6H,0), glycine,
Ringer’s solution and all other chemicals were from Fisher
Scientific (Loughborough, UK), Lipids were from Sigma
(St. Louis, MO), Water was purified by ion exchange and
reverse osmosis (ELGA-option3B, Elga Water Ltd, Marlow,
UK).

%As an exception to the general rule, Diaz et al. (2002) reported that by
immobilization of bacterial cells the biodegradation rate of crude oil was
significantly enhanced compared to free-living cells.
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Bacterial Strain and Medium

R. erythropolis IGTS8 (ATCC 53968) was from American
Type Culture Collections. The bacteria were grown in basic
salt medium (BSM), a sulfur-free medium containing
2.44 g KH,PO,, 547 g Na,HPO,, 2.00 g NH,CI, 0.2 g
MgCl,-6H,0, 0.001 g CaCl,-2H,0, 0.001 g FeCls-6H,0,
0.004 g MnCl,-4H,0 and 1.84 g glycerol in 1 L of deionized
water. DBT dissolved in ethanol was added to give a final
concentration of 0.5 mM as the sole sulfur source.

Nanoparticle Synthesis

Magnetic nanoparticles were synthesized using the proce-
dure described by Yeh et al. (2005) to obtain Fe;O,
nanoparticles: briefly 25 mL of 0.2 M ferrous chloride
(FeCl,) was mixed with 100 mL of 0.1 M ferric chloride
(FeCl3) solution in a flask at room temperature and then
3 mL of 2 M HCI solution was added to make the solution
slightly acidic. Then 1 g of glycine was added, and 11 mL 5 M
NaOH solution was slowly dripped into the mixture to
increase its pH to over 10, to provide an alkaline
environment for Fe;O, to precipitate; next, an additional
3 g of glycine was added, and the mixture agitated with an
FB15024 vortexer (Fisher Scientific) for 10~15 min and then
sonicated for 30 min; subsequently 5 mL acetone was added
and agitated. The resulting precipitate (Fe;0,4) was isolated
with a permanent magnet and the supernatant discarded
by decantation. The precipitate was washed twice with
ultrapure water followed by centrifugation at 2,500g for
5 min to remove excess ions in the suspension and obtain
water-dispersible nanoparticles. Finally, the washed pre-
cipitate was dispersed in ultrapure water for further
investigation. The magnetic nanoparticle concentration is
expressed as dry weight per volume of suspension medium.
A particle diameter of 50 nm was chosen, because if the
particles are large, their Brownian energy overwhelms the
relatively weak attachment forces. Preliminary experiments
using iron oxide particles with a diameter of 1 pwm
(Dynabeads, Dynal Biotech, Bramborough, UK) showed
that they did not attach to the bacteria. Furthermore, the
particles should be small enough to be superparamagnetic,
that is, smaller than the critical magnetic domain size
(Morrish and Yu, 1956; Schmidt 2001; Zhang et al., 2006).
This critical diameter is around 50 nm for our material.

Nanoparticle Characterization

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were used to characterize the
particles (Fig. 1). In order to prepare TEM samples, the final
nanoparticle slurry was sonicated for approximately 5 min
to better disperse the nanoparticles. A drop was placed on a
carbon-coated copper TEM grid (200-300 mesh) and then
left to dry in air. The particle diameters were determined
directly from the TEM images to be in the range of 45-55 nm



Figure 1. ATEM image of the Fe304 nanoparticles. Capillary forces during drying of the suspension on the grid result in the aggregation visible on the micrographs. B: SEM
image of the synthesized Fe;0, nanoparticles.

(Fig. 1A). Figure 2 shows a bar chart of the sizes. Further
characterization of the synthesized Fe;O, nanoparticles was
obtained using a FEI XL30 field emission SEM (Fig. 1B). In
order to prepare SEM samples, the particle suspension was
washed several times in deionized water to remove any salt
residue, then diluted using deionized water, and finally using
a pipette a drop was placed on an Al-stub and left to dry
overnight, before mounting the stub on the SEM sample
holder. The operating voltage was in the range of 10-20 kV
to minimize charging of the sample. The SEM images were
not subjected to quantitative analysis, but merely served to
gain a visual impression.

