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Abstract

A colloidal suspension of magnetic nanoparticles can offer exciting and ever — expanding
opportunities for applications requiring hybrid particle/fluid phenomena. Ferrofluids are a
classic example of this hybrid behaviour, whereby, radical changes in shape and magnetically
controlled transport can be easily observed and has potential in a variety of technical and
biomedical applications. It has been particularly challenging to make ferrofluids that are
ferromagnetic in nature, such that they produce spontaneous, equilibrium magnetic
ordering in the absence of an applied field. In contrast to conventional ferrofluids, this thesis
focuses on ferrofluids based on barium hexaferrite nanoparticles, which exhibit distinctive
magnetic properties due to their anisotropic structure. The primary aim of this thesis is to
synthesis barium hexaferrite nanoparticles with optimal structural properties to enable
stable dispersion in a non — volatile solvent, thereby producing a stable magnetic ferrofluid.
The use of a non — volatile, high boiling point solvent is a deliberate design choice, as it
extends the operational temperature range of the ferrofluid and opens the potential for
exploration of practical applications that would not be achievable with conventional volatile
carrier fluids. Some potential applications include magnetic hyperthermia for cancer
treatment, magnetic sealing, magnetically directed drug delivery, sensors, actuators, and

heat transfer applications among many others.

The first part of this thesis explores the optimal hydrothermal synthesis conditions for
producing magnetically applicable barium hexaferrite nanoparticles with a platelet
morphology and narrow size distribution. The surface of the nanoparticles is coated with a
long — chain surfactant during the hydrothermal process which allows them to disperse in an
appropriate carrier fluid. It has been shown that coating the nanoparticles with
dodecylbenzenesulfonic acid (DBSA) surfactant allows an extremely successful dispersion in
1-butanol with long — term stability and excellent magnetic properties. However, 1-butanol is
an extremely volatile solvent with limited miscibility in water. The experimental observations
presented in this thesis show that replacing DBSA with hexadecyltrimethylammonium
bromide (CTAB) surfactant allows dispersion of the barium hexaferrite nanoparticles in
ethylene glycol which has a much higher boiling point than 1-butanol and is miscible in

water. The resulting ethylene glycol ferrofluid shows long — term stability and comparable



magnetic properties to DBSA — coated barium hexaferrite nanoparticles. In addition,
replacing 1-butanol with ethylene glycol greatly improves the applicability of the ferrofluid.
The second part of this thesis utilises the ethylene glycol ferrofluid composing barium
hexaferrite nanoparticles by taking advantage of the low volatility and high boiling point of
ethylene glycol as a carrier fluid. A condensation polymerisation reaction between the
ethylene glycol ferrofluid and succinic acid yields a novel polyethylene succinate (PES) based
polymer matrix composite (PMC) with hard magnetic properties and a filler content much

higher than previous studies.
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Chapter 1: Introduction

Chapter 1 begins with an introduction to the fundamental concepts of magnetism, including
magnetic field strength, flux density, and magnetic moment. A clear understanding of these
terms is essential for appreciating the different classes of magnetic behaviour, such as
ferromagnetism and ferrimagnetism. The discussion then considers how these materials
respond to an applied magnetic field and the key parameters that distinguish them, namely
coercivity, magnetic saturation, remanence, and magnetocrystalline anisotropy. Further
attention is given to shape anisotropy and size-dependent magnetic effects, which provide

additional insights into the magnetic character of materials.

1.1. Magnetic field of a solenoid

a)

Figure 1: electrical conductor carrying an electric current — | and exhibiting a magnetic field - B perpendicular to
the current. Right — hand with thumb showing direction of current and direction of magnetic B field about a
current. In the case of a solenoid, thumb showing direction of magnetic B field (a) and curled fingers around the

solenoid in the direction of the current in the loops of the solenoid (b).

The field of magnetism encompasses the study of magnetic properties of matter and their
interaction with magnetic fields. A magnetic field is generated as a current — /(A) (in the
form of a continuous flow of electric charge) is passed through a length of wire. The
direction of the positive current /and the magnetic field can be explained using the right —
hand rule, here the thumb indicates the direction of the positive current while the fingers
indicate the direction of the magnetic field lines B (HA/m? defined as Wb/m? or tesla)
(Figure 1a). If a length of current — carrying wire is formed into a solenoid, a parallel
magnetic field can be observed inside the solenoid. This time the direction of the fingers

indicates the direction of current while the thumb gives the direction of the magnetic field



inside the solenoid (Figure 1b). The constitutive relations are equations that describe how a
material responds to electric or magnetic fields. In terms of an electric conductor carrying a
current, the magnetic field strength H(A/m) can be described as, # = [/L, where [is the

current and L is the length of the wire (m)?.

1.1.1. Magnetic field strength, H

The H(A/m) field, also known as the magnetic field strength or the magnetisation force is an
indispensable auxiliary field described for magnetic or superconducting materials. Magnetic
materials generally respond to an applied magnetic field A with a change in their magnetic
dipole moment p» (A/m?) and their magnetic moment M (A/m) (intrinsic property of the

magnetic material) reflects the local value of A!.

1.1.2. Magnetic flux density, B
The magnetic flux density B can be related to Mand H by the permeability where, u = -,
with o = 4™ X 1077 henry/m. To consider a closed loop path as in Figure 1a again, where

it can be assumed that Bis circular and has a constant value at a distance —r [m] from the

wire. Integrating around r follows:
_ kol
B(r) =L (1)

Where B has units Tesla. The above can also be described in terms of the magnetic field

H = B/u, (A/m) generated by the current:

The magnetic induction in matter is dependent on Aand the magnetisation M, as shown by

the equation below:

B = py(H + M) (3)



In free space, M=0, B=uyH and Band Hare indistinguishable, apart from the constant

which is very small.

1.1.3. Magnetic moment, M

To discuss the microscopic origin of magnetism in materials, it is important to understand
the atomic magnetic moment. The elementary quantity in solid — state magnetism is the
magnetic moment M (A/m?), and the magnetisation M(T)is its mesoscopic volume average.
The intrinsic magnetic moment of an atom is associated with the spin of each electron
(electromagnetism) and a further contribution is associated with its orbital motion around
the nucleus (origin of magnetism). M(z;¢) is the local magnetisation at a specific point, rin
space and at a particular time, &. M(1;t) is often described in literature as fluctuating
significantly on a sub-nanometre scale as well as rapidly in time on a sub-nanosecond scale.
However, for simplicity, it is more appropriately described as a mesoscopic average M (r,t)}
over a distance of order a few nanometres, and times of order a few microseconds to reach
a steady, homogenous, local magnetisation M(r). The time — averaged magnetic moment

dm (A/m?) in a mesoscopic volume oV (m3) is:

om = MoV (4)

This magnetisation can be the saturation magnetisation M, (A/m) within a ferromagnetic
domain or it may be the uniform magnetisation of a paramagnet or a diamagnet induced by
an applied field?. Spontaneous magnetisation is usually associated with a hysteresis loop and
is an eminent manifestation of magnetisation of ferromagnetic materials. The values of M;of
some ferromagnetic elements such as Fe, Co, and Ni at 298 K are 1720, 1370 and 485 kA/m,
respectively. For magnetite, the M; is 480 kA/m, while a large electromagnet can produce a

field of 1000 kA/m.?



1.1.4. Magnetic moment per unit volume

A magnetic solid is made up of a large number of atoms with magnetic moments. The
magnetic moment per unit volume is a fundamental concept in magnetism and provides a
measure of the magnetic properties of a material at a microscopic or macroscopic level. The
specific moment per unit volume is a standard measured value for solid magnets. However,
when the particles are small or in powder form, the magnetic properties are significantly
different to those in bulk. Therefore, when measuring the magnetic properties of a powder,
the magnetic moment per unit volume cannot be measured reproducibly due to randomly
orientated particles and the presence of air voids, hence a true sample volume is difficult to
obtain. Instead, the magnetic moment per unit weight is measured by taking into account

the density of the material, generating the mass magnetisation.

1.2.  Magnetic susceptibility and magnetic permeability

Magnetic susceptibility x,, [-], is a dimensionless parameter describing the degree to which

a material becomes magnetised in response to an applied magnetic field H.

M= x,H (5)

Where M is the magnetisation induced within the material. Diamagnetic, and many
paramagnetic materials exhibit small susceptibilities, typically in the range of about
—107° to 1073. In contrast, ferromagnetic materials can have much larger and strongly field
— dependent susceptibilities, reaching values of 103 or higher. The magnetic flux density B is
related to M and H by the permeability u = u, 1y with py = 4 X 1077 henry/m and u,. [-] is

relative permeability.

B =po(H+ M) = po(H + xmH) = po(1 + xpn)H = uH (6)

B=H+4nM = H + 4ny,H = (1 + 4ny, ) H (7)



Therefore, u, = 1 + x,,,. The parameters u, and y are different ways of describing a
material’s response to a magnetic field. Permeability and susceptibility can be described as
tensors as they relate two vector quantities that are not parallel. Permeability is often
discussed in relation to ferromagnetic materials where relative permeability can be large in

value, up to 10* or more®3,

1.3.  Orbital angular momentum

Magnetism relates to angular momentum of elementary particles, i.e. protons, neutrons,
. e 1 .
and electrons, which all possess an intrinsic angular momentum 5 h (J s) known as spin,

where h is Planck’s constant A divided by 2.
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Figure 2: the Bohr atom, the electron moves in a circular orbit where its quantised angular momentum /and

magnetic moment m are oppositely directed?.

The orbital moment can be understood using the Bohr model (Figure 2) of the atom in which
electrons revolve around a nucleus with charge Zein circular orbits. An electron circulating
in its orbit can be visualised as generating a small current loop and producing a magnetic
moment, m (A m?). In quantum mechanics, the orbital angular momentum is quantised and
described by the orbital quantum number /as shown below (where e (C) is the charge and

m, is the mass (kg))>.

m=——1 (8)

1.3.1. Spin angular moment

Along with orbital moment, the electron also possesses intrinsic spin angular momentum
with quantum number s. Electrons possess an intrinsic magnetic moment, independent of

their orbital motion which can align in one of two discreet orientations relative to a



magnetic field. s can be described in terms of spin magnetic moment, m as shown below

(where e (C) is the charge and m,, is the mass (kg))>.

1.3.2. Spin —orbit coupling

The magnetic properties of solid materials arise from the magnetic moments of their atomic
electrons while the magnetic dipole moments are due to the orbital or spin angular
momentum. The spin magnetic moment of a single electron is u; = +eh/2m (where e is
elementary charge of electron, f is Planck’s constant and m is electron mass), which is called

the Bohr magneton:

h
up = — (10)

=0.927 x 10723 (4.m?)

Both orbital and spin moments contribute to the overall magnetism of an atom, hence a
weighting factor is described to give their relative contributions. This weighting factor is
called the ffactor: g = 1 for orbital magnetism only (s = 0) and g = 2 for spin magnetism
only (I = 0). The spin — orbit coupling is an extremely important interaction for magnetic
phenomena that are key to most applications of magnetic materials. This coupling
interaction describes the effects of an electrons’ orbital motion on the orientation of its spin.
The spin — orbit coupling interaction is essential for magnetocrystalline anisotropy,

magnetostriction, magnetooptic effects, anisotropic magnetoresistance?.



1.4. Ferromagnetism and Ferrimagnetism

The main classes of magnetic materials are the ferromagnets, antiferromagnets and
ferrimagnets, these are defined in terms of the relative orientations and magnitude of the
atomic or molecular magnetic moments. However, for brevity, only ferromagnetism and

ferrimagnetism will be discussed in detail.

Type Example Atomic/Magnetic Behaviour
Ferromagnetism Transition Atoms have
metals Fe, H, parallel ¢ ¢ ¢ 0 -
Co, Ni; alloys of aligned :
ferromagnetic magnetic ¢ ¢ 0 ¢
elements; moments.
some alloys of | Susceptibility ¢ ° ° t
Mn, e.g. MnBi, | is large (below ¢ 0 ¢ ° i »H
Cu:MnAL Te).
Antiferromagnetism Transition Atoms have
metals Mn, Cr anti-parallel
and many of aligned ‘ ‘ ° ‘ Bt
their magnetic ’ ° Q ‘
compound, e.g. moments.
MnO, CoO, NiO, | Susceptibility ° Q 6 Q
Cr.0s, MnS, issmall and o ‘ H
MnSe. positive, +10-° ‘ ‘ !
to +103.
Ferrimagnetism FesO. Atoms have
(magnetite); y- | mixed parallel
Fe20s and anti- ‘ Q ‘ Q M
(maghemite); parallel
mixed oxides of aligned ‘ 0 Q ° ——
iron and other magnetic ‘ Q ‘ ‘ /
elements such moments. oH
asSrferrite. | Susceptibilty | @ @® @ @ |7
is large (below
Te).

Figure 3: A summary of ferromagnetism, antiferromagnetism and, ferrimagnetism. Including examples of each

magnetic behaviour and atomic alignment in response to a magnetic field.

Figure 3 shows a summary of ferromagnetism, antiferromagnetism and, ferrimagnetism with
their corresponding atomic alignment to an applied magnetic field, H. Ferromagnetism is a
term derived from the magnetism detected in Fe?* or Fe as iron was the first element in
which ferromagnetism was observed®. Common elemental ferromagnets also include iron,
nickel and cobalt. While all materials respond to a magnetic field to some degree, many of
them are paramagnetic (e.g. aluminium and platinum), or diamagnetic materials (e.g. copper
and silver) which means they have a weak or undetectable magnetic property.

Ferromagnetic materials are those most commonly known as “magnetic materials” and are



materials that can become a permanent magnet or strongly react to a magnetic field>.
Ferromagnetism in materials is only possible when the atoms are arranged in a lattice and
the atomic magnetic moments can interact to align parallel to each other as shown in Figure
3. Weiss presented the idea of magnetic domains within a material and the atomic magnetic
moments align within these regions®. Ferromagnetic materials are often compared in terms

of saturation magnetisation i.e. when all domains are aligned.

ﬁ‘ M(T)
Mg
T<Te
T= Tc
T>Te
(0] T TC T

(b)

Figure 4: magnetisation of a strongly magnetic material (ferromagnet) verses field (H)(a), and how M;

decreases with temperature up to Curie temperature T.*.

Ferromagnetic materials are distinguished by a long — range ordering of their atomic
moments, even in the absence of an external field. This spontaneous long — range
magnetisation of a ferromagnet disappears above a specific ordering temperature called the
Curie temperature 7. Figure 4a shows the dependence of magnetisation M; on the applied
magnetic field H at different temperatures. Figure 4b shows the temperature dependence of
the spontaneous magnetisation M(T) in zero applied magnetic field. When heated above T,
these ferromagnetic materials lose their magnetic properties and become weakly magnetic,
i.e. paramagnetic. This is because the thermal energy above T. is high enough to break the
internal alignments of domains while below 7, magnetism can be permanently induced in
these materials’. The relative magnetic permeability u, = u/uo(= 1 + x,,) is more
commonly used to describe the magnetic response of a ferromagnetic material to H, as
compared to susceptibility. This is because ferromagnets are typically used in
electromagnetic devices where B or dB/dt is more important when producing a voltage is
considered?.

In contrast to ferromagnets, where atomic magnetic moments align parallel to produce a net
magnetisation, some magnetically ordered materials can exhibit antiparallel coupling of
neighbouring moments such that the resultant magnetisation is zero. Materials with this

arrangement are called antiferromagnets (Figure 3). Similar to ferromagnetic materials



losing spontaneous magnetisation at a specific T, antiferromagnetic materials lose their long
range magnetic ordering above their corresponding Néel Temperature T,. Antiferromagnets
have limited applications as their net magnetisation is zero, which means they produce no
external field and the direction of the atomic moments is not easily affected by an external
field!. The cancellation of opposite magnetisation in two antiferromagnetically coupled
sublattices is only possible for identical magnetic moments. However, we can also consider
the case of two sublattices in which the magnetic moments are unequal due to the magnet
comprising atoms of different materials, or because the ions are not the same, e.g. Fe?*in
one lattice and Fe3*in another. In this case, the antiferromagnetic coupling between the two
sublattices leads to a partial cancellation of the magnetic moment. Hence, the total
magnetisation at low temperatures is the difference between that of the two sublattices
which is not zero. Such materials are called ferrimagnets, an example of which is magnetite,
Fe30%, which has iron ions of different valence at sites of different coordination. The
exchange interactions in these materials lead to parallel alignment of atoms in some of the
crystal sites and anti — parallel alignment of others. Like ferromagnets, the material consists
of magnetic domains, but ferrimagnets usually have lower saturation magnetisations. Having
said this, ferrimagnets (e.g. Fes04 and BaFe12019)? are very important due to their good high

frequency properties®.

1.5. Magnetostatic energy

Magnetostatic energy is an effect that contributes to the energy of a ferromagnetic material.
The magnetostatic energy, also called stray field or dipolar energy is measured by the
magnetic energy of a sample in its own magnetic field. This is the demagnetisation or
demagnetizing field which is the field arising from the divergence of the magnetisation and

is represented by the symbol Az(A/m). It can be derived using Maxwell’s equation:

divB =divu,(H+ M) =0

divH; = —divM (11)



The magnetostatic energy E,,,5 (J), is given by the energy of the magnetisation in the

demagnetizing field as shown below:
1
Ems = —ZHo fVHd “Mdv - (12)

1
Where the integral includes the volume — VV [m3] of the sample, V. The 3 factor is important

as it accounts for the fact that the magnetostatic energy arises from the interaction of the
magnetisation with the magnetic field that it creates, hence this energy term is also called
the magnetic self — energy. The magnetostatic energy of samples with a spherical shape can
be easily determined as the magnetic field is the same at every point of the sample, this is

also true for samples with a thin film of wire — like morphology®.

1.6. Fundamentals of magnetic anisotropy

Anisotropy in a material is present when one of its physical properties is a function of
direction, likewise, magnetic anisotropy is the preference for the magnetisation to lie in a
particular direction in a sample. Parameters such as permeability and susceptibility can be
used to describe the magnetisation process. Therefore, these parameters are functions of
the direction in which the field is applied to the material. The energy of a magnetically
ordered sample depends on the relative direction of the magnetisation and the structural
axes, and hence the solid has a preferred axis along which the energy is at a minimum.
Magnetic anisotropy can be a result of sample shape, crystal symmetry, stress, or directed

atomic pair ordering.
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Figure 5: Factors influencing the magnetisation states of nanoparticles, the magnetic properties induced by size
(1), crystallinity (11), shape (lll), interfacial coupling (IV) and dynamic changes (V) (a). Also, how these factors
influence the hysteresis loop (b), such that a decrease of size led to superparamagnetism (1), the crystal
structure determined the inherent magnetisation (1), shape anisotropy resulting in increased coercivity and
remanence magnetisation (lll), exchange coupling at interface between different magnetic materials causing

curve shifts (IV), and effect of dynamic changes in the magnetisation states (V)*°.

Figure 5 shows the variables influencing the magnetisation states of nanoparticles, such as
size, crystallinity, and shape (Figure 5 (a)) and how the anisotropy energy influences the
hysteresis loop based on these factors (Figure 5 (b)). The magnetic properties induced by
size, crystallinity, shape, interfacial coupling, and dynamic changes can be verified by the
magnetic hysteresis loop, which is a characteristic curve that shows how a magnetisation
responds to an applied magnetic field. A decrease in the size of magnetic particles below the
sub — nanometre scale (Figure 5 a(l)), reduces the magnetic anisotropy energy caused by
crystal orientation across the entire volume of the particle. When this energy falls below the
thermal energy threshold, the magnetic orientation within the particle experiences thermal
fluctuations, which are common in paramagnetic materials. This phenomenon is called
superparamagnetism and yields a narrow hysteresis loop with negligible coercivity (Figure 5
b(l)). The crystal structure of a material (Figure 5a(ll)) will also determine the inherent

magnetisations as an enhancement in the coercivity can be seen as crystallinity of a material
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improves and magnetic anisotropy energy increases (Figure 5b(ll)). Figure 5b(lll) shows an
increase in coercivity and remanent magnetisation as a function of shape anisotropy (Figure
5a(lll)). Figure 5b(IV) shows a shift in the hysteresis loop due to exchange anisotropy which
describes the magnetic interaction across the interface (Figure 5a(lV)) between two
magnetic materials, one of which is typically antiferromagnetic!!. The parameters described
in Figure 5(1 — IV) describe the magnetic anisotropy in a static state without considering
potential dynamic states of a material, such as, applied mechanical stress, temperature
changes, and the different strengths and directions of stray fields. Figure 5a(V) illustrates
how the dimensions of a material can vary in response to a change in its magnetisation
orientation, this is a phenomenon called magnetostriction. Magnetic materials exhibit strain
of the saturation magnetostriction coefficient (y,;) in the direction of the magnetic field
during magnetisation. If (y;) is positive, the material elongates during magnetisation which

increases the remanent magnetisation (Figure 5b(V))°.

1.6.1. Intrinsic Magnetocrystalline anisotropy

Crystallographic orientations in magnetic materials determine preferential directions of
magnetisation to minimise anisotropy energy, this is referred to as magnetocrystalline
anisotropy. This is an intrinsic property originating from the spin — orbit interaction. The
electron orbits are linked to the crystallographic structure and through their interaction with
the spins, they cause the preferred direction of alignment to be along the well — defined
crystallographic axes. Therefore, certain directions in space are easier to magnetize a given
crystal than other directions. The simplest case is the uniaxial magnetic anisotropy. In the
case of hexagonal cobalt, the uniaxial anisotropy has a preferred direction of spontaneous
magnetisation parallel to the c — axis of the crystal at room temperature. As the
magnetisation deviates away from the c — axis, the anisotropy energy increases with 6 (°)
which is the angle between the ¢ — axis and the magnetisation vector. After this initial
increase, the anisotropic energy then reaches a maximum value at 8 = 90°, and decreases
to its original value at 8 = 180°. The anisotropy energy is minimum when the magnetisation
points in either the + or — direction along the ¢ — axis. The anisotropy energy (E4) per unit

volume can be shown as?:
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EVA = K;sin%?0 + K,sin*0  (13)

The coefficients K; and K, are called anisotropy constants and @ is the angle of
magnetisation with the single axis. If these constants are positive as in the case of cobalt, the
anisotropy energy Eaincreases with increasing angle 8, which makes Ea minimum at 8 = 0.
In other words, the material has a stable spontaneous magnetisation when it is parallel to
the c —axis. This stable magnetisation is often referred to as an axis of easy magnetisation or
an easy axis. On the other hand, if these constants are negative, Eais maximum at the c —
axis, which makes it unstable, and this is called an axis of hard magnetisation or simply a
hard axis. Additionally, depending on the magnitude of the constants, the sample can have
an easy axis (for large | K; |, K;> 0), easy plane (for large | K |, K;< 0), and conical for
intermediate values of the constants. These anisotropy constants have dimension of energy

per volume (measured in J/m)°.

