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Abstract

Novel, porous and dense, ceramic (FesOs4 & CazFe20s) and glass-ceramic
(phosphate-based glass matrix with magnetic domains) magnetic microspheres have
been manufactured for the first time via a rapid, single-stage, flame spheroidisation
process. Morphological, structural, and compositional investigations provide evidence
into the microsphere formation mechanisms, as a function of Fe3O4 precursor particle
size, precursor-to-porogen mass ratio, and gas flow settings. Optimised conditions for
the flame spheroidisation processing of these ceramic and glass-ceramic, porous and
dense magnetic microspheres are identified. The magnetic properties of the materials
provided for controlled induction heating to a constant level (40 — 45 °C), making these
microspheres highly appropriate for localised magnetic hyperthermia applications.
Complementary, cytocompatibility investigations confirmed the suitability of porous
microspheres for biomedical applications. It is suggested that the flame-spheroidised
materials developed opens up new opportunities for the rapid manufacture of

innovative synergistic biomaterials, towards magnetic hyperthermia applications.
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Abbreviation and acronyms

a.f.u. Arbitrary fluorescence units

a.u. Arbitrary units

ABOs Perovskite prototype structure

AC Alternating current

AMF Alternating magnetic field

BSE Backscattered electrons

CAGR Compound annual growth rate

CFO Calcium iron oxide

Dc Critical single-domain sizes

DMEM Dulbecco's Modified Eagle Medium

DNA Deoxyribonucleic acid

EDS or EDX | Energy dispersive x-ray spectroscopy

EPR Enhanced permeability and retention

ESCA Electron spectroscopy for chemical analysis

ESEM Environmental scanning electron microscope

FDA Food and Drug Administration

FM Ferromagnetism

HT+CT Hyperthermia and chemotherapy

HT+RT Hyperthermia and radiotherapy

HT-SQUID High-temperature superconducting quantum interference device
magnetometry

HT-XRD High-temperature X-ray diffractometry

IMS Industrial methylated spirit

ISP Irregular shaped patrticles

MLA Mineral Liberation Analyser

MRI Magnetic resonance imaging

MS Microspheres

NHS National Health Service

NIR Near infrared irradiation

PVA Polyvinyl alcohol




SAED Selected area electron diffraction

SD Standard deviation

SE Secondary electrons

SEM Scanning electron microscopy

Sl International System of Units

SPM Superparamagnetism

SQUID Superconducting quantum interference device magnetometry
Std. Standard

T1 Longitudinal relaxation time

T2 Transverse relaxation time

TCP Tissue culture plastic

TEM Transmission electron microscopy
TER Thermal enhancement ratio

TGA Thermogravimetric analysis

UPAC Union of Pure and Applied Chemistry
XPS X-ray photoelectron spectroscopy
XRD X- ray diffractometry




Table of symbols

A X-ray wavelength
~ Approximately
< Less than
> Greater than
< Less or equal to
2 Greater or equal to
°C Degree Celsius
°C/min Degree Celsius per minute
U Magnetic moment
pHm Micrometre
A/m Amper per metre
A2B20s Brownmillerite type structure
Am?/kg Ampere metre square per kilogram
B Magnetic induction
Bht Hyperfine magnetic splitting
d Lattice spacing
emu Electromagnetic unit
emu/g Electromagnetic unit per gram
eV Electron volts
g Grams
Magnetic field
Hc Coercive field
I Current
o Bias current
JIT Joules per Tesla
kKA/m Kiloampere per metre
keV Kiloelectron volts
kHz Kilohertz
kV Kilovolt
L Liquid




M Magnetisation

MHz Megahertz

mm Millimetre

mm?2 Millimetre square

Mr Remanent magnetisation
Ms Magnetic saturation

n Number

nm Nanometre

Oe Oersted

rpm Revolutions per minute
S Seconds

T Tesla

V Voltage

Vv Volume

W Power

wt% Weight percentage

o Centre shift

6 Diffraction angle

Mo Permeability of free space,
. Field (flux) quantum

X Magnetic susceptibility
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1.0 Introduction

1.1 Overview

Cancer therapy and treatment is one of the most challenging problems for modern
medicine [1]. The main cancer treatments of chemotherapy, radiotherapy and surgery,
often used in combination, have demonstrated effectiveness in the eradication of
primary tumours in the clinical setting [2]. However, the benefits of these strategies
are usually accompanied by adverse side effects: e.g. (i) conventional chemotherapy
is not tumour-selective, equally damaging both healthy and cancerous cells [3, 4]; (ii)
radiotherapy delivered to tumours is dose-limited due to toxicity effects on surrounding
tissue, resulting in decreased effectiveness [5, 6]; and (iii) cancer can reappear post-
surgical removal of tumours, arising from residual malignant cells and cancer stem
cells [2]. Also, significant amounts of healthy tissue may be lost as a consequence of
tumour removal via surgery. The success of a cancer treatment may be measured by
its ability to eliminate malignant cells whilst minimising damage to healthy tissue and
maintaining functionality. Also, the regeneration of healthy tissue depends on the
survival of stem cells post-treatment. Accordingly, complementary clinical strategies
are required to eradicate the resistance of malignant cells whilst maintaining patient

well-being and quality of life.