Magnetic hysteresis loops of the samples were measured
using a Magnetic Measurements (Petersen Instruments,
Berlin, Germany) variable field translation balance (MMVFTB).
Saturation magnetization (9.9 emu/g) was obtained from
the hysteresis loop resulting from applying a magnetic field
from —8 to +8 kOe (Fig. 3). The paramagnetic component
was removed by assessing the gradient of the magnetization
curve (B vs. H) once saturation had been reached. It should
be emphasized that the residual magnetization is almost
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Figure 2. Bar chart of the particle sizes from a typical preparation determined
from TEM images (a total of 100 particles were measured). Mean size is 47.22 +
0.96 nm (SD).

negligible for these particles, which is very likely important
for achieving good dispersibility of the nanoparticles in a
fluid.

Powder X-ray diffraction (XRD) studies were performed
between 10° and 85° with a copper X-ray source (Siemens,
Karlsruhe, Germany). The XRD pattern of the nanoparticles
indicates the presence of predominantly Fe;O, crystals
(Fig. 4).

The zeta potentials of the prepared nanoparticles
suspended in deionized water (100 pwg/mL) were measured
using a 3000HS Zetasizer (Malvern Instruments Ltd, Malvern,
UK). The pH of the as-prepared particles in suspension was
7.0 £ 0.2. The variation of the zeta potential with pH (Fig. 5)
revealed that the isoelectric point of the particles is 9.0.
Hence at pH 7, at which the bacteria are negatively charged,
they will electrostatically attract the nanoparticles.

Cell Growth and Decoration

The bacteria were grown in BSM until the mid-exponential
growth phase and harvested by centrifugation at 1,400¢ for
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Figure 3. Magnetic hysteresis loop of Fe;04 nanoparticles measured at room
temperature. The paramagnetic component of the magnetization has been removed
according to a standard procedure (see text).
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Figure 4, X-ray diffraction pattern of the nanoparticles. The numbers in par-
enthesis give the Miller indices of pure Fe;0, (JCPDS19-0629) assigned to the
observed peaks.

10 min. The cell pellets were washed twice with Ringer’s
solution and resuspended back in BSM at a concentration
of 5.6 mg dry cells/L. The cells were then decorated with
magnetic nanoparticles as follows: 10 mL of a suspension
containing 100 wg/mL Fe;O, nanoparticles per mL of water
were mixed with 100 mL of the cell suspension in BSM at a
final concentration of 0.5 mM. The ratio of nanoparticle
mass to biomass is 1.78 (w/w). We estimated that this ratio
makes sufficient particles available per bacterium to yield a
suitable level of decoration. The resulting successful
separation (Fig. 6) did not require subsequent optimization.

Batch Biodesulfurization of DBT

BDS was carried out using the cells in 100 mL of BSM
containing DBT at a final concentration of 0.5 mM, in a
250 mL flask incubated on a rotary shaker at 120 rpm and
30°C (0.5 mM of DBT are equivalent to 0.092 g DBT/L). For
analysis of the supernatant by HPLC, it should not contain
any contamination (like free bacteria or other nonmagnetic
contamination) that could damage the HPLC column.
Therefore, prior to analyzing the supernatant, the cells were

Zeta potential / mV
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Figure 5. Surface charges of the Fe;0, magnetic nanoparticles suspended in
water at 25°C as a function of pH, achieved by appropriate additions of 2 M HCI or
NaOH.
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Figure 6. Photograph of nanoparticle-coated cells (Rhodococcus erythropolis
IGTS8) in Eppendorf tubes showing, successively: (A) dispersed cells coated with
magnetic nanoparticles; (B and C) coated cells were gradually concentrated and
collected towards the rear of the tube by an external permanent magnet (within the
white housing behind the tubes); (D) liquid medium free of suspended nanoparticles,
which are visible as a thin dark stripe at the back of the tube. [Color figure can be seen
in the online version of this article, available at www.interscience.wiley.com.]

separated from the reaction mixture by centrifugation at
6,600¢ for 10 min, so that the same procedure could be used
for both decorated and nondecorated controls.

Product Analysis

The concentrations of DBT and HBP were analyzed by
HPLC using a HPLC Model LC-10AD VP (Shimadzu,
Kyoto, Japan) equipped with a Nova Pak phenyl column
(3.9 mm x 150 mm) with a guard column. Isocratic elution
with 60% acetonitrile and 40% water at 1.5 mL min~' was
carried out and detection was realized with a 117 UV
detector fixed at a wavelength of 233 nm. The mobile phase,
a mixture of HPLC grade water and acetonitrile, was
sonicated for 10 min, and further deaerated with helium
before use.