1.6.2. Magnetic domains and domain walls

A ferromagnetic sample of macroscopic size has several regions called magnetic domains in
its demagnetised state. Spontaneous magnetisation of the sample occurs when all of the
atomic moments within each domain are aligned in one of the easy directions. A uniformly
magnetised sample is divided into these magnetic domains to balance the contributions of
the many different energy terms. These energy terms include the exchange energy,
magnetocrystalline anisotropy and magnetostatic energy. The exchange energy tries to align
all magnetic moments in the same direction, while the magnetocrystalline anisotropy tries
to orient magnetic moments along specific directions (equation 13) and the magnetostatic

energy aims to eliminate the magnetisation in the material®?.
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Figure 6: ferromagnetic domain structures for single-crystal, polycrystalline, and subdomain samples. Crystal

walls are shown solid, domain walls dashed”.

Figure 6 shows an illustration of the domains in a single — crystal, polycrystalline and
subdomain material. As the number of magnetic domains is increased, the magnetostatic
energy is reduced. However, an indefinite reduction of magnetostatic energy is not possible
as domain walls, which are the transition regions between the domains, also cause an
increase in exchange and anisotropy energy. Single domain materials do not represent the
ideal image of a region where the magnetisation is identical at every point. This is because
the demagnetizing field Hq varies from point to point in every sample that has a non —
ellipsoidal shape. As a result, the equilibrium configuration of the magnetic moments in
these samples are not homogeneous. The sample is still considered to be single — domain,
including any magnetic object that does not have clearly defined domain walls. Two main
types of domain walls exist, including Bloch walls and Néel walls and they differ in the way
the atomic magnetic moments in the wall turn, which is perpendicular to the plane of the
moments in adjacent domains for Bloch walls, or parallel to this plane for Néel walls®. The
minimum particle or grain size which is magnetically stable against ambient thermal
demagnetisation can be described using equation 14. For a spherical particle with K,, = 10°
J/m3, the superparamagnetic radii for stability over 1 year and 1 second, respectively, is as

follows. Where kg is Boltzmann constant, r is radii, and T is temperature.

1/3 1/3
rol yro (M_BT) ~ 7.3 nm, rols =~ (—6kBT) ~ 6nm (14)
Ky

In terms of a multidomain sample, an applied magnetic field can induce a displacement of
the magnetic domain walls. For example, a magnetic field applied in the zdirection will

create a torque on the magnetic moments inside the walls which will generate a

14



magnetisation component perpendicular to the plane of the wall (the yzplane). This
magnetisation component creates a demagnetising field also perpendicular to the wall with
a consequential torque that rotates the moments of the wall in such a way to increase the
size of the domain with magnetisation in the +z direction. This describes the mechanism
that induces domain wall motion under an applied field. In addition, the magnetic domains
and domain walls are significantly influenced by point defects and edges, point defects, such
as vacancies, interstitial atoms, or impurities, create local stress fields in the crystal lattice,
which can alter the energy landscape of the material. In reality, domain walls do not move
reversibly and grain boundaries, precipitates, inclusions, surface roughness, and other
defects lower the wall energy at a specific position in the material. These defects can act as
pinning centres that hinder the motion of domain walls, or they can place a barrier in front

of the wall, preventing further wall motion.

1.6.3. Shape anisotropy

To understand the magnetic properties of a material, it is important to consider the several
factors that affect the shape of its hysteresis loop. One such factor is magnetic anisotropy
which implies that the magnetic properties of a material depend on the direction in which
they are measured. Magnetocrystalline anisotropy is the only kind of anisotropy that is
intrinsic to the material while the others are either extrinsic or induced. The focus of this
section is shape anisotropy and how it affects the magnetic properties of the material
composed of anisotropic magnetic nanoparticles (AMNP). A spherical magnetic nanoparticle
differs from an AMNP as it can be magnetised homogenously in any direction while AMNPs
are easily magnetised along their long axis than along their short axis. In other words, a
demagnetising field, Hq that will demagnetise a sample composing AMNPs, is larger along

the short axis than along the long axis®3. This is represented in the following equation,

Hd = _NdM (15)
Where N; is a demagnetising factor dependent on shape and direction of the magnetic
nanoparticles. N, is the same in all directions for a spherical particle but differs for different

directions in AMINPs such as elongated and plate — like particles!?.
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Figure 7: shows how the demagnetisation factor Ny changes with nanoparticle orientation depending on

direction of By for platelets, sphere, cube, ellipsoids and cylinder shapes.

The geometry of particles can also have a significant effect on its magnetic behaviour. The
demagnetising factor is important here as Hgq is strongly dependent on the shape and
orientation of a ferromagnetic object in the external field. Different shapes of magnetic
particles have different demagnetising factor, Nqg values. Generally, particles with a large
relative surface area facing the direction of the magnetisation field have a higher Nq value.
For example, an idealised thin vertical plate perpendicular to the magnetisation field has a
Nq value of 1.00 which is the highest possible value, whereas a plate parallel to the field has

an Nq value of 0.00, as illustrated in Figure 7.

1.7. B-—Hloops

Ferromagnetic materials are known for their spontaneous magnetisation which is illustrated

in their unique hysteresis loop, a phenomenon studied by James Ewing in 18812
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Figure 8: hysteresis loop of a ferromagnetic material, showing Ms, M, and H?

The hysteresis loop of a ferromagnetic material shown in Figure 8, can be described as a
closed curved of magnetisation verses magnetic field. This curve is observed by varying the
field from H,,,,, which is a field that saturates a ferromagnetic sample, to - H,,, 4, and back
to H,, 4. As the magnetic field is reduced from H,,,, to zero, the magnetisation varies from
Ms (A/m), which is the saturation magnetisation to M, (A/m), which is the magnetic
remanence. The application of a weak field produces motion of the domain walls, causing
volume expansion of the domains which have the largest component of M along H. The
initial magnetic induction B produced in response to the small field H, defines the initial
permeability u; = (B/H). At higher fields, B increases rapidly, and the permeability reached
a maximum L, 4, When most domain wall motion is completed, some domains with
nonzero components of magnetisation remain at right angles to the applied field direction. It
is necessary to rotate the magnetisation of these domains into the field in order to minimize
the potential energy. This process is energy costing, more so than wall motion as it involves
rotating the magnetisation away from an easy direction (which is fixed due to magneto

crystallography, sample shape or stress).

Magnetic saturation Ms is reached when the applied field is of sufficiently high magnitude
and when the wall motion and magnetisation rotation is complete. As the magnitude of
applied field is decreased, the magnetisation rotates back towards its easy directions,
without hysteresis. A further decrease in the field causes domain walls to move back across
the sample. Energy is lost from sudden domain wall changes from one energy minimum to

the next. This results in the B— H loop to become apparent, i.e. hysteresis loop is produced.
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The induction and magnetisation remaining in the sample when the applied field is zero are
called residual induction Br and remanence Mr, respectively. The materials start to become
demagnetised once the direction of the magnetic field is reversed, the reverse field needed
to restore B to zero, i.e. demagnetise the material, is called coercivity or coercive field H¢
(A/m). It can be thought of as a measure of how easy or difficult it is to magnetise a material.
To conclude, a B—H loop is produced when a cyclic application of increasing and decreasing
magnetic field is applied. It should be noted that the concepts presented are discussed in
relation to magnetostatistics only which refer to situations where there is no time

dependence®.

1.8. Hard and soft magnetic materials

The measured value of coercivity is an indication of how magnetically hard or soft a material
is. Typically, soft magnetic materials exhibit H. < 103 A m™, while magnetically hard
materials show H, > 10* A m™., Soft materials such as Fe alloys and spinel ferrites based on
MeFe;04 (Me = bivalent transition metal) have low Hc and M, values and exhibit a narrow, S -
like magnetic hysteresis loops. In certain very soft magnetic materials such as some
crystalline NiFe alloys or amorphous metallic alloys, the Hc can be as low as 1.0 A/m. These
are temporary magnets which readily lose their magnetisation as soon as the external
magnetic field is removed. On the other hand, hard magnetic materials are referred to as
permanent magnets and are able to resist demagnetisation once magnetised. This is the
case when the material has strong defects that disrupt wall motion or if it consists of single
domain particles with such high magnetic anisotropy that the direction of magnetisation can
only be changed by extremely large fields. In contrast to the narrow B — H loops of a soft
material, hard magnetic materials generally produce a broad, square — like hysteresis loop.

Hexaferrites such as barium hexaferrite are an example of hard or permanent magnets?.

1.9. Size and geometric dependent properties

The magnetic properties of a material can be affected by many factors such as geometry,

composition, and size. This section focuses on the size dependent magnetic properties and
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how they can be characterised. Nanoparticles can be defined as particles with at least one
dimension between approximately 1 and 100 nanometre (nm) and usually contain several
hundreds to 10° atoms*®. As the size of the particle decreases, the ratio of the surface area
to the volume of the particle increases. This ratio is even more significant for nanoparticles
as a large portion of the atoms will reside on the particle surface compared to the core of
the particle. This large surface — to — volume ratio of the nanoparticles determines the novel
physical, chemical and mechanical properties as opposed to the corresponding bulk

materiall®.
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Figure 9: nanoparticle-size-dependent magnetisation and magnetic coercivity (Hc) for spherical (Fes04)

particles.

The magnetic moment per atoms and magnetic anisotropy of nanoparticles can be different
to that of the bulk magnetic material. Other magnetic properties such as the Curie
temperature, Neel temperature and coercivity field for nanoparticles are also found to be
different from the bulk material. As discussed previously, a bulk ferromagnetic material
composes small regions called magnetic domains. These magnetic domains exist due to a
balance between several energy terms, which include, the exchange energy,
magnetocrystalline anisotropy and the magnetostatic (or dipolar) energy. The magnetic
properties of a bulk material are determined by anisotropic and coherent coupling among

free electrons within magnetic domains and domain — domain interactions. As the
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dimensions of the material is reduced to nanometre size, the magnetic properties of the
material change as multiple domains no longer exist within the material structure, this is
illustrated in Figure 9. Hence, at a specific critical diameter, the material can only support a
single domain, and this specific diameter is called the single — domain diameter (Dsg). Dsq

(nm) can be calculated using the equation below?!’:

_18(4K;)1/?
Dsd - 2
HoMs

(16)
Where A is the exchange stiffness (in J/m) and K7 is the magnetocrystalline anisotropy (in
J/m3). The critical diameter (Dsp) at which a particle exhibits superparamagnetic properties

can be defined as:

Dy, = (‘“’,f—fT)m (17)

Coercivity, Hc is an important parameter to consider when studying the relationship between
size and magnetic properties. For particles with diameters well below Dy, i.e. typically a few
nanometres, the magnetic moment - Msis not stable and hence their Hc = 0. For an
intermediate diameter (typically 20 nm < D < 100 nm for a soft magnetic material), the
moment is stable, and the particle is single domain. Single — domain particles prefer to be
uniformly magnetised along one anisotropic easy axis, which produces a large coercivity.
However, below Dsg, the magnetic anisotropy energy (KiV (J/m3), where V (m?3) is the volume
of the particle) reduces and therefore the coercivity value also reduces. Nevertheless,
coercivity for single domain particles will increase as their diameter increases. Depending on
the magnetic hardness of the material, there may be a region where the coercivity falls due
to vortex magnetic order. Finally, as the particle diameter continues to increase, particles
with much larger diameters, typically above several micrometres, start to form a
multidomain regime and the coercivity decreases with increasing diameter. This can also be

seen in Figure 9.
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1.9.1. Different shapes of magnetic nanoparticles

The previous section highlights the relationship between size and magnetic properties. In
comparison, there are limited scientific reviews that collectively report the effect of shape

on the magnetic properties of nanoparticles having the same volume or relevant parameter.

Table 1: shows different shapes of magnetic nanoparticles with an example, typical diameter (nm) of these

shapes, magnetic hard/soft properties, and aspect ratio.

Shape Example Size/diameter Hard/soft Aspect ratio Na (-)
(nm) Perpendicular
to field
Sphere!® Fe304 10 - 100 Soft Low 0.33
Cube?® MnFe;04 10-50 Soft Low 0.33
Ellipsoid?® A- 200 - 300 Soft High 0.41
Fe203/SiO
2
Platelet?! BaFe1,019 30-150 Hard High 1.00
Cylinders/rods?? Ni 10 - 100 Super High 0.48
paramagnetic

Table 1 shows the many different shapes of magnetic particles known, including spheres,
cubes, ellipsoids, platelets, and cylinders/rods. An ideal example of isotropic particle
geometry are spherical nanoparticles which are one of the most heavily researched in the
field of magnetism, specifically iron oxide spherical nanoparticles as they are easily obtained
according to reproducible experimental procedures?32*. When comparing spherical
nanoparticles with cubic nanoparticles of the same composition and size, it has been
reported that there is a large difference in coercivity between the two shapes®. This can be
attributed to surface pinning which occurs due to missing coordinating oxygen atoms.
Researchers compared CoFe;04 cubic and spherical nanoparticles and hypothesised that
cubic CoFe;04 has fewer missing oxygen atoms and hence less surface pinning, possibly
leading to lower coercivity for the cubic structures. On the other hand, cubic nanoparticles
are found to have a higher saturation magnetisation than spherical nanoparticles of the
same volume?®. This disparity is believed to be a result of lower disordered spins in cubes

giving a higher saturation, although this is not a universal observation?’.
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Figure 10: Schematic display of a bar magnet (a), and an elongated magnetic particle shown as an array of

small magnets (b), as well as a magnetic nanochain (c)?*.

Interest in the synthesis routes of anisotropic nanoparticles which differ from the isotropic
spherical shape is prevalent. In contrast to spherical particles, materials with an anisotropic
shape display direction — dependent properties, high surface — to — volume ratio and
particular crystal facets at the surface that can exhibit different reactivity?®. Magnetic
nanoparticles with a nanorod, nanowire, nanotube and ellipsoid geometry fall in the
category of elongated anisotropic magnetic nanoparticles. Nanorods have diameter in the
order of few nanometres and length up to 100 nm, nanowires have similar diameter but are
much longer, while nanotubes are hollow nanorods. The shape of these elongated particles
is determined by the synthesis method and generally composes Fe and Co alloys, as well as
some Fe oxides. Elongated magnetic nanoparticles have several features which make them
useful in the field such as, a strong shape anisotropy and being able to easily align when
exposed to an external magnetic field*>3. Elongated magnetic nanoparticles can be
presented as a magnetic bar made up of an array of small magnets aligned along the long
axis as shown in Figure 10. This configuration is energetically most favourable as the
magnetisation is parallel to the particle surface for the majority of its length®. The shape
anisotropy of elongated nanoparticles determines the direction of the magnetisation along
their long axis and the demagnetisation factor increases with the shape anisotropy.
However, elongated particles with a size aspect ratio above 10,3! the demagnetisation factor
already approaches the maximum value possible. As a result, the Ms value also significantly
affects the demagnetisation field of the elongated magnetic nanoparticles with a high aspect
ratio (>10). Due to the shape anisotropy, elongated magnetic nanoparticles exhibit an

anisotropic response to an applied field, i.e. a square — like hysteresis loop is observed when
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magnetic field is applied parallel to the particle’s long axis with a large coercivity and Ms =
M. Conversely, when a field is applied perpendicular to the particle’s long axis, an S — like

response is observed with no hysteresis.

Plate — like magnetic nanoparticles in the form of thin disks or plates are also considered
anisotropic. A well —known example of these are hexaferrites which crystallize and grow in a
highly anisotropic structure. Otherwise, Co nanodiscs?, Fe304 nanopaltes@graphene3? and
magnetic nanosheets composed of 2D ordered assemblies of superparamagnetic
nanoparticles®* are all examples of particles that can have a platelet geometry. The
magnetisation of plate — like magnetic nanoparticles in a soft magnetic material lies within
the basal plane and easily realigns in the basal plane. However, a stronger magnetic field is
needed for the realignment of their magnetisation out of the plane. In contrast, plate — like
particles incorporated in materials exhibiting a strong uniaxial magnetocrystalline
anisotropy, such as hexaferrites, have a magnetic easy axis perpendicular to the basal plane.
This strong uniaxial magnetocrystalline anisotropy is dominate over the shape anisotropy
effect on the particle’s magnetisation and hence a large magnetic field is required to realign
the magnetisation in any other direction. The plate — like magnetic nanoparticles with a
strong uniaxial magnetocrystalline anisotropy behave in the opposite way to an elongated
magnetic nanoparticle or a typical soft — magnetic plate — like particle when exposed to a
magnetic field. They show a square — like hysteresis loop when the applied magnetic field is
perpendicular to the basal plane with the largest Hc, M and Mg in this orientation. The
hysteresis of these plate — like magnetic nanoparticles decreases as the angle between the
nanoparticle’s plane and the magnetic field decreases. Eventually, Hc, M and Ms become
zero for a single plate — like nanoparticle as the direction of the magnetic field is in the plane

of the nanoparticle?!.

1.9.2. Hard, anisotropic magnetic nanoparticles

Hard magnetic nanoparticles and their specific response to a magnetic field is extremely
relevant to the materials discussed in this thesis. Although soft magnetic materials excel in
applications where rapid magnetisation and demagnetisation with minimal energy loss is

required, hard magnetic materials and their characteristic response to an applied magnetic
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field are of particular relevance to the materials examined in this thesis. Typical applications
include permanent magnets used in data storage, magnetic sensors, and actuator systems.
Once magnetised by applying a field H = M, sufficient enough to saturate the
magnetisation, a hard magnetic material will remain in a magnetised state even after the
field is removed. The high coercivity of hard materials compared to soft materials, makes
them much more suitable for applications where the ability to resist demagnetisation is
required, such as permanent magnets. Additionally, anisotropic hard magnetic nanoparticles
are extremely unique in their magnetic behaviour in comparison to isotropic or spherical
particles due to their direction — dependent chemical and physical properties. Intrinsic
magnetic properties such as ferroelectricity, piezoelectricity, pyroelectricity, non — linear
optical behaviour, circular dichroism, Faraday rotation, electromagnetic non — reciprocity,
magnetic anisotropy, anisotropic mechanical properties, and anisotropic crystal growth all

originate from the structural anisotropy of specific materials.

One such example of single — domain, anisotropic magnetic nanoparticles with hard
properties are barium hexaferrites (BHF). The research findings presented in this thesis
centres around the synthesis and characterisation of BHF nanoparticles due to their highly
applicable anisotropic and hard magnetic properties. Their hexagonal platelet morphology
and preferred growth in the ab direction provides a high aspect ratio and high
demagnetisation factor compared to other magnetic geometries, making them a stable
magnetic state. BHF nanoparticles exhibit a uniaxial magnetic anisotropy with the easy axis
perpendicular to the platelet, which is a crucial property for the effective alignment of the
dispersed BHF nanoparticles in an applied magnetic field. In comparison to spherical or rod-
shaped nanoparticles which have a low aspect ratio and low magnetocrystalline anisotropy,
BHF nanoparticles have a large magnetocrystalline anisotropy which is a prerequisite for a
high coercivity, making it a very magnetically hard material suitable for permanent magnets.
Furthermore, the ability to substitute large cations into the BHF unit cell makes BHF
nanoparticles flexible structures that can easily incorporate ions during the synthesis
process. This also means the size and magnetic properties of BHF nanoparticles can easily be
controlled for many different applications?'. The geometry, unit cell and magnetic behaviour

of BHF nanoparticles is introduced in more detail in chapter 2.

24



To conclude chapter 1, it was important to firstly introduce basic parameters of magnetism
and magnetic terms to understand their contribution towards nanoparticle behaviour. The
central focus of this chapter is on the properties of dry magnetic particles and more
importantly, the effect of particle anisotropies such as geometry and size. The concepts in
this chapter establish a foundation for chapter 2 which introduces the Barium hexaferrite
magnetic nanoparticles which are an integral part of the research described in the following
chapters due to their unique anisotropic properties. Chapter 2 also describes the various
synthesis methods commonly used to produce dry magnetic particles discussing the
advantages of each technique and the factors that make some synthesis techniques more

favourable.

Chapter 2: Synthesis and Colloidal Dispersion of Barium Hexaferrite

Nanoparticles

Chapter 2 provides a comparative analysis of different synthesis methods for magnetic
particles, with particular emphasis on their suitability for producing dry barium hexaferrite
particles. The choice of synthesis route has a decisive influence on particle size, morphology,
and dispersibility in solvents, all of which govern the resulting colloidal stability. Selecting an
appropriate method is therefore critical to tailoring BHF particles for their intended

applications.

2.1. Barium hexaferrites platelet magnetic nanoparticles

Hexaferrites are magnetic nanoparticles which grow in a platelet morphology. These are
complex oxides usually composing a large bivalent cation such as Ba or Sr, and a bivalent
transition metal. Hexaferrites have a highly anisotropic structure based on the mineral
magnetoplumbite and have recently gained a lot of interest in the nanomagnetic field. Their
ferromagnetic/ferrimagnetic properties, excellent chemical stability, mechanical hardness,
and corrosion resistant make them suitable for a range of different applications®. Although

the synthesis of numerous structural and chemical polytypes with different magnetic
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behaviours is possible, the synthetic process is extremely challenging for some types of

complex hexaferrites.

Table 2: shows some physical and thermal properties for SrM, BaM and PbM polycrystalline M ferrites. Jis
density, T is melting point, the a and c axis are lattice parameters and v = cell volume from XRD. T. is Curie

temperature from standard molar heat capacity*.

Material 5 (g Tm a (A) c(A) v(A}) T. Area of
cm3)  (K) (K) application

SrFe101413% 5.101 1692 5.8844 23.0632 691.6 732 Electric
motors

BaFe1201%”! 5.295 1611 5.8876 23.1885 696.2 725  Bioimaging

CaosPbosYboiZnioFe110108 5708 1538 5.8941 23.0984 694.9 718 Photocatalyst

The simplest type of hexaferrites are M — type hexaferrites and they can be differentiated
from other Y-, Z-, and Co-W types which have a planer magnetocrystalline anisotropy and
require a large magnetic field to realign the magnetisation perpendicular to the basal plane,
whereas the magnetisation of M — type hexaferrites lies perpendicular to the basal plane.
The physical and thermal properties of some common polycrystalline M — type hexaferrites
are compared in Table 2. It is important to note that both M — type strontium hexaferrites
(SrM), SrFe12019 and barium hexaferrites (BHF), BaFe12019 have similar properties due to
their magnetoplumbite crystal structure and hexagonal platelet morphology. Additionally,
both BHF and SrM possess high uniaxial magnetocrystalline anisotropy, however, SrM
typically display a large shape anisotropy, i.e. larger aspect ratio compared to BHF which can
often result in a lowered coercivity as the two anisotropy fields oppose each other. For the

purpose of this thesis, the discussion hereafter is restricted to BHF particles®?.

magnetic
easy axis

anisotropic
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Figure 11: 2D presentation of the BHF unit cell structure where the large empty circles represent 0%, large grey
circles represent Ba®** and small circles represent Fe**. Arrows denote directions of the magnetic moments of

Fe* ions (a). A hexaferrite platelet particle with arrow showing magnetic easy axis (b)?~.

BHF anisotropic nanoparticles have been widely used as hard magnetic materials for
permanent magnets since the beginning of their introduction by Philips®. These are
ferrimagnetic particles with the basic chemical formula BaFe1,019 and a hexagonal platelet
morphology. The magnetic properties of BHF particles arise from the interactions between
metallic ions occupying particular positions relative to the oxygen ions in its hexagonal
crystalline structure. It is important to understand the unit cell structure of BHF particles
which is made up of two S and two R blocks, RSR*S*, where * denotes a rotation of 180°
around the c — axis. The S block is a slice of a spinel structure in the [1 1 1] direction with two
layers of cubic close — packed O% ions and Fe3* ions which occupy the tetrahedral and
octahedral sites. The R block is composed of three close — packed O? layers with the middle
one containing Ba* in the place of one 0. This substitution with Ba%* makes the R block
become hexagonally close packed. The Fe3* in the chemical structure occupies three
crystallographic sites in the R block, including a bi — pyramidal site, octahedral sites in the R
block interior and octahedral sites at the R —S interface. This hexaferrite unit cell structure is

illustrated in Figure 11.

The BHF lattice structure is extremely flexible and allows for the incorporation of larger
cations as a means to control particle size, size distribution and hence their magnetic
properties. Typically, a variation of lanthanide (Ln3*) ions are incorporated into the chemical
structure for this purpose. For BHF nanoparticles, the Fe* ions in the unit cell is partially
substituted for a larger cation, typically being In3* or Sc3*. This has shown to significantly
narrow down the size distribution in BHF nanoparticles synthesised hydrothermally*! by
blocking secondary re — crystallisation or Ostwald ripening effect. For the specific case of
BHF nanoparticles, it has been found that this chemical substitution of Sc3* has the opposite
effect on the magnetic properties of nanoparticles compared to the bulk. Previously it was
suggested that substituting diamagnetic Sc3* ions in BHF dilutes the magnetic Fe* ions,
lowering the M*2. However, when the Sc3* ions substitute the Fe3* ions in thin platelet

shaped hexaferrite nanoparticles, the Ms value increases substantially. The Ms value was
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shown to increase from 16 Am?/kg in unsubstituted nanoplatelets to over 38 Am?2/kg in
substituted BHF nanoparticles®®. This substitution of large cations into the BHF unit cell has
proven to be more successful for controlling size and size distribution of BHF magnetic
particles as compared to other methods such as ligand — exchange which substantially lower

the synthesis yield.

2.2. Coprecipitation

The synthetic route represents the most important step in the design of a nanoparticle used
for a specific application, as it will determine the particle size/shape, the size distribution,
the surface chemistry of the particles, and consequently their unique properties®*. There are

many routes for the synthesis of magnetic nanoparticles**, one commonly used method is

coprecipitation.

) i 5 "‘ a
Figure 12: TEM image of NiFe,O4 nanoparticles prepared by co-precipitation route annealed at 1000 °C for
10 h*.

Coprecipitation is a simple and convenient method for synthesising magnetic nanoparticles
from aqueous salt solutions through the addition of a base as a precipitating agent at room
temperature or at elevated temperatures. This method can be used to produce different
shapes and compositions of magnetic particles. Coprecipitation has been used to synthesise
ferrites since the early 1960s*’ such as nickel ferrite nanoparticles using stable ferric and
nickel salts with sodium hydroxide as the precipitating agent®®. Figure 12 shows the
Transmission Electron Microscopy - TEM image of NiFe;04 nanoparticles prepared by co-
precipitation. Additionally, coprecipitation is often used for the preparation of fine

hexaferrite powders and can also be optimised for large — scale production. However,
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powders produced using coprecipitation usually present inhomogeneity in particle size and
microstructure due to the concentration gradient during the coprecipitation process and
agglomeration as precursors are precipitated. Researchers have tried to overcome this major
disadvantage by investigating the coprecipitation of BHF nanoparticles and the influence of
varying parameters on its formation*. The process of BHF synthesis using coprecipitation
methods can be described by the equations below. The A in these equations can represent a
chloride, acetate, or nitrate group, a denotes the amorphous state, while the other phases
are crystalline, the temperature ranges between 500 — 800 °C depending on the reaction

conditions and, note that T1 < T2 < T3. The variables u, v, z, x, y are in the range of 0 — 1.

NaOH,H,0,alcohol

BaA, + 12FeA; Ba(OH),(a) + 12Fe0,(0H), (a) (18)
y

Ba(0H),(a) 5 BacO,  (19)

,—H,0(g),—C0,(g)

T
(1 — v)Ba(0H),(a) + vBaC0O; + 12Fe0,(0H), (a) -
5(1 - u)(l - Z)(Z - F3203 + Su(l - Z)y - F9203 + (1 - Z)BaF6204 + ZBaFelzolg (20)

T
5u(1 — z)y — Fe,04 3 5u(l — z)a — Fe,04 (21)

T:
5(1 - Z)O: - F8203 + (1 - Z)BaF6204 _3) (1 - Z)BaF812019 (22)

Equations (18) and (19) outline the product of BaCOs by — product as well as the Ba and Fe
precursors used to initiate equation (20). The variables in equation (20), x, y and z, depend
on the reaction conditions such as type of alcohol, type of reagent salts, coprecipitation
atmosphere, temperature and time of calcination. In general, z increases with the length of
the alcohol chain and with the calcination temperature and time. It was found that if the
coprecipitation reaction was carried out in argon or from chlorides, the intermediate phase,
BaFe;04 can be avoided (z = 1). Additionally, it was concluded that the major amount of
BaFe1,019 (BHF) formed up to 600 °C, however, the formation of BHF is not complete even
after 10 h at 600 °C. This confirms that the formation of BHF using this method involves two

competitive mechanisms (equations 20 and 22)%.

The synthesis of BHF nanoparticles has also been conducted under atmospheric oxygen to

protect the oxidation of certain nanoparticles and hence the production of by - products.
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The main advantage of using this method over others is that the precipitation process allows
for a high yield of nanoparticles to be synthesised reasonably fast and there is no need for
extra mechanical or microwave heat treatment. However, a significant downside here is the
lack of control on particle size distribution as only kinetic factors are controlling the particle
growth°. The coprecipitation reaction also uses high temperature processes at long periods
of time which can be more energy and time consuming compared to other methods.
However, this issue is recognised by researchers that have studied a possible low
temperature coprecipitation synthesis of BHF nanoparticles from ethanol solutions instead

of water solutions®?.

2.3. Sol —gel synthesis

Another route for the synthesis of magnetic nanoparticles is a wet — chemical process called

Conden
( 5 days
* 0.15 M Ferric nitrate « Sol ‘ y

o

sol — gel based on hydrolysis and polycondensation methods>%>3.

 Ethylene glycol

Figure 13: Flowchart for the sol — gel synthesis of iron oxide nanoparticles®.

This process mixes precursors, which can be inorganic or metallo — organic, forming a
colloidal solution of nanoparticles (“sol”). The material is further dried (“gel” formation)
removing the solvent and condensed to a gel subsequently producing fine-grained
polycrystalline ferrites with a narrow size distribution. This method of magnetic nanoparticle
synthesis has been used for a range of different compounds and is a popular synthesis route
in many areas of research. Figure 13 shows a flowchart for the synthesis of iron oxide
nanoparticles using sol — gel method. Sol — gel proves to be an advantageous method for the
synthesis of magnetic nanoparticles as the process is economically and environmentally
friendly. The method allows for control over particle size by changing the annealing

temperatures, a higher average mean particle size is reported as the annealing temperature
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increases. Additionally, it is claimed that morphology of the magnetic particles can be
controlled when synthesised at specific temperatures®3. Sol — gel has also been used to
produce hexagonal ferrites by Pullar et al. Researchers developed a novel aqueous sol — gel
synthesis route for the preparation of hexagonal ferrites from stoichiometric precursors®.

Ferrites composing Sr>> and Co®® are commonly produced using sol — gel method.

Sol — gel method is commonly reported for the production of BHF nanoparticles, and it has
been shown that the ratio of precursors used in this method to make BHF is extremely
important. To be specific, a ratio of Fe:Ba of 10.5 produced BHF at 900 °C/1 h with grain size
of only 200 nm®’. The barium rich precursor yields pure BHF without any a-Fe,0s3 as a
second phase, however, a Fe:Ba ratio of less than 9 produces BaFe;04 as a second precursor
instead®?, indicating that there is a narrow compositional window for the formation of single
phase BHF using this method. With a fixed Fe:Ba ratio, the formation of BHF from either
nitrate or hydroxide sol — gel precursors were also investigated. It was found that the
presence of a nitrate anion was important for the formation of the intermediate phases, o-
Fe»0s and BaFe;04 over a wide range of temperatures. These non-magnetic phases can then
be eliminated by preheating the gel to 450 °C/5 h to remove any organic compounds. BHF
subsequently forms at 750 °C but the optimal magnetic properties were obtained at 950 °C
9 Sol — gel method is a reasonably good choice for the synthesis of magnetic materials as it
produces a monodisperse sample with control of microstructure, desired shape and size
with high purity and good crystallinity of the products. However, the process involves
prolonged reaction times, using toxic organic solvents and high chance of product

contamination®,

2.4. Hydrothermal synthesis

Hydrothermal synthesis is another reliable route for producing magnetic particles.
Hydrothermal synthesis is one of the most commonly used methods for the preparation of
magnetic particles®. This synthesis process can be used to prepare nanostructures and
single — crystal materials with well — defined size and morphology for their specific

applications. It can also be used for the crystalline growth of several inorganic compounds
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and the synthesis of new phases or stabilisation of new complexes. It has been described as
the most efficient method for the formation of nanocrystals as it exploits the solubility of
some inorganic substances at specific reaction conditions. This supports the crystallisation of
the dissolved precursors within the medium as the reaction conditions like temperature and
pressure hugely affect and maintain the nucleation and distribution of particles®?. The main
process involves a precipitation of particles in solution followed by heating to initiate particle
growth. The nanoparticles can be grown in a wide temperature range from room
temperature to extremely high temperatures. This technique typically makes use of an
autoclave to reach high temperatures and pressures. Researchers have used hydrothermal
synthesis extensively for the production of particles such as Fe304 and even attribute the
narrow size distribution of the particles to the hydrothermal synthesis used®. This method
has also been reported to allow more control on the particle diameters and as a result
researchers are able to tune the particle magnetic properties®®. One advantage of this
synthesis method is that it has been reported to give better morphological results with
various shapes of FesO4 nanoparticles being made using hydrothermal synthesis, such as

spheres, cubes and wires.

Hydrothermal synthesis allows the morphology of the particles to be controlled by adjusting
the reaction temperature, solvent type, precursor salt, reducing agent or pressure conditions
depending on the vapour pressure of the main composition in the reaction mixture. Torres —
Gomez et al®! presents a simple and efficient way to produce pure phase magnetite
nanoparticles using hydrothermal synthesis and subsequently tune the morphology of the
nanoparticles by changing the reaction temperature. The end product was pure phase Fez04
nanoparticles with a high level of crystallinity and uniform morphology at each temperature.
The resulting shapes of the nanoparticles were shown to be quasi- sphere, octahedrons, and
cubes with good saturation magnetisation. Cursaru et al*® reported the physical — chemistry
properties of magnetite particles produced using the hydrothermal method and found that
crystallite size increases with increasing pressure and temperature with the hydrodynamic
diameter only being affected by temperature. It is also important to note that the crystal
formation depends heavily on the minerals in water, proper mixing of solvent and duration
of mixing®. The majority of research into hydrothermal synthesis of hexagonal ferrites

concentrated on M ferrites. It has been a particularly successful and popular method for BHF
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nanoparticles often pure phase BHF nanoparticles are hydrothermally made from
stoichiometric mixtures of iron and barium. Some researchers describe poor crystallinity of
the product and include an additional annealing step at approximately 900 °C to allow the
Ba2* ions to diffuse fully from the surface into the M lattice®®. Often the formation of BaCOs
side product is reported when ratio below Fe:Ba = 10 is used during hydrothermal synthesis.
This impurity forms as the barium reacts with CO; in the air during the reaction. Many
factors and their effect on the BHF synthesis using this method have been studied to
produce single phase BHF®’. Factors such as the phase of Fe,03 used in the process, ratio of
precipitating agents, ratio of Fe to Ba, synthesis temperature and time are all considered. Liu
et al®’, has studied these effects in detail and report that a Fe:Ba ratio, OH : NO* ratio of 2
and a reaction temperature of 230 °C/48 h was required for the best quality single phase
BHF particles. Having said this, researchers will often adjust the reaction conditions to the

feasibility of starting materials, size, and morphology of BHF particles needed.

To conclude, hydrothermal synthesis is an economical simple method and produces particles
with high crystallinity, consistent composition and has a good control on the particle size and
shape offering magnetic tuning and easy dispersion of the particles. However, the main
disadvantage of hydrothermal synthesis is the need for high temperatures and pressures
which requires expensive facilities. It is also more difficult to produce nanoparticles smaller

than 10 nm using this method with slow reaction kinetics at high temperatures.

2.5. Chemical Reduction

Chemical reduction is a nanoparticle synthesis method which uses chemical — reducing
agents. The substrates used in this method can be either natural compounds from plants or
microorganisms or reagents/chemical reducing agents. The main chemical method used
here for the synthesis of nanoparticles is the reduction of metal ions in solution. The same
approach was used in early 1857, to produce colloidal gold using chemical reduction®®%°, The
metal ions can be reduced in both aqueous and organic solvents, while organic solvents are
preferred since metal nanoparticles are particularly sensitive to oxidation’®. It is also possible

to control the size, shape, and size distribution of the particles by altering reaction
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parameters’t. The reduction of salts of a selected metal is done in the presence of a
stabilizer’? which protects the metal nanoparticles from assembling into larger aggregates.
The first step of a chemical reduction process typically involves a redox reaction, whereby,
electrons from the reducing agent are transferred to the metal atoms (equation 23),

resulting in the formation of free metal atoms:

Metal™ + n electrons™ = Metal® (23)

This is followed by a nucleation process where the free metal atoms collide with one
another and form stable nuclei. And finally, stabilizers are added in the last stage to allow for
dispersion. This is a cost — effective, ecologically, and economically friendly method as the
magnetic nanoparticles can be produced without the need for high temperatures and can
also be used for a variety of metals’3. Although this is not a popular route for the synthesis
of barium hexaferrite nanoparticles, it is heavily used to manufacture iron based magnetic
particles such as, FeCo which can be synthesised by simultaneous co — reduction of ferrous

sulfate and cobalt chloride salts using sodium borohydride (equation 24)74:

FeS0O, + CoCl, + 2NaBH, = FeCo + 2NaCl + Na,S0, + 2B + 4H, (24)

In addition, monodisperse &-Co nanoparticles have also been prepared via the reduction of

cobalt chloride using this method’>7®,

2.6. Pulsed Laser Ablation in Liquid (PLAL)

Apart from the chemical methods mentioned above, physical methods of magnetic particle
synthesis are also commonly reported in literature. Pulsed Laser Ablation in Liquid (PLAL) is a
physical synthesis method which is distinguished in terms of ease of particle production, and
effectiveness in controlling particle size distribution. The PLAL synthesis method starts by
directing a high — energy optical source (pulse laser radiation) in the perpendicular direction
towards the solid bulk metal target submerged in a liquid medium, the laser source can also

be directed from the top of side. Once the laser interacts with the metal, a series of
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thermodynamic reactions occur. As the nanoparticles are synthesised in liquid, colloidal
nanoparticles can be obtained faster compared to other synthesis methods. Pulsed laser
ablation can also be performed in other mediums such as, air and vacuum’”’¢, however, the
use of a liquid medium is much more popular and has shown a prominent effect on the

structural formation of nanoparticles’.

e)
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Figure 14: SAED analysis of nanoparticle ensembles generated in a) water, b) methanol, c) ethanol, d) acetone,

and e) toluene.

PLAL was initially used to synthesise iron oxide nanoparticles by Patil et al®® and, since then,
it has been used for several different types of metallic nanoparticles applied in various
commercial industries such as food, biomedical, electronics and optical. Several researchers
investigated the production of iron based magnetic nanoparticles in different solvents and
found that a variety of nanomaterials can be created using PLAL given the laser parameters
and liquid solvents used®. Figure 14 shows the Selected Area Electron Diffraction (SAED)
analysis of iron — based nanoparticles, the results show that the nanoparticles become more
amorphous as the carbon content of the liquid solvent increases. In addition, several reports
of magnetic nanoparticles synthesised using PLAL have been published including the
ablation of Co in water and ethanol®%83 as well as magnetic alloys (such as Sm — Co and Ni —
Fe) in cyclopentanone®*. The Meunier group reported the production of core — shell
structures with a diameter of 6.5 nm by irradiating a suspension of Au and Co
nanoparticles®, while Zeng et al®® were able to produce FeO nanoparticles by ablation of an
iron target in a water/poly(vinylpyrrolidone) solution. All the above reports synthesised

magnetic nanoparticles which can be removed out of solution by a permanent magnet.
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PLAL is a highly efficient method for the preparation of surfactant free stable nanofluids and
has been recently explored for the synthesis of barium hexaferrite nanofluids. Although PLAL
is an unpopular synthesis route for barium hexaferrite nanofluids, studies indicate that the
nature of the solvent has a great influence on the nanoparticle size and optical properties of
the resulting nanofluid. Hence, further optimisation of the PLAL process allows greater
control on the size, morphology and magnetic properties of the particles. PLAL has several
advantages over other methods, such as, reduced reaction time, absence of reducing agents,
low toxicity, the process does not include a multistep synthesis, and the ease of product
extraction as the nanoparticles are confined within a liquid zone. The process does not
require any chemicals and thus eliminates the need for time — consuming purification steps
and is relatively safe compared to other wet chemistry methods. It is also a contamination —
free technique unlike conventional chemical methods where surfactants, catalysts, by —

products, and ions are involved®’.

2.7. Microwave Irradiation

Microwave irradiation is a widely explored method for the synthesis of many different
materials. The microwaves are electromagnetic waves with commercially used microwaves
working at a frequency of 2.45 GHz. The microwave heating provides a fast transfer of
energy through radiation rather than typical heat transfer methods or convection. This
ensures a fast penetration of energy into the volume of materials transparent to microwave
radiation. The nanoparticles are prepared in solvents such as water and organic solvents,
polyols are especially popular due to their capability to act as both a reducing agent and
solvent. The main advantage of this method is that it considerably reduces the reaction time
of organic synthesis as well as increase yields and decrease energy and reagent
consumption®. The use of microwaves for the production of nanoparticles is recently
emerging and has many benefits, one of which is particularly important for nanoparticle
synthesis - homogenous heating®. The use of microwaves ensures a uniform distribution of
the heat in solution compared to traditional heating methods which tend to be more
heterogenous and focused on the reaction flask walls. Homogenous heating of the solution

allows for a narrow size distribution and controlled physiochemical properties in the
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nanomaterial. This was shown by Seol et al*°, who studied the microwave — assisted
synthesis of Au colloidal nanoparticles with diameters of 12 nm with a reaction time of a few
minutes. They found that using high microwave power to increase the temperature ramping
rate enables homogenous nucleation and particle growth, which reduces nanoparticle size
and improves uniformity. Many have also synthesised Au nanoparticles using microwave
irradiation method for biological applications®°2. Additionally, materials composing other
metallic nanoparticles, such as Pt nanoparticles in aqueous solution®3, have been
successfully produced by microwave irradiation for their use catalysis. This synthesis method
has been described as highly efficient, energy — saving, and environmentally friendly in many
chemical processes. Microwave irradiation methods have been used in conjunction with
hydrothermal synthesis for the purpose of producing fine particles of barium ferrite*. The
microwave — induced hydrothermal methods have been studied on various spinel ferrites,
however, the mechanism for hexagonal barium hexaferrite is different from that of spinel
ferrites as barium ferrite is formed through the intermediate phases of a-Fe;0s and BaFe;0s.
Using microwave irradiation methods, the crystallisation of the barium ferrite particles is
promoted within a short time and rapid formation also supresses particle agglomeration.
However, the thickness of the barium hexaferrite nanoparticles were found to be unusually

low, causing a larger aspect ratio compared to conventional hydrothermal methods®.