Nanoparticle-Induced Membrane Permeability Assay

Lipid bilayer membranes were formed by the method of
Mueller et al. (1962) from a cardiolipids:phosphatidylcho-
line 5:95 mixture mimicking the bacterial outer membrane.
The membrane current was measured by an OPA 129
operational amplifier (Burr-Brown, Phoenix, AZ) used as a
current-to-voltage converter.

Results

Visualization of Decoration

Scanning electron micrographs of the surfaces of cells
decorated with Fe;0,4 nanoparticles are shown in Figure 7,
which clearly shows that the Fe;O, nanoparticles were
adsorbed on the surface of the bacteria.



Figure 1. Sem images of two different Rhodococcus erythropolis IGTS8 bacteria decorated with magnetic nanoparticles. The bacterium shown on the right-hand panel is
about to undergo division.

Magnetic Separation Discussion

Figure 6 shows a suspension of bacteria coated by  The main discovery emerging from these experiments is that
nanoparticles in a holder equipped with a removable  the decorated bacteria are significantly more active in
slide-out magnet: the decorated cells in the liquid culture  desulfurization. Here we discuss possible reasons, starting
medium could easily be separated by bringing an external  with the open issue whether the BDS takes place within the

magnet into their vicinity. cytoplasm or at the bacterial surface.
Biodesulfurization Degradation Pathway
Figure 8 compares the degradation of DBT with non- The first and rate-limiting step in the oxidative desulfuriza-

decorated and nanoparticle-coated cells. The results show  tion of DBT and other sulfur compounds in living
that the production of HBP was significantly higher in the  organisms is apparently transfer of DBT from the oil to
latter. It can be seen that whereas the production rate of the  the cell (Setti et al., 1999). In support of this, Folsom et al.
nondecorated cells falls off to almost zero after about 70 h, (1999) found that the overall rate kinetics were affected by
the decorated bacteria continue producing more vigorously ~ the concentration and distribution of the DBT. It is then
until at least 100 h, with a concomitant increase in DBT HBP  oxidized to HBP in several steps by desulfurizing (Dsz)
conversion. enzymes as illustrated in Scheme 1. These enzymes are
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Figure 8. Degradation of DBT by R. erythropolis IGTS8 without (left) and with (right) decoration by nanoparticles, in BSM with DBT at the initial (t=0) concentration of 0.5 mM
as the sole sulfur source. (<} concentration of DBT, () concentration of HBP. The bacteria were present at a concentration of 4 x 107 cm™>.
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Scheme 1. Proposed (so-called 4S) pathway for DBT desulfurization by
R. erythropolis. The DBT desulfurization pathway results in the formation of 2-
hydroxybiphenyl (HBP) and sulfate, via the Dsz enzymes (cf. Van Hamme et al., 2003).

soluble and presumably found in the cytoplasm (Marcelis,
2003). On the other hand, there is no evidence that the DBT
molecules are actively transported into the cell (Monticello,
2000). Patel et al. (1997) attributed the mass transfer of the
very hydrophobic DBT to the hydrophobic nature of the
R. erythropolis IGTS8 surface, because of their finding that
desulfurization activity is correlated to the external surface
hydrophobicity of the IGTS8 wall/membrane. It might
therefore be supposed that at least some of the enzymes are
located in the wall/membrane region.’

It is not presently known how the product, HBP, leaves
the cells (Monticello, 2000) —assuming it is produced in the
cytoplasm, not on the bacterial surface. At any rate the HBP
released into the oil maintains fuel value (Gray et al., 1996).
However, this compound is toxic to bacterial cells; hence
growth and BDS activity become inhibited by its accumula-
tion (Zhang et al., 2005). The sulfate formed during
the 4S pathway remains in the aqueous phase and will
combine with any ions—for example, sodium, ammonium,
calcium—that are present in the medium (McFarland et al.,
1998), and might be assimilated by other microorganisms
(Kilbane and Bielaga, 1990).