2.8.  Summary of particle synthesis methods

Table 3: Summary and comparison of different particle synthesis methods.

Particle Synthesis | Method summary | Advantages Limitations

Method

Co — precipitation | Synthesis of - Simple and - Inhomogeneity
magnetic convenient. in particle size
nanoparticles from - Canbe and
aqueous salt optimised for microstructure.
solutions through large — scale - Lack of control
the addition of a production. on particle size
base as a - Highyield of distribution.
precipitating products. - Use of high
agent. temperature.

Sol — gel synthesis | Mixing of - Economically - Prolonged
precursors forming and reaction times.
a colloidal solution
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III

(“sol”) which is
later dried (“gel”)
producing fine-
grained
polycrystalline
ferrites.

environmentally
friendly
Monodisperse
sample
obtained.
Control of
shape, and size.
High purity and
good
crystallinity of
products.

Use of toxic
organic
solvents.

High chance of
product
contamination.

Hydrothermal Precipitation of - Economically Need for high
synthesis particles in friendly method temperatures
solution followed - Produces and pressures.
by heating to particles with Difficult to
initiate particle high produce
growth. crystallinity and nanoparticles
consistent smaller than
composition. 10 nm.
- Control on the
particle size and
shape offering
magnetic tuning
Chemical Reduction of - Control of Mainly used
reduction metal ions in particle size, for iron oxide
solution to shape, and size particle
produce distribution. synthesis,
nanoparticles. - Cost — effective. limited
- Ecologically, research on
and BHF particle
economically production.
friendly.
Pulsed Laser Physical synthesis - Control of Limited
Ablation in Liquid | method initiated particle size and research on
(PLAL) by directing a high shape. BHF particle
— energy optical - Canbe production.

source towards a
bulk metal target
submerged in
liquid which
triggers
thermodynamic
reactions to occur.

performed in
other mediums
such as, air and
vacuum.
Reduced
reaction time.
Low toxicity.
Ease of product
extraction.
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Microwave
irradiation

The microwave
heating provides a
fast transfer of
energy through
radiation rather
than typical heat
transfer methods
or convection. The
nanoparticles are
prepared in
solvents such as
water and organic
solvents.

Reduced
reaction time.
Increased yield.
Decreased
energy and
reagent
consumption.
Environmentally
friendly.

Less on control
on particle size
and shape.

Chapter 3: Colloidal Stability of Barium Hexaferrite Ferrofluids

Chapter 3 introduces ferrofluids and magnetorheological fluids which are typically produced

after dispersing dry magnetic nanoparticles in an appropriate solvent or wet dispersed

during the synthesis process. Colloidal stability is defined as the ability of suspended

particles to remain uniformly dispersed over time without aggregation or sedimentation. For

barium hexaferrite nanoparticles, magnetic dipole—dipole interactions act in addition to van

der Waals forces, both of which promote particle attraction and aggregation. This chapter

therefore examines how these interactions can be mitigated through the use of stabilising

agents, ensuring long-term stability and functionality of BHF-based suspensions.

3.1. Fundamentals of Stability in Colloidal Ferrofluids

The content of Subchapter 3.1 is based on reference 97, namely “Ferrohydrodynamics” by

R.E. Rosensweig.

3.1.1. Colloidal ferrofluids
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Ferrofluids are a group of colloidal magnetic fluids composing homogenously dispersed
particles suspended in a carrier fluid. A colloidal system can consist of evenly suspended
particles in a continuous medium as well as suspensions that settle out slowly. However, a
true ferrofluid does not settle out despite a slight concentration gradient which is often

established after long exposure to a force field (gravitational or magnetic).

Polar head

Figure 15: magnetic, single - domain particles with a surface coating of surfactant molecules in a colloidal

ferrofluid®®.

Ferrofluids are composed of small (up to a few nanometres) particles of solid, magnetic,
single —domain particles which are typically coated with a molecular layer of a dispersant
and suspended in a non — magnetic liquid carrier fluid (Figure 15). The molecular layer
coating is often a stabilising agent adsorbed onto the particle surface and has a principal role
of preventing the particles from sticking or aggregating together. In addition, thermal
agitation keeps the magnetic particles suspended in the carrier fluid due to Brownian
motion. These ferrofluids are vastly different from the ‘magnetic fluids’ for clutches and
brakes introduced in the late 1940s which compose of micron —and larger sized iron
particles slurried in an oil. These clutch fluids solidify in the presence of an applied magnetic
field while colloidal ferrofluids retain liquid flowability even when exposed to intense
magnetic fields. A typical ferrofluid contains 10?3 particles per cubic meter and is opaque to
visible light%. Ferrofluids also differ significantly from magnetorheological fluids (MRFs) in
terms of composition, particle size, and rheological behaviour. MRFs typically compose of

multidomain particles, usually in the micrometre size range which are prone to
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sedimentation. This difference in particle size leads to distinct magnetic and flow properties.
When exposed to external magnetic field, MRFs undergo a reversible transition from a liquid
to a semi — solid state, accompanied by a dramatic increase in viscosity which is not

observed in ferrofluids®’.

3.1.2. Fundamentals of stability

The properties of a ferrofluid are largely affected by the Brownian motion of the dispersed
particles as well as the magnetisation of each sub — domain particle. Brownian motion is a
thermal effect (above 0 K) that describes the random movement of particles suspended in a
liquid or gas. A third essential component of a colloidal ferrofluid is a long — chain molecular
species which is typically adsorbed onto the magnetic particle surface. This long — chain
molecule prevents agglomeration of the particles to each other by introducing repulsive
interactions. It is essential to maintain the stability of colloidal systems like ferrofluids, as it

ensures a well — defined material suitable for fluid applications and scientific studies.

It is useful to consider the simple physics of the mechanisms that are responsible for the
stability of ferrofluids. To begin, the different energy contributions acting on an individual
particle include:
thermal energy = kT
magnetic energy = uoMHV

gravitational energy = A,VgL

where k is Boltzmann’s constant and equals 1.38 x 10723 J K%, T is the absolute
temperature in degrees Kelvin. p, is the permeability of free space and has the value

41t X 1077 Hm?, Volume V = md3/6m3 for a spherical particle of diameter d, and L is the
elevation in the gravitational field. Differentiation in the ratio of one term to another yields

dimensionless quantities that can alter the stability of the ferrofluid.

3.1.3. Magnetic field effects on stability
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To evaluate the stability of magnetic particles settling in a field gradient due to an external
magnetic source, it is important to consider the competing influences acting on each
particle. Particles are attracted to the regions of higher field intensity, while Brownian
motion counteracts the particle tendency to accumulate at the high field regions. Brownian
motion provides statistical motion that allows the particles to sample all portions of the fluid
volume and remain uniformly dispersed. The magnetic energy term u,MHYV represents the
reversible work required to remove a magnetised particle from a region within the fluid
where the magnetic field strength is H to a location in the fluid that is outside the influence

of the field:

w= -/ (MOM‘;—’:V) ds ~ uoMHV (25)

If some part of the fluid volume is located in a field — free region, then stability of the
particles in the fluid is favoured as opposed to particle segregation in the fluid due to a high

ratio of the thermal energy to the magnetic energy:

thermal energy kT

(26)

= >
magnetic energy UoMHV —

To consider the volume of a sphere in the above equation gives an expression for the
maximum particle size:

d < (6kT/mugMH)/3 (27)

3.1.4. Dipole — dipole energy and gravitational field effects

Magnetic particles dispersed in a carrier fluid are also subject to aggregation and settling
under a gravitational field similar to a magnetic force, as described above. Gravity constantly
pulls an individual particle downward in a vessel, while Brownian motion tends to constantly
keep the particles homogenously dispersed throughout the volume of the carrier fluid. The

relative influence of gravity to magnetism is described by the ratio:

ravitational ener, ApgL

magnetic energy UoMH
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Collisions between particles in a magnetic fluid are frequent and if the particles adhere
together, agglomeration will be rapid. The maximum energy needed to separate a pair of
aligned particles with permanent magnetisation and diameter d is given by the dipole —

dipole pair energy, Eqd:

2,43
Eqo = === (29)

Where | = 2s/d, with s being the surface —to — surface separation distance. Thus, when
particles are in contact, the above equation reduces to the following form, giving the dipole

— dipole contact energy:

1
Egg = EHOMZV (30)

The effectiveness of Brownian motion disrupting the agglomeration of particles in dispersion

can be governed by the ratio:

thermal energy _ 12kT

(31)

dipole—dipole contact energy - HoM2y

In order for particles to avoid agglomeration, this ratio must be greater than unity, so the
particle size is given by:

d < (72kT /muoM?)'/3 (32)

For magnetite particles dispersed in a carrier liquid, the above equation requires d < 7.8
nm. This estimate indicates that a typical magnetic fluid with a particle diameter in the range
up to 10 nm lie very close to the agglomeration threshold but manage to stay sufficiently

stabilised?®.
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3.2. DLVO theory

The DLVO (Derjaguin-Landau-Verwey-Overbeek) theory describes the stability of any

suspension that composes particles with a tendency to aggregate over time.
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Figure 16: Electrostatic repulsion and van der Waals interaction forces acting between two approaching

charged colloidal particles of radius a separated by a distance H%.

The DLVO theory considers two fundamental interactions between approaching particles,
these are electrostatic Coulomb and van der Waals interactions (Figure 16). The electrostatic
repulsive force arise from like — charged particle surfaces or stabilising ionic layers on the
particles, producing a long — range repulsion governed by Coulomb’s law. In contrast, the van
der Waals attractive force arise between neutral particles because of the fluctuating electric
dipole — dipole forces that are always present. Van der Waals are generally short — ranged
and independent of particle surface charge®®. It is also important to consider the effect of
the surrounding solvent or carrier fluid on the interactions between two surfaces or particles
approaching closer than a few nanometres. The DLVO theory does not take into account the
interactions between two solid surfaces in a liquid medium, these are generically called non
— DLVO forces. When two particle surfaces approach each other, one layer of liquid
molecules after another is squeezed out of the closing gap. The geometric constraining
effect of the approaching particle wall on these molecules as well as the attractive
interactions between the surface and liquid molecules cause the solvation forces between

the two particle surfaces. When the solvent is water, this is referred to as hydration forces.
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Hydration force is a strong, short — ranged force that decays exponentially with the distance

between particles, D:
Fso,(D) = Ke P/t (33)

Where K > 0 relates to the hydrophilic repulsion forces and K < 0 relates to the hydrophobic
attraction forces. / is the correlation length of the orientational ordering of water

molecules?100,

The stability of a suspension is evaluated by the rate of particle aggregation. If the repulsive
interactions between the particles are larger than the attractive interactions, the rate of
aggregation will be slower and hence stability of the suspension is improved. It is important
to note that the DLVO theory does not describe stable states in terms of thermodynamic

stability but rather in the sense of aggregation rate being practically zero®.
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Figure 17: schematic representation of interaction energy between approaching magnetic particles under the

influence of a constant external magnetic field. The curve is plotted as a function of the surface to surface

distance, d'%..

The stability of a colloidal suspension is strongly dependent on the total potential energy,
Wrotal. The total interaction energy potential for two approaching magnetic particles in a
suspension consist of a shallow secondary and a deep primary energy minimum that are

separated by an energy barrier E, of certain height. Figure 17 shows a schematic plot of the
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interaction energies between magnetic particles against particle surface to surface distance
(nm). Magnetic particles can possess three different states when a magnetic field is applied:
(i) aggregated in the primary minimum (close contact), (ii) aggregated in the secondary
minimum (short distance), and (iii) unlinked (large distance). ny(t), ns(t), and n¢(t) in Figure 17

denote the number of primary, secondary, and open bonds (i.e. unestablished bonds).

Wor represents the electrostatic interaction, while Wygw represents van der Waals

interaction between particles. The total potential energy, Wrotal can be described as follows:

Wpoivo = Wpr + Wyaw (34)

Wrotar = WpLyo + dipolar (35)

Particle aggregation can occur in the primary minimum, where the distance between
particles is very small, or in the secondary minimum, where the neighboring particles within
an aggregate are a short distance apart from each other. The height of the E, is mainly
determined by the electrostatic repulsion between the particles. In the case of a high E,,
particle aggregation is miniscule and the colloidal suspension remains stable. Whereas, a low
Ea means that electrostatic repulsion between particles is weak which leads to
destabilisation. Secondary minimum aggregation is reversible as the attractive magnetic
interaction between the particles is reduced with elimination of the magnetic field. Hence,
at large particle distances, the electrostatic repulsion seperates the particles giving rise to a
breakdown of aggregates and improving stability. Aggregation in the primary energy
minimum is typically irreversible, due to the close contact between particles allowing van
der Waals interactions to maintain particle aggregation even when the external field is

removed?°®,

3.3. Colloidal stability in magnetic suspensions

In addition to the van der Waals attractive forces, magnetic nanoparticles can also be

affected by magnetic dipole — dipole attractive interactions potentially leading to
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aggregation and colloidal instability. Particles below a certain size (i.e. below 15 nm for iron
oxide nanoparticles) can be considered superparamagnetic and do not display any remanent
magnetisation. Hence there are no attractive magnetic interactions between the
superparamagnetic nanoparticles in the absence of an external field and magnetic
aggregation does not take placel®. In contrast, colloidal stability in larger particles displaying
permanent magnetic moments is very challenging. This is due to the dipole — dipole
magnetic interactions between magnetic particles which significantly affect the colloidal
stability of a ferrofluid by increasing particle aggregation. Dipole — dipole attractive forces
are longer ranged (tens of nm) in comparison to other interparticle interactions such as van
der Waal’s which have a range of just a few nm10310% The attractive interactions between
two magnetic particles in a ferrofluid can additionally be affected by particle shape!>1%,
The centres of two adjacent plate — like particles are considerably closer than for two
spherical or rod — like particles of the same volume, as a consequence the dipole- dipole

magnetic interactions are stronger for a couple of plate — like particles?!.

The colloidal stability of a ferrofluid can be achieved by introducing sufficient repulsive
interparticle interactions that counteract these attractive interactions. Electrostatic, steric or
a combination of the two, i.e. electrosteric repulsion mechanisms can be applied to prevent
aggregation of nanoparticles in the suspension®’. To stabilise a ferrofluid via electrostatic
repulsion mechanisms, the surface charge of the magnetic particles is typically altered. This
can be done through the adsorption of ions from the isotropic carrier liquid such as OH™ from
water, and/or by adsorption of specific charged species from the carrier liquid onto the
particle surfaces. The electrostatic interaction energy depends on the particle surface
potential (W) the dielectric constant of the isotropic liquid, the presence of counter ions as
well as ionic strength and pH. These factors will affect the Debye — Huckel parameter, which
represents the distance to where the electrostatic interaction is significant between the
particles'®®1%9, Colloidal stability in ferrofluids can also be attained through steric repulsion
through the adsorption of macromolecule stabilising agents onto the magnetic particle
surface. Steric repulsion is only affective at a short distance and is short — ranged compared
to electrostatic and dipole — dipole magnetic interactions. To provide colloidal stability in a
ferrofluid through a combination of steric and electrostatic repulsive mechanisms,

macromolecule stabilising agents carrying a charge can be adsorbed onto the magnetic
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particle surface. A combination of repulsive mechanisms may be required for larger particles
due to the electrostatic repulsion being insufficient as the particles get closer. The particle
shape can also affect the electrostatic and steric repulsive forces which are much stronger in
anisotropic, plate — like particles which have a much larger interaction surface than two
spherical particles of the same volume. Therefore, to successfully stabilise a ferrofluid, the

magnetic particle surface must be tuned according to particle size, shape, and carrier fluid.

3.4. Electrosteric stabilisation of BHF nanoparticles using dextran biopolymer

Barium hexaferrite (BHF) nanoparticles are a typical representation of anisotropic
permanent magnetic nanoparticles in ferrofluids. Colloidal stabilisation of BHF nanoparticles
is essential in ferrofluids due to their particle size, plate — like shape and permanent
magnetic properties. As discussed above, colloidal stabilisation can be achieved through the
modification of particle surface and introducing repulsive interaction mechanisms. The
surface of particles can be modified using different methods to achieve colloidal stabilisation
in ferrofluids. One such way is to functionalise a magnetic particle’s surface with
macromolecule stabilising agents such as charged surfactants, ligands or polymer brushes
(such as cetyl trimethylammonium bromide (CTAB), stearic acid, linoleic acid, citric acid and
dextran.)t10111112 |f these macromolecule stabilising agents are not irreversibly (covalently)
bound to the nanoparticle surface, they can easily detach via adsorption/desorption
mechanisms which can lead to particle aggregation and colloidal instability. However, an
irreversible covalent attachment of the stabilising macromolecule to the nanoparticle
surface ensures long - term colloidal stability as the covalent bond between the
macromolecule stabilising agent and the particle surface is strong and not sensitive to

changes in the environment (e.g. pH, ionic strength, temperature)!!3,

In a previous study, hydrothermally synthesised BHF permanent magnetic nanoparticles
were coated with a dextran polymer to produce a stable colloidal dispersion in complex
biological media through electrostatic and steric repulsive mechanisms!%. Dextran is one of
the most widely used biopolymer for the coating of magnetic nanoparticles!'* due to its
biocompatibility and low cytotoxicity'>. Generally, a dextran coating on magnetic

nanoparticles is achieved in —situ during the synthesis of the nanoparticles or through a
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coating process post — synthesis which involves adsorption via the formation of hydrogen
bonds between the dextran — OH groups and the Fe — OH on the nanoparticle surface.
However, in — situ coating of dextran is not attainable with BHF nanoparticles as they are
hydrothermally synthesised and preliminary tests of post — synthesis dextran coating onto
BHF nanoparticle surface also did not prevent aggregation!®. A stable aqueous suspension
of the BHF nanoparticles was initially prepared by adsorbing citric acid onto the particle
surface, followed by coating the nanoparticles with a thin layer of silica to improve the
chemical reactivity of the BHF nanoparticles. The Si — OH bonds from the silica molecules
form stable Fe — O — Si covalent bonds with Fe3* ions on the BHF nanoparticle surfacel3. A
separate mixture of dextran and a coupling agent/linker called
Glycidoxypropyltrimethoxysilane (GLYMO) is first prepared to allow the epoxide rings of the
GLYMO molecules to react with the OH groups of the dextran polymer. The product of this
mixture is then grafted onto the silica — coated BHF nanoparticles. The purpose of the
GLYMO linker is hence to ensure a covalent bond is formed between dextran and the BHF

nanoparticle surface.
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Figure 18: Schematic presentation of the barium-hexaferrite nanoplatelets functionalisation strategy with

dextran®,

The functionalisation of dextran onto BHF nanoparticles is illustrated in Figure 18. The
dextran coated BHF nanoparticles were characterised using chemical, thermal and magnetic
analytical techniques. The size and size distribution of the dextran coated BHF nanoparticles

was compared with as — synthesised BHF nanoparticles and showed a general narrowing of
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particle size distribution where the majority of as — synthesised BHF nanoparticles were on
average 40 £ 18 nm wide, and the dextran coated BHF nanoparticles were on average 52 +
12 nm wide. The size selection can be a consequence of processing the nanoparticle
suspensions. Generally, a narrow size distribution produces an easier dispersion of magnetic
nanoparticles in a liquid medium, however, the average size of both the as — synthesised
and dextran coated BHF nanoparticles synthesised in this study can be considered small. The
dextran coated BHF nanoparticles were dispersed in different physiological buffers and
complex biological media containing all the substances that ensure a physiological balance
(plasma protein, polypeptide, fat, carbohydrate, growth factor, hormones, and inorganic
mineral). The chosen coating materials, silica and dextran, are biocompatible and FDA
approved. 10 wt% of the dextran adsorbed onto the BHF nanoparticle surface was replaced
with a modified version of dextran called DEAE — dextran which possess a ternary amine.
The ternary amine provides a positive charge to the BHF nanoparticle surface aiding in
electrostatic and steric repulsion for colloidal stability in biological media. The colloidal
stability of the dextran coated BHF nanoparticles was measured using zeta potential.
Dextran coated BHF nanoparticles produced a zeta value of -10 mV while the BHF
nanoparticles grafted with the modified DEAE — dextran produced a value of +10 mV at
neutral pH. The low zeta potential values suggest that the colloidal stability is ensured by
steric repulsion as opposed to electrostatic repulsive mechanisms. However, this study
provides a unique and versatile functionalisation strategy as it demonstrates that the
surface charge of the BHF nanoparticle surface can be modified according to the demands
of specific applications by adsorbing different forms of the dextran polymer. The colloidal
stability of the BHF nanoparticles in biological media was also evaluated by visual
assessment as well as Dynamic Light Scattering (DLS). However, visual assessment is not an
objective measurement and DLS analysis does not give an accurate result for non — spherical
particles. The colloidal stability of the as — synthesised and dextran coated BHF
nanoparticles was evaluated at a low concentration of 0.1 mg/ml and does not report how
stability of the particles in the liquid media is affected at higher concentrations.
Nevertheless, this study presented substantial advancement in the colloidal stabilisation of
permanent magnetic BHF nanoparticles as opposed to traditionally considered
superparamagnetic nanoparticles and paves the way towards some biomedical applications

and treatments!®.
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3.5. Colloidal stabilisation of BHF magnetic nanoparticles in ferrofluids using DBSA

surfactant

For the stability of any ferrofluid, it is crucial to tune the size, size distribution, and surface
properties of the particles. Other than long chain polymers like dextran, surfactants are
another type of macromolecules that can be used for colloidal stabilisation. Long — chain
surfactants which provide for steric stabilisation of the suspension, can be used when the
particle size and hence, the magnetic moments of the particles are relatively small. In the
case of suspensions composing small particles, the average magnetic interaction between
the particles at contact is weaker than the thermal energy in the absence of an applied
magnetic field. However, under an applied magnetic field the magnetic interaction between
particles becomes stronger than the thermal energy resulting in chain — like structures which
causes an increased viscosity of the suspension!!®117.118 Conversely, in the case of
suspensions composing larger particles with larger magnetic moments, average contact
magnetic interaction between the particles exceeds thermal energy significantly. This results
in long chain — like aggregates forming already in the absence of an applied magnetic field
and electrostatic in combination with steric stabilisation becomes necessary for colloidal
stabilisation. Surfactants carrying a positive or negative ionic charge can be functionalised

onto the surface of magnetic particles to provide for electrosteric repulsion.

-7

(a) (b)

Figure 19: shows illustration of surfactant — functionalised particles with a single layer of surfactants (a) and a

double — layer of surfactants (b)**°.

Figure 19 shows how surfactants arrange themselves in polar and non — polar solvents. If the

nanoparticles are dispersed in a non - polar carrier liquid, the surfactant forms an external
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hydrophobic layer around the nanoparticle surface. The polar head of the surfactant point
towards the surface of the magnetic nanoparticles, while the alkyl chains align towards the
non — polar solvent. Conversely, If the particles are dispersed in a polar solvent, such as
water, a double layer of surfactant is necessary to create an external hydrophilic layer. For
polar colloidal dispersions, including aqueous magnetic liquids, it is assumed that an excess
of surfactant molecules is needed to form the second layer of surfactant molecules on the
magnetic nanoparticle surface. The first (hydrophobic) layer is chemically adsorbed at the
surface of the magnetic nanoparticles and the second (hydrophilic) layer, is physically
adsorbed at the first surfactant layer. Due to the low bonding energy of the physically
adsorbed second layer, free surfactant molecules remain dissolved in some excess in the
polar carrier liquid!?%121, Also, the balance between the adsorbed and free excess surfactant
molecules within the double layer is constantly changing, hence, the colloidal stability of
polar — based ferrofluids changes drastically upon dilution!?2. Additionally, the particles can
aggregate if a surfactant with the opposite charge to the surface charge of the particles in
the aqueous solvent is used. For the adsorption of oppositely charged surfactants onto the
particle surfaces, the electrostatic and hydrophobic interactions between the surfactant
molecules must be considered?. If the surfactant concentration is low, the particles will
aggregate due to a strong hydrophobic force!?*, leading to colloidal instability. This can be
avoided by increasing the surfactant concentration as the particles become hydrophilic again
once a bilayer surfactant coating is formed as shown in Figure 19. With a bilayer formation
of the surfactants, the stability of the suspension improves due to electrostatic and steric
repulsions!?.

In the case of BHF magnetic nanoparticles, the aggregates formed due to attractive van der
Waals and magnetic dipolar interactions are usually columnar due to the magnetic easy axis
being oriented perpendicular to the ab plane. Therefore, for the colloidal stability of BHF
nanoparticles in a liquid carrier, it is essential to induce repulsive interactions between the
nanoparticles. Long — chain surfactants with dielectric properties corresponding to the
surrounding solvent can provide for electrosteric stabilisation!2619_ A recent study has
shown that surface modification of BHF nanoparticles with a double layer of
dodecylbenzenesulfonic acid (DBSA) surfactant allows for the formation of stable colloidal

suspensions in alcohols!?®. Initially, the first prepared suspensions of DBSA — modified BHF
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nanoparticles in alcohol had short — term stability despite electrosteric repulsion provided
by the DBSA. This was due to the diameter of the BHF nanoparticles being a few hundred
nanometres in size, leading to aggregation and eventually sedimentation of particles.
However, after narrowing the particle diameter distributions and eliminating large BHF
nanoparticles by partial substitution of Fe3* with Sc3*, the DBSA surfactant provided for
sufficient electrosteric stabilisation in different alcohols*!. The parameters that affect the
electrostatic interaction between the BHF nanoparticles in different alcohols including tert —

butanol, 1 — hexanol, 1 — butanol, and 2 — propanol were studied!®.

Experimental findings showed that the first layer of the DBSA is adsorbed onto the positively
charged BHF nanoparticle’s surface!®. The positive charge on the BHF nanoparticle surface
comes from the protonated DBSA sulfonic groups which are formed by a proton exchange
between the BHF nanoparticle surface and the DBSA molecule. Once the DBSA — coated BHF
nanoparticles are hydrothermally synthesised, they start to show hydrophobic behaviour
and aggregate in a strongly polar medium like water. The exchange of the water with alcohol
causes partial desorption of the DBSA molecules from the surface of the BHF nanoparticles
and a double — layer of DBSA surfactant forms. There is a dynamic equilibrium between the
DBSA molecules in the double layer and the system, such that part of the desorbed DBSA
molecules form the double layer, while another part is dissolved and partially dissociated in
the alcohol suspension. This dynamic equilibrium is affected by the total fraction of the
surfactant, the concentration of the nanoparticles, and the properties of the alcohol. It was
found that the amount of dissolved DBSA surfactant is lower in more polar alcohols like 2 -
propanol and 1 — butanol suspensions compared to less polar alcohols such as 1 — hexanol
and tert — butanol suspensions. A decrease in the suspension concentration caused
additional DBSA molecules to desorb from the BHF nanoparticle surface and dissolve in the
alcohol suspension. Conductivity measurements showed that the dissociation of the DBSA
surfactant molecules is higher in more polar solvents like 1 — butanol and 2 — propanol.

The dissociated DBSA molecules weakly shield the BHF nanoparticle’s charge resulting in
stronger electrostatic repulsive forces and improved colloidal stability. Additionally, less
polar solvents dissociate lower concentration of DBSA surfactant which makes the ionic
strength of the suspension lower. Hence, more polar solvents may disperse DBSA — coated

BHF nanoparticles better than less polar solvents producing a stable ferrofluid.
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Key findings from the experiments conducted on DBSA — coated BHF nanoparticles have
highlighted the importance of the total fraction of DBSA surfactant in stabilising the
suspension. This is due to the dynamic equilibrium between the dissolved and adsorbed
DBSA molecules. If the concentration of dissolved DBSA molecules is too high, this causes
the nanoparticles to aggregate due to a high screening of the charge and the suspensions
destabilises. The concentration of dissolved DBSA molecules affects the concentration of
adsorbed DBSA to the BHF surface. If the latter is too low, the system cannot ensure efficient
surface coverage of the BHF nanoparticles, leading to aggregation and colloidal
destabilisation. DBSA has proven to be an extremely successful surfactant at stabilising BHF
nanoparticles with the highest colloidal stability found in 1 — butanol due to a combination
of high enough surface charge and low enough dielectric constant. DBSA also allowed a
higher concentration of BHF nanoparticles to be dispersed in the alcohols including 1-
butanol compared to previous studies exploring dextran as a stabilising agent for BHF

nanoparticles in suspension.

Chapter 4: Experimental methods: Barium hexaferrite particle growth

in response to temperature.

Understanding the growth mechanism of barium hexaferrite nanoparticles via hydrothermal
synthesis is of great interest to optimise the structural and magnetic properties which
impacts particle dispersion. A previously reported hydrothermal synthesis method for BHF
nanoparticles was reproduced at varying temperatures following by a detailed analysis of
particle size and morphology using Scanning Electron Microscopy (SEM) and Vibrating
Sample Magnetometer (VSM). The purpose of this study was to identify an optimal
hydrothermal synthesis temperature at a constant heating rate which yields BHF with

platelet morphology, narrow size distribution, and applicable magnetic properties.
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4.1. Introduction

Barium hexaferrite (BHF) nanoparticles are traditionally prepared using a solid — state
synthesis method including a high —temperature treatment of precursors usually Fe2O3 and
BaCOs at around 900 °C followed by milling®?’. Many different methods can be used for the

128,129 rayerse —

precursor preparation, including chemical precipitation in aqueous media
micelle — based methods!3® and low — temperature combustion synthesis!?’. To decrease the
formation temperature, the precursors containing a homogenous mixture of constituting
ions are calcined to synthesise smaller crystallites. However, the calcination of the
precursors prepared by most synthesis methods yield a broad particle size distribution even
when the formation temperature is reduced to 500 °C*3°. Other methods such as glass
crystallisation have been reported to produce BHF in the superparamagnetic size range using
high temperatures!31132 but these can be relatively complex, unsuitable for large — scale
production and very expensive. Alternatively, BHF nanoparticles can be obtained at low —
temperatures using an in — situ hydrothermal synthesis!33'34 at a much lower cost than the
above-mentioned methods. The low temperature is facilitated by strongly increasing the
concentration of hydroxyl (OH) ions relative to the metal ion precursors (Ba%* and Fe3*). The
iron hydroxide (Fe(OH)s is amphoteric and forms tetrahydroxoferrates (lll) [Fe(OH)4], in an
alkaline medium. The high concentration of hydroxyl ions favours the association of
[Fe(OH)a]"ions into iron - rich aggregates of [Fe(OH),..~ ] **. This aids in the formation of
the hexaferrite as [Fe(OH)4E_] complexes easily combine with one Ba ion to form BaFe12019
(i.e. barium hexaferrite) compared to 12 individual [Fe(OH)4] ions. Hence, the
supersaturation and consequently, the nucleation of hexaferrite is allowed at lower

temperatures.

Fe3* + 40H- [Fe(OH).J
From Fe salt

Strongly alkaline

solution B
[Fe(OH). [Fe(OH),,

High temperature

- and pressure
[Fe(OH),"~ 4+ Ba2 P BaFe1,01
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Figure 20: chemical reactions between Fe** and Ba?** precursors to form BaFe1;0:9 using low temperature

hydrothermal synthesis facilitated by an exceess of OH".

Figure 20 shows the chemical reactions involved between Fe3* and Ba?* precursors in the
hydrothermal synthesis of BaFe12019. In this chapter, experimental findings are presented on
particle size and magnetic properties of Sc — substituted BHF nanoparticles coated with
DBSA surfactant which were hydrothermally synthesised at varying temperatures in an

excess of hydroxyl (OH") ions relative to metal ions.

4.2. Experimental

4.2.1. Materials

Barium nitrate (99%) and nitric acid (70%) were obtained from Thermo-Fisher scientific. 1-
butanol (99%), scandium (lIl) nitrate hydrate (99%) and iron (lll) nitrate nonhydrate (98%)
were obtained from Alfa-Aesar. Sodium hydroxide (98%) and DBSA (95%) were obtained

from Sigma-Aldrich.

4.2.2. Synthesis of the nanoparticles:

Sc-substituted BHF nanoparticles were hydrothermally synthesised at varying temperatures
following a previously reported “state of the art” procedure®'1%, The previously reported
hydrothermal synthesis produces Sc — substituted BHF nanoparticles with hard magnetic
properties at a temperature of 240 °C with DBSA surfactant adsorbed onto the BHF particle
surface. To assess how the size and shape of these Sc — substituted BHF particles changes
with temperature, the previously reported hydrothermal synthesis process was repeated at
varying temperatures of 120 °C - 270 °C.

For the preparation of BHF nanoparticles, the barium (0.62 g), iron (lll) (4.36 g) and
scandium (l11) (0.35 g) nitrates were dissolved in deionised water in a molar ratio of 1:4.5:0.5.
An excess of sodium hydroxide (26.2 g) was gradually added after which precipitation occurs
and the solution was allowed to cool to room temperature. A solution of DBSA (1.80 g) is

then dissolved in 25 ml of acetone and gradually added to the reaction mixture over a
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period of 30 minutes, the mixture was subsequently allowed to stir for 30 min. The
suspension of precipitated precursors was sealed in an autoclave vessel and heated with a
heating rate of 3 °C /min to various synthesis temperatures including 120 °C (BHF-120°C),
160 °C (BHF-160°C), 170 °C (BHF-170°C), 190 °C (BHF-190°C), 220 °C (BHF-220°C), 240 °C
(BHF-240°C), 270 °C (BHF-270°C). After reaching the desired synthesis temperature, the
autoclave is immediately allowed to cool to 20 °C at 3 °C/min. The resultant nanoparticles
were centrifuged at 201 rcf for 5 min and washed with water. The nanoparticles were
dispersed in 60 ml of water and the pH was adjusted to 1.5 using nitric acid. The mixture was
then heated to 100 °C for 2 h on stirring. The nanoparticles were centrifuged and washed
with water and acetone to remove excess surfactant and dried at 60 °C. The dry
nanoparticles were then dispersed in 1-butanol to create a ferrofluid at a concentration of

100 mg/ml using ultrasonication (Fisherbrand) at 35 W for 2 h.

4.2.3. Characterisation of materials:

The magnetic properties of dry DBSA — coated BHF nanoparticles were measured using
Vibrating-Sample Magnetometer — VSM (LakeShore 7400). VSM samples were prepped by
measuring a few milligrams of BHF dry powder into a non — magnetic plastic capsule. The
powder is gently compacted into the capsule to avoid movement during measurement. It is

important to ensure that the powder completely fills the sample holder to remove any air

gaps.

The structural properties of the BHF nanoparticles were studied using Scanning Electron
Microscopy — SEM (Carl Zeiss Gemini). SEM samples were prepared by drop — depositing a
1mg/ml ferrofluid onto a Cu — grid support, the carrier solvent was allowed to evaporate at
200 °C on a magnetic plate for 24 h. The size of the BHF nanoparticles were microscopically

analysed for each hydrothermal synthesis temperature.

4.3. Results and discussion
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Sc — substituted BHF nanoparticles coated with DBSA surfactant were hydrothermally
synthesised at temperatures between 120 — 270 °C. The hydrothermal synthesis process
starts with coprecipitation of the dissolved cations i.e., Ba%*, Fe3* and Sc* at room
temperature prior to the barium hexaferrite formation. Barium hexaferrite precursors are
amorphous coprecipitates of the cations and can precipitate as homogenous mixtures of
hydroxides or form an intermediate phase. The precipitation temperature is too low for the
BHF nanoparticles to form, and elevated synthesis temperatures are required for the BHF
nanoparticles to grow*®13¢. Many synthesis parameters can be adjusted to optimise BHF
particle size and size distribution, such as, synthesis temperature, synthesis time, precursor
concentration and hydroxyl ion to metal precursor ion concentration ratio which will
ultimately determine the long — term stability of the particles in dispersion. Synthesis time is
not treated as a variable in the hydrothermal synthesis process, as the reaction is cooled to
room temperature immediately upon reaching the target peak temperature. Synthesis
temperature is an extremely important factor for BHF particle growth and dispersion as it
directly affects Particle Size Distribution (PSD) and enables secondary recrystallisation for
larger particles to grow. Hence, it is important to identify the optimal synthesis temperature

for Sc - substituted BHF particles coated with DBSA surfactant.
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Figure 21: a) the applied Field — H against Moment — M of barium hexaferrite nanoparticles synthesised
between 120 — 270 <, b) the magnetic saturation and remanence for 120 — 270 <, c) coercivity for 120 —
270<C.

Figure 21 shows the magnetic properties of Sc — substituted BHF particles coated with DBSA
surfactant hydrothermally synthesised at temperatures between 120 — 270 °C. BHF particles
synthesised at 120 °Ci.e. BHF-120 °C, showed a negligible magnetic response below 20
emu/g measured at 2 T (Figure 21a). Ultrafine hexaferrite nanoparticles form at
temperatures below 100 °C and are around 10 nm wide and approximately 3 nm thick with a
discoid shape®3”1?7, When dispersed in a polar solvent like 1 — butanol, BHF-120 °C were
stable for many months but a visual response to an external magnet was not observed due
to the small particle size. The long — term stability of the particles can be explained due to
insignificant magnetic dipole — dipole interactions between the particles. This is consistent

with previous studies!3’

which state that BHF particles do not grow significantly with
increased temperature until hydrothermally treated at temperatures above approximately
150 °C. After nucleation, the hexaferrite nanoparticles experience limited growth due to the
precursors being consumed by the hexaferrite formation reactions, in which case, elevated
temperatures are needed for further particle growth!38, At synthesis temperatures above
150 °C, the BHF start to grow exaggeratedly through a mechanism of secondary
recrystallisation called Ostwald ripening3%14%, QOstwald ripening is the process by which

larger particles grow at the expense of smaller ones, i.e., smaller particles redissolve in

solution while the larger particles keep growing.
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Figure 22: SEM images of BHF synthesised at 170 °C (a), 190 T (b), 220 < (c), 240 < (d), and 270 T (e).

BHF-160 °C and BHF-170 °C display a higher magnetic saturation compared to BHF particles
synthesised at 120 °C (Figure 21b). Both BHF-160 °C and BHF-170 °C display hysteresis loops
reminiscent of a soft magnetic material which uncharacteristic of BHF nanoparticles. A
significant difference between synthesis temperatures 160 °C and 170 °C was observed,
whereby the remanence magnetisation remains almost constant, but both magnetic
saturation and coercivity are much higher for 170 °C than 160 °C despite only a 10 °C
increase in temperature. This difference is not observed at higher temperatures (190 — 270
°C). Figure 22 shows SEM images of BHF-170°C, BHF-190°C, BHF-220°C, BHF-240°C, BHF-
270°C. The SEM images of BHF-170 °C shows BHF nanoparticles with an irregular, discoid
shape which means that a much higher synthesis temperature is needed to produce
homogenous hexagonal BHF nanoparticles. The particle size of BHF-160 °C and BHF-170 °C
was not measured using the SEM images obtained for both synthesis temperatures due to

an overpopulation of small discoid shaped particles. However, previous studies using
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advanced imaging techniques like HAADF STEM have suggested the presence of a two —size
population of BHF nanoparticles hydrothermally synthesised at 160 °C containing small,
discoid primary nanoparticles and larger, exaggerated grown (secondary) nanoparticles!®’
which coincides with the relatively low saturation magnetisation obtained for both 160 °C
and 170 °C (Figure 21b). Low dipole — dipole magnetic interactions between the BHF
particles synthesised at 160 °C and 170 °C allowed easy dispersion of these particles in 1 —
butanol with long — term stability. When the temperature of the hydrothermal treatment is
increased from 170 °C, the size of the exaggeratedly growing particles rapidly increased and
the content of the small, primary discoid nanoparticles decreased. This can be clearly
observed in the SEM images of BHF-190 °C (Figure 22b) showing a majority of large particles
compared to BHF-170 °C (Figure 22a). The hysteresis loop of BHF-190 °C, BHF-220 °C, and
BHF-240 °C, represent a hard magnetic material which is typical of BHF particles, signifying
much larger particles produced at 190 — 240 °C compared to 170 °C. As the hydrothermal
synthesis temperature is increased above 170 °C, secondary growth via the Ostwald ripening
effect is much more likely to occur. Temperatures studied above 170 °Ci.e., 190 — 270 °C,
produced a much higher magnetic moment in response to an external magnetic field with
BHF nanoparticles synthesised at 240 °C showing an unexpected drop in magnetic moment

and coercivity.
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The particle diameters of BHF particles synthesised at 190 — 270 °C was manually measured
using SEM images of approximately 200 — 300 particles and the particle size distribution at
these temperatures is displayed in Figure 23. BHF-190 °C showed an average particle
diameter of 116 nm while the average particle diameter for BHF-220 °C was 84 nm which is
surprisingly smaller than BHF-190 °C. Similar to BHF-190 °C, BHF-240 °C produced an
average particle diameter of 126 nm. When suspended in 1- butanol, BHF-190 °C, BHF-

220 °C and BHF-240 °C particles were easy to disperse and showed long — term stability over
several months undisturbed. Ferromagnetic behaviour of BHF-190 °C, BHF-220 °C and BHF-
240 °Cin 1-butanol can also be visually observed in the presence of an external magnet. In
contrast, BHF-270 °C produced a much higher average particle diameter of 195 nm. The PSD
of BHF-270 °C shown in Figure 23 is much wider than the other experimented synthesis
temperatures with a particle size range of 1139 nm. The range of particle size for BHF-270 °C
is much larger than BHF-190 °C, BHF-220 °C and BHF-240 °C which all produced a range
between 123 — 145 nm. The substitution of Sc3* for F3* has also been shown to narrow down
the size distribution of BHF particles*'*3 by blocking Ostwald ripening. However, for
hydrothermal synthesis temperatures as high as 270 °C, the Sc — substitution is ineffective at
preventing secondary recrystallisation and temperature dominates as a factor for particle
growth. Figure 22(e) shows BHF-270 °C particles as big as 1.1 um with smaller nanoparticles
deposited on top. The growth rate of these exaggerated particles is relatively fast which
makes particle size harder to control. When dispersed in 1 — butanol, BHF-270 °C particles
immediately aggregated when introduced into the solvent and showed no signs of visual
colloidal stabilisation. From these results, an optimal synthesis temperature for BHF
nanoparticles can be identified between 190 — 220 °C at a rate of 3 °C /min as similar
structural and magnetic properties are produced with a narrow size distribution to aid
dispersion. Although a hydrothermal synthesis of BHF nanoparticles at higher temperatures
would be of interest, since at higher temperatures better structural order and consequently
better magnetic properties can be expected. However, the mechanism of secondary re-
crystallisation must be suppressed in order to maintain a narrow, mono — modal size

distribution of the synthesised particles.
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4.4. Conclusions

A study of the temperature dependent magnetic and structural properties of hydrothermally
synthesised barium hexaferrite nanoparticles is reported. The synthesis of Sc — substituted
BHF particles coated with dodecylbenzenesulfonic acid surfactant were synthesised at
temperatures between 120 — 270 °C and characterised using Scanning Electron Microscopy
and Vibrating-Sample Magnetometer techniques. The average size of the barium hexaferrite
nanoparticles were found to increase with increased synthesis temperature with a wider
particle size distribution at higher temperatures. Specially, optimal magnetic and structural
properties were identified between 190 — 220 °C while 240 °C shows an unexpected drop in
magnetic saturation and coercivity. Synthesis temperature 270 °C produced an extremely
wide particle size distribution with particles as wide as 1.1 um which largely compromises

the dispersion of the barium hexaferrite nanoparticles in a liquid medium.