Membrane Permeabilization

The observation of significantly increased HBP production
in the decorated cells suggests that the magnetic nanopar-
ticles might facilitate transport of HBP out of the cells—
assuming that it is produced in the cytoplasm. A possible
mechanism for the enhancement is that the nanoparticles
bound to the bacteria make their membranes more
permeable. In order to investigate this hypothesis, the
possible effect of nanoparticles on membrane permeability

*This suggests that some of the desulfurization enzymes should function in
nonaqueous solvents, which consequently would facilitate contact with the
oil phase and enhance mass transfer during biodesulfurization. In other
words, the Rhodococcus strains should be able to access to DBT directly from
the oil (Monticello, 2000). This is consistent with the large body of work
reporting growth of R. erythropolis IGTS8 on hydrocarbons such as
hexadecane (Solano et al., 1999).

6 Biotechnology and Bioengineering, Vol. xxx, No. xxx, 2008

was assessed in a model membrane system mimicking the
outer bacterial membrane (Grigoriev, 2002). Figure 9
shows typical results. They provide evidence for nano-
particle-induced permeabilization, supporting the proposed
enhanced ingress of DBT into the decorated bacterial cells.

In the model experiments, the added nanoparticles diffuse
to the surface of the membrane and are presumably
adsorbed and diffuse within the membrane. We infer they
self-assemble into a conducting transmembrane system,
resulting in an increased transmembrane current. Step by
step the membrane conductance is increased: it is a dynamic,
reversible process, the pore-forming substance can also leave
the membrane and the conductance then decreases. The
step-like fluctuations of the membrane current at the start of
the trace probably correspond to the formation of discrete
ion-conducting 20 pS pores.

Analysis of the Biodesulfurization Kinetics
The overall biodesulfurization reaction is:

DBT — HBP

Writing D and H for the concentrations of DBT and HBP,
respectively, the corresponding kinetic equation is

dH
E_kDB (1)

where B is the concentration of the bacteria and k the rate
coefficient. The integrated form is

H
ln(l - E) — kBt (2)

Figure 9, Temporal change of membrane current (ordinate), in the presence of
nanoparticles. The sensitivity of the current recording device was changed during the
recording (at the moments marked by arrows) from 1 nA/V at the start of the trace to
1 pA/V at the end. Conditions: nanoparticle concentration 300 pg/mL, 200 mM KCI,
pH 6, transmembrane voltage 60 mV. The plane of the lipid bilayer was vertical and it
was situated about 10 mm above the floor of the glass chamber. The entire trace
shown lasted 33 s, and the initial vertical scale was 1 pA mm~".




Table I. Rate coefficient for biodesulfurization (Eq. 1).

k cm®s™! (means =+ SD)

1.01 x 1071°+5.92 x 10712
1.58 x 1071+ 6.85 x 107 '2

Nondecorated
Decorated

where D, is the initial DBT concentration (0.5 mM). Linear
regression of the data from Figure 8 according to Equation
(2) yields k (Table I). It can be seen that decoration increases
the biodesulfurization activity by 56%.

Conclusions

We decorated bacteria with Fe;O, nanoparticles to facilitate
cell separation at the end of the desulfurization process;
decoration is facilitated by electrostatic attraction between
the nanoparticles and the bacteria. The synthesized
nanoparticles are dispersible in water and biological media.
Magnetic separation is compatible with any automated
platform that can be equipped with a magnet.

We found that we could thereby achieve a 56% higher rate
of desulfurization. We favour the view that the rate limiting
step of the process is transport of DBT into the cell, where it
undergoes desulfurization. We show that the nanoparticles
increase the permeability of a model black lipid membrane,
and infer that they thereby enhance ingress of the DBT into
the cell or egress of the HBP.

Magnetic nanoparticle-decorated Rhodococcus also facil-
itates its recovery and reuse; hence it offers a number of
advantages for industrial applications compared to non-
decorated cells. The nanoparticles are easy to prepare from
rather cheap precursor materials, and are therefore suitable
for large scale industrial applications. The generation of
these stable, inexpensive and nontoxic adjunct materials for
use with the microbial cells greatly facilitates the separation
of the cells from the products during bioreactor process
development, and the removal of the cells from the medium
at any time via magnetic decantation.

We thank Mimi Hill for the magnetization measurements carried out
at Liverpool University and Qi Zhang & Matthew Kershaw (Cranfield
University) for help with the zeta potential measurements and XRD,
respectively.
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