Chapter 5: Synthesis of barium hexaferrite nano-platelets for

ethylene glycol ferrofluids

5.1. Introduction

This chapter describes a surfactant — assissted hydrothermal synthesis method of BHF
nanoparticles. Surfactants hexadecyltrimethylammonium bromide (CTAB) and sodium
dodecyl sulfate (SDS) were both studied and compared in stabilising BHF nanoparticles in
varying non — magnetic solvents. The focus of this chapter is then shifted towards a CTAB —
assissted hydrothermal manufacturing method and dispersion of BHF nanoparticles in
ethylene glycol to produce a ferrofluid characterised using magnetic, microscopic, and
electrostatic techniques. The proposed ethylene glycol based ferromagnetic-ferrofluid
exhibits great stability and low volatility with excellent thermal properties, and therefore

opens the way for commercial applications.
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5.2.  Sodium Dodecyl Sulfate (SDS) surfactant

For the stability of any ferrofluid, it is crucial to tune the size, size distribution, and surface
properties of the BHF particles. In the case of particles with a relatively small magnetic
moment, surfactants which provide for steric stabilisation of particles in suspension will
suffice. However, particles in suspension with a larger magnetic moment for which average
contact magnetic interaction between the particles exceeds thermal energy significantly,
both electrostatic and steric repulsion is needed for colloidal stability. This is due to the long
chain — like aggregates that form already in the absence of an external magnetic field. Long —
chain ionic surfactants that exhibit a charge upon functional group dissociation can provide
for both electrostatic and steric, i.e. electrosteric repulsion between particles. In addition,
long — chain ionic surfactants with dielectric properties corresponding to the surrounding

solvent can successfully counteract attractive forces between particles®.

Different combinations of surfactants were trialled for the functionalisation and dispersion
of BHF particles in a suitable solvent. The surfactants were trialled on the basis of chain —
length, surfactant charge, and thermal stability, as these factors affect the efficiency of
adsorption onto particle surface and hence, affect the long — term stability of the ferrofluid.
The chemical and thermal properties of the carrier fluid were also considered, including
boiling point, volatility, polarity, and dielectric constant. The potential functionalisation of
BHF particle’s surface with Sodium Dodecyl Sulfate (SDS) surfactant was investigated using a
previously described hydrothermal synthesis method!®. This was followed by testing the
dispersion of the resulting particles in a range of solvents with differing polarities. SDS is a

long — chain anionic surfactant with the formula C12H25Na0O4S.

64



Table 4: shows the polarity and dielectric constant of solvents tested for homogenous dispersion of dry SDS
treated BHF nanoparticles. *A poor dispersion of nanoparticles in a solvent can be deciphered by the an instant
rejection of the nanoparticles once introduced into the solvent, this can be observed through a clear separation
between nanoparticles and solvent which remains upon ultrasonication for ~2 hours. A moderate dispersion of
nanoparticles in a solvent is usually observed as a separation between the nanoparticles and solvent after
ultrasonication for ~2 hours. A successful dispersion can be observed as the nanoparticles easily disperse within
the solvent without the need for extended ultrasonication and without separation of nanoaprticles and solvent,

even in the presence of a magnetic field.

Solvent Polarity [-] Dielectric constant [-] Successful
dispersion?*

Iso — hexane 1.89 Poor
Heptane 1.92 Poor
Decane ..? 2.00 Poor
Cyclohexane o 2.02 Poor
Benzene [e] 2.27 Poor
Toluene %‘n 2.38 Poor
Diethyl ether c 4.33 Poor

Butanol 3 17.8 Moderate
Propanol o 20.1 Poor
Ethanol E 24.5 Poor
Methanol 32.7 Poor
Ethylene glycol v 37.0 Poor
Water 80.1 Poor
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Figure 24: SEM of SDS — coated BHF nanoparticles in butanol (top left), propanol (top right), ethanol (middle

left), methanol (middle right), and ethylene glycol (bottom).
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Hydrothermal synthesis of BHF nanoparticles is initiated by precipitating barium nitrate (0.62
g), iron nitrate (4.36 g), and scandium nitrate (0.35 g) in a molar ratio of 1:4.5:0.5.
Approximately 72 mg/ml of SDS surfactant is added into the reaction mixture prior to
heating. Once the surfactant is mixed into the precipitated solution for 30 mins, the solution
is placed in an autoclave and heated to 245 °C at 3°C/min. A temperature of 245 °C was
used with a heating rate of 3°C/min to replicate the experimental conditions in previously
reported hydrothermal synthesis!?. After reaching the desired synthesis temperature, the
autoclave is immediately allowed to cool to 20 °C at 3 °C/min. The resultant nanoparticles
were centrifuged at 201 rcf for 5 min and washed with water. The nanoparticles were
dispersed in 60 ml of water and the pH was adjusted to 1.5 using nitric acid. The mixture was
then heated to 100 °C for 2 h on stirring. The nanoparticles were centrifuged and washed
with water and acetone to remove excess surfactant and dried at 60 °C. The dry
nanoparticles were then dispersed in a solvent to create a ferrofluid at a concentration of

100 mg/ml using ultrasonication (Fisherbrand) at 35 W for 2 h.

Table 4 shows the attempted dispersion of BHF nanoparticles treated with SDS surfactant in
solvents with varying polarities. Successful adsorption of the SDS surfactant molecules on
the BHF nanoparticle surface can only be assumed if dispersion is successful. Objective
colloidal stability analysis techniques such as zeta potential can subsequently be utilised
once the BHF nanoparticles show visible signs of homogenous dispersion and show stability
over a prolonged period. Visible signs of dispersion include magnetic manipulation of the
BHF nanoparticles using an external magnet and an opaqueness of the ferrofluid to visible
light. Table 4 shows no correlation between increasing polarity an improved dispersion of
the BHF nanoparticles in the solvent. A poor dispersion is represented by an immediate
collapse of the nanoparticles as they are introduced into the solvent, even at low
concentrations, with no visible benefit of sonication. This was attributed to the low polarity
of these solvents and low dielectric constants which as a result cannot effectively solvate the
charged sulfate groups leading to colloidal instability. Figure 24 shows SEM results for SDS —
treated BHF particles in polar solvents with a dielectric constant higher than 4.33, including,
butanol, propanol, ethanol, methanol, and ethylene glycol. SEM results for all solvents show

agglomerated particles, however, the nanoparticles did not show visible signs of instability

67



as soon as the particles were introduced into butanol analogous to the other solvents
tested. In addition, sonication of the particles for a 1 h promoted dispersion of the particles
to some extent in the laboratory. Long — term stability of the SDS treated BHF nanoparticles
was not observed in any of the trialled solvents which could be due to little to no coverage
of the SDS surfactant molecules on the BHF nanoparticles surface leading to insufficient

electrostatic and steric repulsion of the particles in the solvent.

The functionalisation of BHF particles and subsequent dispersion in a variety of solvents was
concluded to be unsuccessful and SDS, hence no further experiments with SDS surfactant
were performed. A cationic surfactant called Hexadecyltrimethylammonium bromide (CTAB)
was studied for the stabilisation of BHF nanoparticles. The experimental details for CTAB —

coated BHF nanoparticles and their colloidal stability results are described below.

5.3.  Experimental

Barium hexaferrite — BHF (BaFe12019) nano-platelets were manufactured via hydrothermal
synthesis from: barium nitrate (99%), nitric acid (70%) and ethylene glycol (99%) were
obtained from Thermo-Fisher scientific. 1-butanol (99%), scandium (lll) nitrate hydrate (99%)
and iron (1) nitrate nonhydrate (98%) were obtained from Alfa-Aesar. Sodium hydroxide

(98%), DBSA (95%) and CTAB (98%) were obtained from Sigma-Aldrich.

5.4. Synthesis and preparation of the ferrofluids:

Sc-substituted BHF nanoparticles were hydrothermally synthesised at 190 °C at a heating
rate of 3 °C/min following a previously reported procedure*!. A synthesis temperature of
190 °C at a heating rate of 3 °C/min was used following the results reported in chapter 4.
The BHF nanoparticles were functionalised with either DBSA or CTAB (surfactant). For the
preparation of BHF nanoparticles, the barium (0.62 g), iron (ll1) (4.36 g) and scandium (l11)
(0.35 g) nitrates were dissolved in deionised water in a molar ratio of 1:4.5:0.5. An excess of
sodium hydroxide (26.2 g) was gradually added after which precipitation occurs and the

solution was allowed to cool to room temperature. After precipitation, a solution of DBSA
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(1.80 g in 25 ml of acetone), or CTAB (1.80 g in 25 ml of water, due to imporved solubility of
CTAB surfactant in water), was gradually added to the reaction mixture. To produce DBSA —
coated BHF nanoparticles, this mixture is allowed to stir for an additional 30 minutes
whereas for CTAB — coated BHF nanoparticles, the mixture is stirred overnight. This
overnight stirring of CTAB — coated BHF nanoparticles is essential to reduce the viscosity of
the mixture. The autoclave was heated to 190 °C at a heating rate of 3 °C/min after which it
was allowed to cool to 20 °C at 3 °C/min. Identical growth conditions were maintained for
both surfactants while maintaining a low synthesis temperature to prevent surfactant
degradation. Subsequently, it was confirmed that a synthesis temperature of above 150 °C is
required to produce magnetically applicable BHF nanoparticles!®’. The resultant
nanoparticles were centrifuged at 201 rcf for 5 min and washed with water. The
nanoparticles were dispersed in 60 ml of water and the pH was adjusted to 1.5 for DBSA -
coated BHF nanoparticles and 4.6 for CTAB - coated BHF nanoparticles using nitric acid. A
higher pH of 4.6 is maintained for CTAB — coated BHF nanoparticles as the particles were
observed to coagulate at a lower pH, possibly due to the cationic nature of the surfactant.
The mixture was heated to 100 °C for 2 h on stirring. The nanoparticles were centrifuged,
the DBSA coated nanoparticles were washed with water and acetone while the CTAB coated
nanoparticles are only washed with water (due to reduced solubility of CTAB molecules in
acetone). The DBSA coated nanoparticles were dried at 60 °C and subsequently dispersed in
1-butanol to create a ferrofluid which is herein referred to as DBSA/BHF. CTAB coated
nanoparticles were dispersed in ethylene glycol without prior drying to create a ferrofluid
referred to as CTAB/BHF in this report. Ultrasonication (Fisherbrand) at 35 W for 2 hours was
used to disperse the dry surfactant coated nanoparticles and make up a concentration of

100 mg/ml DBSA/BHF and CTAB/BHF ferrofluid.
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5.5. Characterisation of CTAB — functionalised BHF nanoparticles:

Figure 25: TEM images of the nanoplatlts coated with: (a) CTAB dried from ethylene gylcol and (b) DBSA dried

form 1-butanol. Insertion in panel (a) shows SAED with indices corresponding the barium hexaferrite structure,

space group P6s/mmc (194).

Figure 25 shows the Transmission Electron Microscopy — TEM scans (TEM, Jeol2100) of the
(a) CTAB dried from ethylene glycol and (b) DBSA dried form 1-butanol BHF samples. A drop
of the diluted suspension was deposited on a Cu-coated TEM supporting grid and left to dry.
Most of the nanoplatelets lie flat on the TEM grid showing a broad distribution. The BHF
particle size is defined as the maximum, or equivalent, diameter of a hexagonal particle in
this report and the size distribution was determined using DigitalMicrograph® software.
More than 500 particles were accounted for statistics. The CTAB-coated BHF nanoplatelets
dispersed in EG had a very broad distribution of their diameters (Figure 25). The largest
CTAB-coated BHF nanoplatelets had diameters of few hundreds of nanometres while the
smallest discoids had diameters of 10 nm or less. The hexaferrite structure and ferrimagnetic
order is confirmed by the Selected Area Electron Diffraction — SAED inset in Figure 25a with
indices corresponding to barium hexaferrite structure space group P6s/mmc (194) for
particles greater than 10 nm diameter while smaller particles do not evolve in the

discoids*!.
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Figure 26: Diameter distribution of the nanoplatelets produced at 190 °C: CTAB/BHF dispersed in ethylene glycol
and DBSA/BHF dispersed in 1-butanol.

Figure 26 shows the particle size distribution of the BHF nanoparticles DBSA/BHF and
CTAB/BHF. The size distribution of DBSA coated nanoparticles shows particle diameters of up
to 100 nm compared to CTAB coated nanoparticles with diameters of up to 180 nm. Samples
with a broader size range were found to sediment in solvent much faster than samples with
a narrow size distribution despite the electrostatic repulsion provided by the surfactant.
Subsequently, it has also been observed that nanoparticles with diameters of a few hundred
nanometers aggregate before sedimenting'®®. The DBSA-coated nanoplatelets dispersed in
1-BuOH also had a thickness of few nanometres but smaller diameters than the CTAB-coated
nanoplatelets. The resulting mean diameter was 32 nm with a standard deviation of 26 nm
for DBSA/BHF while CTAB/BHF had a mean diameter of 26 nm with a standard deviation of
52 nm.
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Figure 27: Mass magnetisation — M against Applied Field — H of Barium Hexaferrite nanoparticles coated with

DBSA and CTAB.
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Figure 28: XRD patterns of DBSA/BHF and CTAB/BHF coated Barium Hexaferrite with labelled crystallographic

planes corresponding to hexagonally crystal symmetry (space group P6s/mmc) BHF nanoparticles.

The synthesised DBSA and CTAB-coated BHF nanoparticles were magnetically analysed using
Vibrating-Sample Magnetometer — VSM (LakeShore 7400). The VSM samples were prepared
into 3 mm wide tablets with an applied mechanical force of approximately 1000 N/mm? for

5 seconds. Figure 27 shows a distinct magnetic hysteresis loop at excitation fields between -

1000 kA/m and +1000 kA/m for the DBSA/BHF and CTAB/BHF dry particles which is typical of
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a hard ferrimagnetic material. The pressed tablets exhibit specific magnetic remanence M, =
10.4 Am? kg'?, coercivity Hc = 72 [kA/m] and magnetic saturation M = 32.8 Am? kg%. The
reported values correspond with previous findings for Sc-doped BHF nanoparticles for
remancence, coercicity and saturation 21, For comparison the crystallographic structure of
dry DBSA and CTAB-coated BHF nanoparticles was analysed using X-Ray Diffraction — XRD
(Panalytical Xpert Pro XRD). Figure 28 shows the XRD diffraction patterns of DBSA and CTAB
— coated BHF nanoparticles with labelled crystallographic planes. Both DBSA/BHF and
CTAB/BHF show a similar diffraction pattern corresponding to hexagonally shaped BHF
nanoparticles. BHF has the magnetoplumbite crystal structure and is highly anisotropic with
a=0.589 nm and ¢ = 2.32 nm, because of which they have a preferred growth in the ab-
plane with limited growth in the c-direction. The crystal structure is identified by the
stacking sequence RSR*S* of the basic blocks S and R, where the asterisk denotes the
rotation of the block by 180° around the hexagonal c-axis!*2. The Ba?* ions within this
sequence are located within the middle of the R block, while the Fe3* ions occupy five
different crystallographic sites within the R and S blocks. The (hk0) peaks (110) and (220) are
relatively sharp which indicates the presence of large BHF nanoparticles, whereas the broad
(hkl where 1£0) relate to the thickness of the nanoparticles'?’. The (hk0) peaks have a much
larger intensity which agrees with the growth mechanism and TEM results in Figure 25

showing the width of the nanoparticles being larger than the thickness (10 nm).

The Scherrer formula was used to calculate the average crystallize size of DBSA — coated BHF

nanoparticles and CTAB — coated BHF nanoparticles using Figure 28:

kA
- LcosO

(36)

Where, D is the average crystallite size, k is the Scherrer’s constant and equals to 0.89 for
the hexaferrite, A is the x — ray wavelength and equals to 1.5405 A, f is the width of the
peak at half maximum and was extracted by direct linear interpolation at he half — maximum
intensity. B is measured in radians. Finally 6 is the position of the peak on the XRD spectra.
Using several peaks, the average crystallite size for DBSA — coated BHF nanoaprticles was

found to be 11.87 nm and the average crystallite size for CTAB — coated BHF nanoaprticles
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was found to be 11.20 nm. Figure 26, shows the mean particle diameter of DBSA — coated
and CTAB — coated BHF nanoparticles found to be 32 nm and 26 nm, respectively. In
comparison, the crystallite size for both DBSA and CTAB — coated BHF nanoparticles is
smaller than the particle size suggesting a polycrystalline nature!®3. This is consistent with
previous studies which also found a smaller crystalline size compared to particle size for BHF

nanoparticles'#4,
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Figure 29: XPS spectra of dry DBSA and CTAB coated BHF nanoparticles
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Figure 30: Surface elemental composition of dry DBSA and CTAB coated BHF nanoparticle powders
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The functionalisation of both DBSA and CTAB surfactant to the surface of BHF nanoparticles
can be studied using X-ray Photoelectron Spectroscopy — XPS (Kratos Axis Ultra DLD)
measurements on dry nanoparticles using monochromatic Al Ka X-ray source (photon
energy 1486.6 eV) operating at 120 W (10 mA x 12 kV). All samples were pressed into
recesses of a modified Kratos Axis Ultra standard sample bar and pressed flat with an iso-
propyl alcohol cleaned glass slides before insertion into the spectrometer. Figure 29 shows
the XPS data for both DBSA/BHF and CTAB/BHF with characteristic peaks for Ba/3d (779 eV),
Fe/2p (711 eV), O/1s (530 eV), Sc/2p (402 eV) (originating from the BHF nanoparticles) and
C/1s (284 eV) which is considered a reference peak. For DBSA/BHF an extra peak for S/2p
(168 eV) is observed and attributed to the sulfur head group of the DBSA surfactant, this
peak is not observed in the XPS data for pure BHF nanoparticles or CTAB/BHF#4>14¢_For
CTAB/BHF, the C - NH; peak corresponding to the CTAB surfactant head group occurs at 400
eV near the Sc/2p peak. XPS data for pure BHF nanoparticles generally show a carbon
concentration of approximately 24%, this also increases as the surfactants adsorb onto the
particle surface to 46% for DBSA/BHF and 35% for CTAB/BHF (Figure 30).
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Figure 31: Thermal decomposition (TGA) curves of DBSA/BHF and CTAB/BHF powder samples heated from 25
to 600 <C at 10 C/min in air.

The thermal decomposition of DBSA/BHF and CTAB/BHF powder samples were analysed

using thermogravimetric analysis — TGA (Mettler Toledo) shown in Figure 31. The samples
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were heated from 25 °C to 600 °C at 10 °C/min under an inert atmosphere (air) with gas
flow of 100 ml/min. According to Figure 31, the mass fraction of surfactant molecules, i.e.
the total molar concentration of surfactant molecules present around the particles (c-tot), is
later used to calculate the amount of surfactant molecules adsorbed onto the nanoparticle
surface once dispersed in solvent. DBSA surfactant decomposed at approximately 265 °C
with a mass fraction of approximately 13% while CTAB decomposes at approximately 235 °C
with a mass fraction of 7% 1%4. According to 6, there is also a greater increase of surface
carbon for DBSA/BHF which agrees with the TGA data showing a higher average adsorption
of DBSA on the BHF surface than CTAB. The Ba/Fe atomic ratio (0.05) was lower than the
stoichiometric value (0.13 in BaFe12019) which suggests that the surface of nanoparticles is

rich in Fel4’.

5.6. Results and Discussion
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Figure 32: Zeta potential data for the DBSA/BHF ferrofluid in butanol and CTAB/BHF in ethylene glycol with

standard deviation for zeta potential-measurements.

Colloidal stability is crucial for a ferrofluid because long reaching magnetic forces between
individual particles quickly lead to aggregation and sedimentation. In order to compare the
manufactured suspension stability, and therefore determine the quality of the ferrofluid,
electrophoretic mobility and zeta potential measurements were obtained for both
DBSA/BHF and CTAB/BHF products 1%, The zeta potential values of 1 mg/ml DBSA/BHF and

CTAB/BHF suspensions in butanol and ethylene glycol respectively were measured on a
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Malvern Nano-Z zeta analyser using a disposable capillary folding cell at an applied electric
field of 20 V/mm. Equation 37 shows the Helmholtz-Smoluchowski equation used to
calculate the zeta potential from electrophoretic mobility, where { (mV) is the zeta potential
and . (umcm/Vs)is the electrophoretic mobility of the particles, n (mPa.s) is the viscosity of

the medium and f(ka) is the Debye function set to 1.5, as follows:

(=" f(ka) -y, (37)

100 mg/ml samples of DBSA/BHF in butanol and CTAB/BHF in ethylene glycol were diluted
with pure solvent to make 10, 1 and 0.1 mg/ml nanoparticle weight to volume
concentrations for zeta potential measurements to be conducted at 25 °C. According to
Figure 32, the zeta potential for DBSA/BHF was found to be 29.9 + 4.4 mV and lower than
the 38.3 = 2.8 mV for CTAB/BHF ferrofluid using pure solvent permittivity and viscosity
values from Table 5, which indicates a weaker electrostatic repulsion for DBSA coated BHF
nanoparticles. The zeta potential values for both DBSA/BHF and CTAB/BHF suggest that the
resulting ferrofluids are reasonably stable with the BHF nanoparticles fully dispersed in their
respective carrier fluids!*®. The positive zeta potential values for both ferrofluids are due to a
protonation of the surface groups at the particle - solvent interface. For the CTAB/BHF
ferrofluid, the zeta potential stays constant from 1 — 10 mg/ml and significantly depletes at
0.1 mg/ml (Figure 32). This depletion could be due to an over-dilution of the ferrofluid
leading to a lack of surfactant molecules on the surface of the BHF nanoparticles. A similar
zeta potential is observed at 0.1 mg/ml for DBSA/BHF ferrofluid while there is an expectedly

low zeta potential observed at 10 mg/ml with the highest value measured at 1 mg/ml.

Table 5: Electrophoretic mobility and zeta potential of the DBSA/BHF in butanol and CTAB/BHF in ethylene

glycol.
Ferrofluid Relative Viscosity  Conductivity U (um ¢
permittivity of nofthe  (uS/cm) cm/Vs)  (mV)
the solvent solvent
er[-] (mPa.s)
DBSA/BHF 17.6 2.6 0.00108 * 0.221 299+44
0.001%
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CTAB/BHF 37.0 16.2 0.00252 £ 0.080 38.3+2.8
0.001%

The surface modification of the BHF nanoparticles with a layer of surfactant allows for the
formation of a stable colloidal suspension. The surfactant molecules are adsorbed onto the
nanoparticle surface which is created through dissociation of the surfactant head group
counterion in water during the synthesis stage. To determine the quantity of the CTAB
surfactant adsorbed onto the BHF nanoparticle surface and the amount dissolved in the
ethylene glycol liquid carrier, the molar concentration of dissolved CTAB surfactant (c-dis)
was determined through electrical conductivity o (uS/cm) measurements (Mettler Toledo,
LE703). The conductivity of CTAB/BHF in ethylene glycol and DBSA/BHF in butanol was
measured at 10 and 100 mg/ml at room temperature. The amount of dissolved CTAB c-dis
was determined through an addition method by gradually adding equal amounts of powder
CTAB surfactant into the suspension while continuously stirring the solution. The
conductivity was measured after each addition of surfactant and found to linearly increase
with the increase of c-dis. The linear equation ¢ = a + (b x (Ac-dis)) was used to calculate c-
dis as a quotient of ‘a’ and ‘b’ (Table 6). The amount of CTAB surfactant adsorbed (c-ads) on
the surface of the BHF nanoparticles was calculated from the difference between the total
molar concentration of CTAB (c-tot) and c-dis. The mass fraction of CTAB in a known sample
mass of dry BHF nanoparticles was determined by TGA for adsorbed surfactant calculations.
Conductivity measurements (Table 6) for CTAB/BHF ferrofluid show that c-ads is unaffected
by concentration and the ratio of c-ads/c-tot remains 0.85 for 10 and 100 mg/ml. This is
consistent with the zeta potential for CTAB/BHF ferrofluid being constant for 1 — 10 mg/ml,
as the amount of CTAB surfactant on the BHF nanoparticle surface remains the same. On the
other hand, c-ads varies between concentrations for DBSA/BHF ferrofluid as the ratio of c-
ads/c-tot at 100 mg/ ml was comparable with CTAB/BHF but significantly lower at 10 mg/ml.
This indicates that the CTAB surfactant is more strongly bonded to the BHF nanoparticle
surface than DBSA as the dilution of ferrofluid does not increase c-dis. However, visual
observations of both DBSA/BHF and CTAB/BHF ferrofluids remain stable between 10 — 100
mg/ml indicating other factors such as dielectric constant of solvent, particle size

distribution, and an equilibrium between c-dis and c-ads ensure stability of ferrofluid.
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Table 7 shows the surface area (hm?) covered by a single molecule of DBSA and CTAB
surfactant on a BHF particle. The surface area per surfactant molecule (nm?) was calculated
using equation 38 and equation 39 and the c-ads values (Table 6) for DBSA and CTAB
surfactants. The dimensions of the BHF were assumed to be 100 nm diameter with a 10 nm
thickness for simplicity and the particle surface area of a BHF particle was approximated as a
cylinder. The calculated surface area covered by a single molecule of DBSA and CTAB (Table
7) are much smaller than the expected molecular footprint of a long — chain surfactant like
DBSA and CTAB'%°. This supports the idea that a likely multi — layer of the DBSA and CTAB
surfactant exists around the BHF particles for their stabilisation in 1 — butanol and ethylene
glycol, respectively.

number of DBSA molecules
surface coverage =

(38)

total surface area of a particle

1

area occupied by one surfactant molecule =
surface coverage

(39)

Table 6: Concentrations of the dissolved (c-dis) and adsorbed (c-ads) DBSA/BHF in 1-butanol and CTAB/BHF in
ethylene glycol suspensions at 10 and 100 mg/ml.

c-dis (mM) c-ads (mM) c-ads/c-tot
Ferrofluid
concentration DBSA/BHF CTAB/BHF DBSA/BHF CTAB/BHF DBSA/BHF CTAB/BHF
(mg/ml)
10 2.5 0.37 1.21 1.99 0.32 0.85
100 6.1 3.57 26.2 19.6 0.81 0.85

Table 7: surface area (nm?) covered by single molecule of DBSA and CTAB surfactant on BHF particle.

Ferrofluid concentration c-ads (mM) Area per c-ads (mM) Area per
(mg/ml) for DBSA surfactant for CTAB surfactant
molecule molecule
(nm?) for (nm?) for
DBSA CTAB
10 1.21 9.52x10* 1.99 5.77 x 10
100 26.2 4.41 x 10-* 19.6 5.88 x 104
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Figure 33: Experimental destabilisation times of DBSA/BHF and CTAB/BHF ferrofluid (40 mg/ml) exposed to a

permanent magnetic field (0.3 T).

Figure 33 shows a simple visual experiment to compare the stability of both CTAB/BHF and
DBSA/BHF ferrofluids which was conducted by exposing the ferrofluids to a strong
permanent external magnetic field and inspecting the time it takes to separate magnetic
nanoparticles from the liquid carrier. The experiment was carried out by placing a
permanent magnet (permanent external magnetic field = 0.3 T) against the side of each vial
filled with the synthesised ferrofluid which attracts most of the ferrofluid creating a vertical
sloped gradient perpendicular to gravity acting downwards. A concentration of 40 mg/ml
was selected where the magnetic energy is equal to the gravitational energy creating a
gradual slope. This slope shortens overtime while the volume of the carrier fluid rises at the
bottom of the vial as the BHF nanoparticles precipitate out of the medium. For an identical
volume of 1 ml and concentration of 40 mg/ml for DBSA/BHF — butanol and CTAB/BHF —
ethylene glycol ferrofluid, the height of the carrier fluid remaining at the bottom of the vial
after 1, 10, 100, and 1000 minutes were determined from photographs, and taken as a
relative indicator of destabilisation over time when exposed to an external magnetic field.
Although both ferrofluids show destabilisation at each increment measured, it can be argued
that despite difference in carrier fluid viscosity the DBSA/BHF ferrofluid is more stable as it
showed a smaller rise in carrier fluid column from 1 — 100 minutes, compared to CTAB/BHF.
Overall, both DBSA/BHF and CTAB/BHF showed a gradual destabilisation from 1 — 100
minutes meaning that the BHF nanoparticles retained some degree of dispersion within
their carrier fluids. After 1000 minutes, both ferrofluids were mostly destabilised only
showing a shallow gradient compared to the image taken after 10 minutes but can be

redispersed by sonication. Finally, the CTAB/BHF ferrofluid in ethylene glycol has a boiling
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temperature of 197.35 °C exhibiting superior thermal properties compared to DBSA/BHF
ferrofluid in butanol with a boiling temperature of 117.45 °C*9, Since ethylene glycol is
commonly used as a plasticizing agent, automotive antifreeze, and other heat transfer
applications the proposed ferrofluid can be explored in various real world engineering
applications. Finally, ethylene glycol also has a low vapour pressure and low volumetric

expansion coefficient potentially opening the way into new ferrofluid applications.

5.7. Conclusions

A new barium hexaferrite (BHF) based ferrofluid was developed and stabilised using
hexadecyltrimethylammonium bromide (CTAB) surfactant through electrostatic and steric
repulsion. Dry hexadecyltrimethylammonium bromide coated barium hexaferrite
nanoparticles with an average size up to 200 nm were characterised using powder X-ray
diffraction (XRD), Transmission Electron Microscopy (TEM), Thermogravimetric Analysis
(TGA), and Vibrating-Sample Magnetometer (VSM) techniques. Surface properties of the
nanoparticles was analysed through X-ray Photoelectron Spectroscopy (XPS). Despite
differences in size distribution and surface properties, the synthesised nanoparticles exhibit
identical magnetic properties compared to previously reported dodecyl benzene sulphonic
acid (DBSA) coated nanoparticles. Subsequently, the surfactant coated barium hexaferrite
nanoparticles were dispersed in ethylene glycol to create a ferrofluid and the colloidal
stability was measured using zeta potential and compared with that of a butanol ferrofluid at
different concentrations. Zeta potential for hexadecyltrimethylammonium bromide coated
nanoparticles was consistently higher than dodecylbenzenesulfonic acid coated barium
hexaferrite nanoparticles at the same concentration. Through conductivity measurements,
hexadecyltrimethylammonium bromide was found to be more strongly bonded to the
nanoparticle surface than dodecylbenzenesulfonic acid as the amount of surfactant
adsorbed stays consistent despite dilution of the ferrofluid. Colloidal stability is best
observed in the laboratory through identifying signs of sedimentation and flocculation of
nanoparticles with and without the presence of an external magnetic field. Both
hexadecyltrimethylammonium bromide and dodecylbenzenesulfonic acid coated barium

hexaferrite nanoparticles produce ferrofluids that are stable for a sufficiently long period of
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time. The applicability of both ferrofluids can be compared with regards to their carrier fluid,
as the proposed ethylene glycol solvent is much more useful than previously reported
butanol because of its higher boiling point and miscibility in water, whereas butanol is an
extremely volatile solvent and has limited miscibility in water. This ensures the potential for
a variety of applications for barium hexaferrite ferrofluids stabilised with
hexadecyltrimethylammonium bromide as opposed to dodecylbenzenesulfonic acid
surfactant because of its stable dispersion in ethylene glycol. Since the exchange of carrier
fluids also has rheological implications, future work also includes rheological measurements

for ethylene glycol based BHF ferrofluids.

Chapter 6: In-Situ Polymerisation of Barium Hexaferrite Ferrofluids

for Poly(Ethylene) Succinate Magnetic Nanoparticle Composites

Chapter 6 presents a magnetic polymer composite material manufactured from the
CTAB/BHF ferrofluid in ethylene glycol presented in chapter 5. The novelty of the results
obtained arise from the useful physical and thermal properties of ethylene glycol as a
solvent. The high boiling point of ethylene glycol allowed a condensation polymerisation of
the CTAB/BHF ferrofluid to produce a Polyethylene succinate (PES) matrix with
homogenously integrated BHF nanoparticles. The biodegradable and biocompatible
properties of the PES polyester combined with the hard magnetic properties of BHF
nanoparticles is extremely exciting for future investigations. Additionally, the synthesised
thermoplastic polymer composite shows excellent magnetic properties, opening the way to

advanced 3D magnetic printing and biomedical applications.

6.1. Introduction

Magnetic composite materials have magnetic particles embedded in a continuous polymer
matrix and combine properties which are not possible in a single phase, such as a hard
magnetic moment in a malleable and lightweight polymer structure®®!. Recent advances in

magnetic particle and polymer synthesis enable a wider range of applications including three

dimensional (3D) printing®?, self-healing materials!>3, environmental and process
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engineering™*?, and biology*>>. Magnetic nanocomposites, where at least one geometry
dimension is in the nanometre range, are of particular interest due to the high level of
dispersion leading to a homogeneous, or isotropic, composite material. The dispersion of
magnetic particles within the matrix occurs by counteracting the attractive interactions
between the particles through electrostatic and steric repulsive forces through the
incorporation of stabilising agents, such as surfactants, during the synthesis process. While
the dispersed particles exhibit application specific properties, the polymer matrix also

contributes to the material processability and performance®?®.

Cross-link

Figure 34: Cross — linking or strong covalent bonds between polymer chains (a), linear polymer chains without

cross - linking (b), and branched polymer chains (c)*”.

Different types of polymer matrix composites (PMCs) are available such as thermosets,
thermoplastics, or rubbers with thermosetting polymers being the most common.
Thermosetting polymers readily form cross — links (Figure 34a), or strong covalent bonds
between polymer chains, which restricts movement and consequently increases the glass
transition temperature to above room temperature and prevents the remoulding of PMCs

which can burn, or degrade, upon reheating. Thermoplastics differ from thermosets by
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forming linear (Figure 34b) or occasionally branched (Figure 34c) polymer chains (which do
not cross-link and readily flow under stress at high temperatures. This property allows for
remoulding of the PMC and retain the given shape upon cooling to room temperature®®8,
Most thermoplastic PMCs are iron oxides and iron — based materials due to their easy
preparation and good stability. For iron oxide PMCs, the dispersion and polymer fabrication
has been intensively researched for the purpose of improved stability and
magnetorheological properties. Guo et al. reported improved FesOs — PMMA stability
through core shells in advanced magnetorheological materials'*>1%°, This produced high
magnetic susceptibility and low — density iron oxide PMCs demonstrating a low level of
toxicity. Further improvements on biocompatible PMCs was reported for polymer shell type

hybrid particles which prevent a direct contact between the magnetic nanoparticles and

biomolecules, and can also be coated with bioactive targeting molecules!®! for applications

162 163

in enzyme immobilisation™®4, magnetic resonance imaging-°>, and drug delivery cell
separation?®®, In an effort to improve dispersion, magnetic fiber composites were
homogeneously dispersed with Fe3sO4 magnetic nanoparticles in polyvinyl alcohol (PVA) with
the help of polyacrylic acid (PAA) acting as a polymer surfactant!®. Traditionally, these
magnetic fibers are produced by coating magnetic nanoparticles onto the surface of the
fibers, however, this results in a low magnetic susceptibility due to insufficient amounts of
magnetic nanoparticles as well as particle loss after treatment'®®. Similar approaches were
reported by incorporating the magnetic nanoparticles directly into a polymeric fiber matrix
by mixing, however, the challenge of obtaining well-dispersed nanoparticles without
aggregation still remains!®’ due to the short-range van der Waals forces and long-range
magnetic dipole — dipole interactions between the particles causing aggregation and
effectively separation of the two phases!®. In contrast, isotropic composites can be
produced directly from colloidal suspensions through in-situ polymerisation. Fe304 magnetic
nanoparticles were homogeneously dispersed with a PAA polymer surfactant into Fe3s04/PVA
composite materials. However, due to the superparamagnetic properties of Fes04, these
composites have limited applicability. In contrast, ferrimagnetic Barium hexaferrites (BHF)
exhibit a high uniaxial magnetocrystalline anisotropy (Ki= 3.3 x 10* J.m™3) with the magnetic

168 ysed for

easy axis parallel to the crystallographic c-axis, producing a high coercivity
permanent magnets, magnetic-recording media, and microwave applications!®®. Previous

studies utilising in-situ polymerisation with BHF reported a maximum filler content of 0.27
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wt% in PMIMA??, The filler content of BHF depends mainly on the stability of the colloidal
suspension determined by the Brownian motion of the suspended nanoparticles and their
geometrical and magnetic-anisotropy?!. BHF nanoparticles exhibits a hexagonal shape
shown by Went et al. and their diameter depends on the synthesis method used. When in
suspension, BHF particles also exhibit interesting nematic transitions and domain formations

171

in isotropic liquids*’* and novel magneto-optical properties for magnetic field

172 "or optical coherence tomography3. In addition, these fluids potentially have

visualisation
a wide range of commercial applications covering industrial coolants, sealants, light
switches, hyperthermia, defect sensors, and drug targeting’3. For this reason, ferrimagnetic
scandium substituted barium hexaferrite - BaFe1.019 (BHF) nanoparticles were utilised in
order to produce a novel polymer matrix nanocomposite material with hard magnetic
properties. In this work, BHF magnetic nanoparticles were coated with
hexadecyltrimethylammonium bromide (CTAB) surfactant which allows for a stable colloidal
dispersion of BHF in ethylene glycol'’*. To take advantage of the high boiling point and
functional groups of ethylene glycol solvent, a catalyst—free, direct in—situ condensation
polymerisation reaction of the ethylene glycol ferrofluid was conducted to produce
poly(ethylene) succinate (PES) with embedded barium hexaferrite magnetic nanoparticles.
The PES synthesis for the barium hexaferrite PMC is developed and optimised in this report
followed by the chemical and magnetic characterisation of the product. Based on the here
reported synthesis method, novel direct in-situ thermoplastic hard magnetic PMCs are
developed with potential applications in three dimensional (3D) magnetic structures or

advanced bioengineering applications.

6.2. Methodology

Synthesis of magnetic nanoparticles: Sc-substituted BHF nanoparticles were hydrothermally
synthesised at 190 °C following a previously reported procedure*!. The barium (0.62 g), iron
(111) (4.36 g) and scandium (lll) (0.35 g) nitrates were dissolved in deionised water in a molar
ratio of 1:4.5:0.5. An excess of sodium hydroxide (26.2 g) was gradually added after which
precipitation occurs and the solution was allowed to cool to room temperature. After

precipitation, a solution of CTAB (1.80 g in 25 ml of water) was gradually added to the
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reaction mixture. The mixture was allowed to stir overnight. This overnight stirring of CTAB —
coated BHF nanoparticles is essential to reduce the viscosity of the mixture. The autoclave
was heated to 190 °C at a heating rate of 3 °C/min after which it was allowed to cool to

20 °C at 3 °C/min. The resultant nanoparticles were centrifuged at 201 rcf for 5 min and
washed with water. The nanoparticles were dispersed in 60 ml of water and the pH was
adjusted to 4.6 using nitric acid. The mixture was heated to 100 °C for 2 h on stirring. The
nanoparticles were centrifuged and then washed with water. The moist CTAB surfactant
coated nanoparticles were dispersed in ethylene glycol (99.8 %, Thermo Fisher Scientific)
and sonicated for 2 hours at 35 W producing a concentrated (100 mg/ml) BHF ferrofluid.
Polymerisation of CTAB — stabilised ferrofluid: CTAB-stabilised BHF ferrofluid was heated to
170 °Cin an oil bath with continuous stirring, while succinic acid (99.9%, Thermo Fisher
Scientific) was gradually added in a 1:2 molar ratio (succinic acid to ferrofluid). The ferrofluid
(65 mg/ml) mixture was maintained at 170 °C with stirring for 10 hours, producing PES/BHF

(93 mg/ml) and H,0 as follows:

[-O-(CH3)2 ~O0C-(CHz)2 —CO-] n (polyethylene succinate) + nH,O (40)

HO Succinic acid O 184°C,10h

1 1 monomer ratio

Ethylene glycol
Polyethylene Succinate (PES)

Figure 35: polycondensation reaction between ethylene glycol and succinic acid to produce polyethylene

succinate (PES) at a temperature of 184 °C for 10 h and a 1 : 1 monomer ratio.

Equation 40 shows the checimal bonds in the repeating unit of PES and Figure 35 shows the
polycondensation reaction mechanism between ethylene glycol and succinic acid to produce
PES. After the product was cooled at room temperature it produced a solid polyethylene
succinate polymer with hard magnetic properties. The condensation polymerisation reaction
between succinic acid monomers and ethylene glycol produces polyethylene succinate and
requires the elimination of water to form covalent bonds between the monomers. This

catalyst-free and direct in—situ condensation polymerisation reaction creates a stable
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thermoplastic PMC while maintaining subsequent dispersion, molecular weight, and
magnetic properties over several heating and cooling cycles. The thermoplastic PES is first
optimized for the synthesis method with a pure PES matrix followed by varying the
nanoparticles concentration of the PMC. The synthesis of the polyethylene succinate matrix
was optimised for synthesis time and synthesis temperature. For the optimisation of
synthesis temperature, ethylene glycol was polymerised with succinic acid at 110, 130, 150
and 170 °C. As previous studies!’®> have found, the melting point of succinic acid is 184 °C,
while the boiling point of ethylene glycol and succinic acid is 205 °C and 255 °C, respectively.
For this reason, it is important to stay below the boiling temperature of ethylene glycol and
succinic acid as well as above the boiling temperature of water. The ratio of succinic acid and
ethylene glycol is also paramount for the polymerisation reaction. To determine a suitable
molar ratio of the monomers to use, findings from previous literature were utilised which
report the solubility of succinic acid with respect to temperature. These studies conclude
that the solubility of succinic acid in all the studied solvents increases with an increase in
temperature. Our preliminary studies following a similar protocol confirmed up to 50% of
succinic acid solubility in ethylene glycol when heated to 80 °C (just below the boiling point
of water)’®. The pure PES matrix was characterised using Fourier Transform Infrared (FTIR)
spectroscopy, Gel-Permeation Chromatography (GPC), and Nuclear Magnetic Resonance
(NMR) spectroscopy to analyse the molecular weight as well as the monomer to polymer
conversion as the polycondensation time and temperature was increased. The polymer
molecular weight (M,) was determined using the following equation:

_ ZNiM;

M, =50 (4]

where N; is the number of molecules of species i, and M; is the molecular weight of species
i'”7, In addition, surface hardness of the polymers, a key mechanical application property,
was also measured with reaction time. After optimising the synthesis of the pure polymer
matrix, the same method was followed for the polymerisation of magnetic barium
hexaferrite based ferrofluids. Different concentration of bulk ferrofluid samples were

polymerised and characterised using Thermogravimetric Analysis (TGA) and Vibrating
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Sample Magnetometry (VSM) analysis while sliced microtome sliced samples were sliced for

Transmission Electron Microscopy (TEM).

It should be noted that the polymerisation of CTAB/BHF ethylene glycol ferrofluid was also
investigated with succinic chloride as opposed to succinic acid. The same methodology
described above was used, including molar ratio, synthesis time and synthesis temperature.
Succinic chloride has Cl atoms as opposed to OH on its outer carbons, hence a condensation
polymerisation reaction with succinic chloride would produce HCl as opposed to H,0. This
release of HCl is extremely damaging to the magnetic nanoparticles and was found to
physically break down the particles in the reaction. Hence, succinic acid is a much more

suitable monomer for the polymerisation of CTAB/BHF ferrofluid.

6.3. Results and Discussion
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Figure 36: FTIR analysis of ethylene glycol, succinic acid, and pure polyethylene succinate (PES).

According to Figure 36, FTIR analysis confirms for pure PES a successful polymerisation
reaction between the succinic acid and the ethylene glycol monomers. The main
characteristic peaks of succinic acid are 3200 — 2500 cm™* which correspond to the broad
stretching vibration of the O — H group, 2630 and 2530 cm™ are due to the C — H stretching,

while the peak at 1689 cm™ corresponds to the C = O group stretching vibration and the
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peak at 895 cm™ results from the out of place bending of the bonded -OH group of the
carboxylic acid'’>. The peaks at 1411 and 1296 cm™ were due to C— O — H in plane bending
(8c-0-n) and C — O stretching vibration, respectively!’®, The FTIR results for ethylene glycol
show the main characteristic peaks which include, 3294 cm™ due to the OH group stretching
vibration and the peaks at 2939 and 2870 cm™ which are assigned to the asymmetric and
symmetric stretching of C — H bonds. The peak at 1388 cm™ results from the CH> bending
while nearby peaks correspond to C — O — H bending. The peaks at 1080 and 1033 cm™ are
due to the C — O stretching and the peak at 864 cm™ corresponds to the CH; rocking’®. Most
importantly, the peak at 1720 cm? signifies the formation of the ester bond, which is absent
in both monomers, specifically, C = O group stretching vibration. This is coupled with the
disappearance of the C = O group stretching vibration of succinic acid and OH group
stretching vibration of ethylene glycol which also confirms a successful condensation
polymerisation reaction. Additionally, for pure PES, peaks 1141 and 1211 cm™ were
attributed to the stretching vibration of the (— C— O — C-) group in the ester bond of PES
polymer. The peaks at 1033 and 918 cm™ are due to the (- O — C — C -) stretching vibrations
and (— C— OH) bending in the carboxylic acid groups of PES, respectively. Furthermore, the
peaks at 2962 cm™ correspond to the asymmetric stretching vibration while 1381 cm™
correspond to the symmetric deformational vibrations of the — CH, — groups present in the

main carbon chain of PES polymer!&°,
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Figure 37: 1H NMR spectra of pure PES polymer synthesised at 170 °C for 10h
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In order to determine an optimised synthesis temperature and time, pure PES products were
characterised by *H NMR spectroscopy at room temperature in DMSO — d¢. Chemical shifts
are reported in ppm (0 scale) relative to tetramethylsilane (TMS). Approximately 1 — 5% w/v
of pure PES polymer solutions were used for the *H NMR measurements. The degree of
polymerisation or number of units can be determined by comparing the relative proton
signal intensity of a known moiety (typically an end group (s) with a known number of
protons), to the proton signal intensity of the repeating unit in the polymer chain. The
molecular weight of pure PES was probed as a function of increasing polycondensation time.
The optimal polymerisation reaction time was estimated by setting up the polymerisation
reaction at 170 °C under magnetic stirring with samples extracted every 5 hours for 60
hours. The extracted samples were analysed using NMR and GPC. Figure 37 shows the
partial *H NMR spectrum for pure PES produced under these conditions for 10 hours. The 'H
NMR spectra shows signals assigned to the end group as well as the repeating units in the
polymer chain. The singlet at 4.21 (6H®) ppm was assigned to the methylene protons on the
ethylene glycol monomers in the repeating unit. The singlet at 2.58 (8HY) ppm was assigned
to the methylene protons on the succinic acid monomers in the repeating unit. The triplet
signals observed at 4.02 (8H¢) and 3.55 (8H') ppm can be assigned to the CH, protons on the
end group ethylene glycol monomers. Likewise, the methylene protons on the end group
succinic acid monomers give overlapping signals (SH? and 3HP) with that of the solvent
between 2.46 and 2.53 ppm. *H NMR of pure succinic acid and ethylene glycol monomers
differ greatly from the 'H NMR of pure PES, indicating the formation of polymer bonds and
repeating units. The *H NMR spectra of pure succinic acid monomer in DMSO — dg shows
singlets at 12.2 ppm and 2.4 ppm representing the carboxylic acid group and CH; protons
respectively. Additionally, the 'H NMR for pure ethylene glycol show two singlet peaks at 3.3

ppm corresponding to the CH; protons and 4.5 ppm assigned to the OH groups.
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Figure 38: monomer conversion (equation 41) data obtained from NMR analysis changing with reaction time
and molecular weight data obtained from NMR and GPC of pure PES polymer chains as a function of reaction

time.

To further analyse the polymerisation progression with reaction time, the monomer to
polymer conversion was calculated at each hour. This was determined by comparing specific
monomer proton integrals with the corresponding proton integrals in the repeating unit.
According to Figure 38, up to 91 % of ethylene glycol and succinic acid monomers are
converted to polyethylene succinate as the synthesis time is increased. In addition, the NMR
and GPC analysis demonstrates that the molecular weight gradually increases with synthesis
time due to the step-growth mechanism. The data indicates that the polycondensation
method produced relatively low molecular weight polyester chains from initially M, = 275 to
M, = 1359 g mol* after 60 hours; low molecular weights are routinely observed for step-
growth polycondensation polymerisation unless very high conversions are attained because
the condensation leads to the formation of dimers, then trimers, oligomers, and eventually
long-chain polymers. In our case, 1-8 repeat units are incorporated into the polymer chains.
The number of repeating units in the polymer chain was calculated by dividing the relative
molecular mass of polymer obtained by the relative molecular mass of 1 repeating unit.
There is a general increase in molecular weight and monomer conversion as the
polycondensation reaction time increases, with a significant increase in monomer
conversion and molecular weight after 10 hours. However, the monomer conversion after 60

hours is only 15% higher than conversion after 10 hours leading to diminishing gains in
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conversion efficiency. The molecular weight of the polyesters was also measured using GPC
with respect to polycondensation reaction time. Similar to NMR, the GPC data showed a
gradual increase in molecular weight as the reaction times increases. The polymer M, data
obtained from GPC are comparable to the molecular weight data derived from NMR, with
M, ranging from 134 to 1399 g mol! corresponding to 1-8 repeat units. After 50 hours of
reaction time, both GPC and NMR show negligible difference in the molecular weight
despite further heating. However, the molecular weight data obtained from GPC has a strong
dependence on the calibrant (typically polystyrene) which can be a hinderance as it is
assumed that the measured polymer and the standard have the same hydrodynamic radii at
equivalent molecular weight. Hence, the underlying principle of the technique is separation
on the basis of polymer hydrodynamic volume instead of molecular weight81182_|n
comparison, 'H NMR spectroscopy is our primary quantitative method for analysis without

the need for calibration!83,
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Figure 39: Surface hardness of PES in response to reaction time of polymerisation.

The pure PES synthesis produced a yellow/brown, waxy polymer from the transparent
reactants which indicates the polycondensation of the initial monomers and the formation
of the polyester molecules. Supplementary Information 1 confirms a gradual yellow/brown
change from the transparent reactants over 60 hours. The final pure PES product is a
thermoplastic which can be heated to become highly viscous and subsequently cooled to
reshape. The mechanical properties of the pure PES polymer was measured using a shore A
hardness probe on 25 mm thick PES samples that were cooled to room temperature.

Ethylene glycol and succinic acid monomers were polymerised at 170 °C, and samples were
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extracted from the batch every hour for 24 hours. The surface hardness of each extracted
sample is shown in Figure 39. A significant peak was observed in surface hardness of the
pure PES polymers at hour 10 which showed a value of 90 on the Shore A hardness scale.
Below 10 hours of heating, the co — polymers are not fully reacted, and the polymer is a soft,
waxy material. After 10 hours of reaction time, the surface hardness of the PES material
stays constant despite prolonged polymerisation time. Hence, 10 hours polymerisation time
was considered optimal for the synthesis of a polyethylene succinate matrix as it presents
good monomer conversion and mechanically hard polyesters with sufficient molecular
weights. In addition, extended heating periods at high temperatures have the potential to
destabilise the BHF suspension. Having said this, the polymers produced below 150 °C for a

period of 10 hours have a brittle structure and can easily fracture.
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Figure 40: TGA analysis of PES/BHF polymer composite matrix at 10 mg/ml, 30 mg/ml and 60 mg/ml|
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Figure 41: mass magnetisation — M against applied field — H of BHF nanoparticles embedded in a PES polymer

matrix at concentrations of 10 mg/ml, 30 mg/ml and 60 mg/ml|.

Based on the identified 10 hours and 170 °C synthesis conditions for the PES polymer matrix,
the polycondensation reaction was repeated with a barium hexaferrite based ferrofluid
where the magnetic nanoparticles are stabilised using CTAB surfactant and suspended in
ethylene glycol. This ethylene glycol ferrofluid reacted with succinic acid to produce a
PES/BHF polymer composite exhibiting magnetic properties from the suspended
nanoplatelets. Here, the ethylene glycol suspended barium hexaferrite magnetic
nanoparticles reacts with the succinic acid to produce a polyethylene succinate polymer
matrix. The BHF nanoparticles are evenly dispersed within this polymer matrix once the
polymer composite is allowed to cool. The thermal stability of the synthesised PES/BHF
polymer composite was measured using Thermogravimetric Analysis — TGA (Mettler Toledo).
This was done by heating the PES/BHF samples from 25 °C to 600 °C at 10 °C min in air
with gas flow of 100 ml/min. The TGA analysis in Figure 40 shows the thermal degradation
of synthesised PES/BHF polymer composites for varying barium hexaferrite nanoparticle
concentrations of 10 mg/ml, 30 mg/ml and 60 mg/ml. The TGA curves for the three
concentrations of the PES/BHF polymer composites starts decomposing between 200 °C and
330 °C with approximately 20% weight loss. Subsequently, a second decomposing step was

between 320 °C and 420 °C with a weight loss of around 75% for 60 mg/ml and
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approximately 85% for 30 mg/ml and 10 mg/ml. A third decomposition step can be
identified between 400 °C and 480 °C with a total weight loss of 95.50% for 60 mg/m,
98.62% for 30 mg/ml and 99.08% for 10 mg/ml. Therefore, a 60 mg/ml concentrated
PES/BHF polymer composite is made up of approximately 4.50 wt% BHF nanoparticles, a 30
mg/ml PES/BHF composite contains 1.38 wt% BHF nanoparticles, and a 10 mg/ml PES/BHF
composite contains 0.92 wt% BHF nanoparticles by weight. These results also confirm that a
polymerisation temperature higher than 200 °C is unsuitable for this reaction as it may lead
to the decomposition of the polyester chains, decreasing the molecular weight by the
thermal degradation process. Thermal analysis of the polymer composites confirms the
incorporation of BHF nanoparticles in the PES polymer matrix as constant mass is obtained
after prolonged heating at a temperature of 600 °C, indicating the presence of BHF
nanoparticles after complete polymer degradation. The ratio of BHF to polymer matrix in a
given mass and how this varies with ferrofluid concentration was identified. Subsequently,
magnetic properties of the PES/BHF product were measured using Vibrating Sample
Magnetometry — VSM (LakeShore 7400) for the isotropically dispersed nanoparticles. The
VSM samples were prepared by casting different concentrations of PES/BHF polymers at
170 °Cinto a brass cylinder mould and allowing them to cool down to room temperature.
The magnetic properties of the solid polymer composites were measured at excitation fields
between -1000 kA m™ and 1000 kA m™L. Figure 41 shows the hysteresis loops of the PES/BHF
polymer composites with a 60 mg/ml, 30 mg/ml and 10 mg/ml concentration of BHF
nanoparticles. The hysteresis loops of all three concentrations are typical of a hard
ferrimagnetic material with a constant coercivity H. = 120 kA m™. Magnetic saturation — Ms
and remanence — M, values of the three PES/BHF polymer composites vary with particle
load in the polymer matrix. The saturation and remanence values of the composites increase
with increasing BHF particle concentrations, with 60 mg/ml showing magnetic saturation M
=0.93 Am? kgt and magnetic remanence M, = 0.45 Am? kg1. On the other hand, 30 mg/ml
concentrated PES/BHF polymer showed M, = 0.48 Am? kg* and M, = 0.24 Am? kg, while 10
mg/ml PES/BHF polymer showed M; = 0.32 Am? kgt and M, = 0.16 Am? kg'1. The weight
specific remanence and magnetic saturation values are lower than pure powdered BHF
nanoparticles which have reported values of up to 10.4 mA.m2.g for remanence and 32.8

mA.m2.g1 for saturation. This is mainly reflective of the relatively low nanoparticle to
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polymer ratio in the PES/BHF composite as shown by the TGA results. However, the M,/M;

ratios and H. is the same for all three samples, indicating the absence of a magnetic

interaction between the BHF nanoparticles in the PES/BHF composites’®.
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Figure 42: TEM image of isotropically dispersed BHF magnetic nanoparticles embedded in a PES polymer matrix

with MNP size distribution (inset).

The synthesised PES/BHF composite was microscopically analysed using transmission
electron spectroscopy (TEM). The composite was heated to 170 °C and casted into a cylinder
mould upon cooling to room temperature. The casted polymer cylinders were sectioned by
ultramicrotomy to 70-200 nm thickness wedged slices and cooled on water droplets which
enabled to overcome compression during sectioning as well as improved adhesion to a
carbon copper TEM grid support. Figure 42 shows the TEM results for the 60 mg/ml
polymerised ferrofluid. The TEM shows BHF nanoparticles embedded throughout the
transparent PES polymer matrix with most of the BHF nanoparticles laying flat as opposed to
perpendicular to the TEM grid. However, the BHF nanoparticles are prone to aggregation
due to the strong magnetic dipole — dipole interactions between the BHF nanoparticles'®.
On the other hand, the TEM scan also shows signs of aggregated BHF nanoparticles, which
could have occurred during the sliced sample preparation for which reason a size
distribution was determined for the pure ethylene glycol batch in the Figure 41 inset. In
order to determine particle concentration and identify if the BHF nanoparticles are

dispersed homogenously within the matrix, the density of sliced cylindrically — casted
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PES/BHF samples was measured across the cylinder length. The density of pure PES polymer
was measured as 1.26 g/cm?3, and increased to a density of 1.38 g/cm? with a standard
deviation of 0.03 for PES/BH!*, The density of the pure polymer increases by 0.12 g/cm3 as
the embedded BHF nanoparticles are introduced. Based on the characterised and optimised
PES/BHF, future work will identify biodegradable properties which coupled with the
controlled magnetic properties may prove beneficial in many fields such as drug delivery,
tissue engineering, and functional shielding materials. On the other hand, further

improvements with respect to composite filler content are expected up to 50 wt%.

6.4. Conclusion

A new polyethylene succinate (PES) hard magnetic polymer matrix composite (PMC) was
developed with a high filler content of up to 4.5 wt% embedded with barium hexaferrite
(BHF) magnetic nanoparticles, representing a significant increase compared to previous
reports on barium hexaferrite-based polymer composites. This report thoroughly discusses a
catalyst-free polycondensation reaction between ethylene glycol and succinic acid, along
with the optimisation of synthesis time and temperature. These optimisations ensure a
complete and successful polycondensation reaction between the monomers, producing a
PES polymer matrix with robust mechanical and thermal properties. Fourier Transform
Infrared (FTIR) spectroscopy, Nuclear Magnetic Resonance (NMR) spectroscopy, Gel
Permeation Chromatography (GPC), and surface hardness measurements were used to
chemically and mechanically characterize the pure PES polymer matrix. This was followed by
the polymerisation of a CTAB-stabilised, ethylene glycol-based ferrofluid with dispersed
barium hexaferrite magnetic nanoparticles. The ferrofluid was polymerised using the same
catalyst-free polycondensation reaction, producing a magnetic polymer composite with
homogeneously embedded isotropic barium hexaferrite nanoparticles throughout the PES
matrix. The PMC was magnetically characterised using a Vibrating-Sample Magnetometer
(VSM) to observe a hysteresis loop indicative of the hard magnetic properties of BHF
nanoparticles, confirming the fully dispersed synthesis of a PMC with hard magnetic
properties and potential biodegradability due to the PES matrix. The PMC’s high filler

content and thermal stability were confirmed via Thermogravimetric Analysis (TGA), while
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density measurements indicated the distribution of magnetic nanoparticles. Transmission
Electron Microscopy (TEM) was used to observe the BHF magnetic nanoparticles embedded
within the PES polymer matrix and to assess any aggregation that may have resulted from
magnetic particle interactions. Although our density measurements indicate reasonably
homogeneous dispersion of BHF nanoparticles in the PES matrix, advanced methods to
determine stability with greater accuracy are needed. Future work will examine the
dispersion stability of higher ferrofluid concentrations and the rheological properties at high
temperatures of PES/BHF samples with higher filler content. Additionally, three-dimensional

(3D) manufacturing of magnetic structures will be pursued.

Chapter 7: Conclusions and Future Work

The presented research is primarily focused on Barium Hexaferrite (BHF) particles which
have attracted significant attention due to their high magnetocrystalline anisotropy, large
coercivity and chemical stability. Structurally BHF particles crystallise in the hexagonal
magnetoplumbite structure, where magnetic moments of Fe3* are distributed across
inequivalent lattice sites, giving rise to its ferrimagnetic ordering. The high anisotropy field
makes BHF particularly suitable for permanent magnetic applications, such as high —
frequency devices and microwave absorption technologies. At the nanoscale, BHF particles
display size — dependent magnetic properties, where a change in particle size can influence
coercivity, magnetic saturation, and thermal stability. In addition to exploring the magnetic
and structural properties of dry BHF particles, the dispersion of BHF in solvent to produce a
ferrofluid material and in a polymer matrix to produce a polymer composite was also

investigated.

7.1. Barium hexaferrite magnetic nanoparticles

At the initial stage of the research, it is crucial to understand the growth mechanism of BHF
particles using experimental findings as well as previously reported literature. The growth
mechanism includes the precipitation, nucleation and enhanced growth of the particles
which ultimately affect the particle size, size distribution and morphology. Chapter 4

presents the results for the growth mechanism of hydrothermally synthesised BHF particles
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at various temperatures followed by magnetic and optical characterisation. Hydrothermal
synthesis offers significant advantages for the synthesis of magnetic particles including a
control of particle size producing a narrow size distribution. In addition, the flexible BHF
magnetoplumbite structure allows for the substitution of Fe3* ions for large lanthanide
cations in its lattice structure as a means to control particle size, expanding the depth of
potential magnetic applications. The results presented in chapter 4 are essential for
identifying the optimal hydrothermal reaction conditions for BHF particles as well as
highlighting the relationship between particle size distribution and colloidal stability when
dispersed in a solvent. Charged surfactants can also be utilised as stabilising agents when
adsorbed onto the particle surface and provide electrostatic and steric repulsion between
the particles for colloidal stability. Long — chain polymers such as dextran have been
explored for the stabilisation of BHF in solvent, however, only a low loading of the particles
in solvent was obtained with limited colloidal stability. In comparison, previous studies prove
Dodecylbenzenesulfonic acid (DBSA) as a highly effective surfactant for dispersing
hydrothermally synthesised BHF particles in 1-butanol, enabling the preparation of a stable
and highly concentrated ferrofluid. DBSA - coated BHF nanoparticles exhibited long-term
colloidal stability at concentrations up to 200 mg/ml, demonstrating the suitability of this
surfactant for achieving dense suspensions. However, as 1-butanol is a highly volatile solvent
and has limited miscibility in water, it presents significant limitations for many applications,

thereby constraining the broader applicability of this system.

7.2. Barium hexaferrite dispersed in ethylene glycol

Having identified this gap in literature, this work aims was to develop a novel BHF ferrofluid
stabilised in a non — volatile solvent with long — term colloidal stability. Chapter 5 presents
my experimental findings on the stabilisation of BHF in ethylene glycol solvent using
hexadecyltrimethylammonium bromide (CTAB) as a surfactant. Using my findings from
chapter 4, dry CTAB — coated BHF particles were hydrothermally synthesised and
characterised using magnetic, thermal and chemical analytical techniques. It was found that
both CTAB - coated BHF in ethylene glycol and DBSA - coated BHF in 1-butanol produce

ferrofluids that are stable for a sufficiently long period of time. However, the applicability of

99



both ferrofluids can be compared with regards to their carrier fluid. In essence, ethylene
glycol as a solvent is much more useful than 1-butanol due to its high boiling point and
miscibility in water which ensures the potential for a variety of applications for BHF
ferrofluids. For future work, it is essential to investigate the rheological properties of the
ethylene glycol-based ferrofluid, including its flow behaviour, viscosity, and shear response.
Furthermore, the practical applications of BHF dispersed in ethylene glycol remain largely
unexplored, and systematic evaluation will be necessary to fully assess the potential of this

system within the broader field of magnetic liquids.

7.3. Barium hexaferrite dispersed within a polymer matrix composite.

The second part of my thesis involves an in —situ, catalyst — free polymerisation of CTAB —
coated BHF particles stabilised in ethylene glycol. In chapter 6 presents a new polyethylene
succinate (PES) polymer matrix composite (PMC) with hard magnetic properties. BHF
particles were homogenously embedded in the PMC with an isotropic arrangement. The
BHF/PES composite was characterised using magnetic, thermal and chemical analytical
techniques. Previous studies utilising in — situ polymerisation with BHF particles reports a
maximum filler content of 0.27 wt% in Poly(methyl methacrylate) PMMA. Thermal
characterisation of BHF/PES composite confirmed a high filler content of up to 4.5 wt%,
while magnetic measurements produced a hysteresis loop indicative of the hard magnetic
properties of BHF particles. The homogenous dispersion of BHF within the PES polymer
matrix was observed using optical analysis and density measurements. The combination of
the magnetic properties of BHF particles with the biodegradability of the PES polymer in the
developed BHF/PES composite opens promising avenues for environmentally friendly
magnetic materials, with potential applications in biomedical devices, targeted delivery
systems, and sustainable magnetic separation technologies. For future work, the anisotropic
magnetic alighnment of BHF within the PES polymer matrix would be interesting to explore
and compare with the current isotropic alignment. Although the potential applications
described above for BHF/PES are possible, experimental work has not been conducted to
investigate this. In addition, obtaining a higher filler content of the magnetic particles in the

polymer matrix would be intriguing, especially for certain possible applications.
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Appendix — Supplementary Information

Supplementary Information 1: Picture of yellow/brown, waxy PES polymer from the transparent reactants over

60 hours.
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