Hyperthermia, a method of inducing cancer cell death by the application of heat,
uses non-ionising radiation or convective methods to increase temperature (to ~ 40 -
45°C) in targeted regions of the body, while magnetic hyperthermia uses heat
generated by localised ferromagnetic particles exposed to an alternating magnetic

field [7-9]. Magnetic hyperthermia has been investigated in combination with
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radiotherapy and chemotherapy as a strategy for drug-delivery [10]. The main benefit
of magnetic hyperthermia relates to its ability to treat site-specific cancer whilst
avoiding hazardous systemic effects [11]. Furthermore, magnetic hyperthermia is
minimally invasive (i.e. delivered intratumorally or intravenously by injection), with mild
side effects compared to radiotherapy or chemotherapy [10], and shows synergistic
effects with many cancer treatments, e.g., brachytherapy [12], drug-delivery [13],

immunotherapy [14] and gene therapy [15].

From magnetic biomaterials available, Fe3Os4 based superparamagnetic
nanoparticles have been the most extensively investigated for localised magnetic
hyperthermia applications due to their superparamagnetic expression, non-toxicity
[16, 17], and because iron oxide metabolism is readily achieved by heme oxygenase-
1 gene which generates haemoglobin and promotes iron cell homeostasis [18].
Superparamagnetism is a form of magnetism that appears in single-domain
ferromagnetic or ferrimagnetic nanoparticles. In single-domain nanoparticles
magnetisation randomly flips direction under the effect of temperature [19]. Indeed,
the use of superparamagnetic iron oxide nanoparticles to deliver heat to various
tumour types has been reported, including prostate [20] and glioblastoma [21].
Moreover, aminosilane coated ferrofluid, combined with a clinical alternating magnetic
field system, has been used clinically to target glioblastoma tumours [10]. Related
ferrites, such as NiFe204 [22], MnFe204 [23], CoFe204 [24] and LixFesxOa4 [25] have
also been investigated, to improve magnetic strength and thermal stability. However,
the inherent toxicity of Ni, Mn, Co and Li limits their application [18]. In addition,
magnetic bone cements [26], glass-ceramic thermoseeds [27] and Fe-based
nanoparticles [28] have also been developed for bone cancer therapy via magnetic

hyperthermia. Nevertheless, despite multiple ongoing trials, magnetic hyperthermia
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has still not achieved regular use in clinical practice, mainly due to its inability to
effectively heat cancerous cells [29]. It is recognised that the action of a single
nanoparticle is insufficient for local hyperthermia [30], with agglomeration of a large
number of superparamagnetic nanoparticles needed to generate sufficient heat to
damage tumour cells [31, 32]. However, agglomeration can affect the
superparamagnetic expression of such nanoparticles, compromising heat

performance [31, 33].

An alternative approach is to introduce non-magnetic Ca?* into the ferrite
crystalline structure, to generate significant improvements in terms of biocompatibility
whilst maintaining magnetic expression and heating control [34, 35]. Non-toxic
calcium ferrites have been shown to metabolise safely within the body [36, 37], making
them appropriate for a range of biomedical applications, including magnetic
hyperthermia. Biomedical investigations using calcium ferrites have been reported in
relation to drug-delivery systems [34, 35, 38, 39] and cytocompatibility [34, 36, 38, 40].
Approaches combining metal cations and calcium ferrites for therapeutic applications
have also been explored [35, 37, 41-44]. Further, it is suggested a dispersion of
micrometre-scale, ferro- or ferrimagnetic material, in a suitable matrix, could be used
instead of a large number of superparamagnetic nanoparticles [45]. Moreover, a
micro-system combining bone-tissue regeneration, cancer thermotherapy and
biomechanical support, such as the conjugation of an iron oxide ferromagnetic phase
(e.g., magnetite) with a bioactive glass matrix, could provide a promising approach for
cancer treatments mediated via magnetic hyperthermia, for example, targeting bone
oncology [46]. Nevertheless, the present challenge is to develop these materials into

practical morphologies for enhanced biomedical investigations.
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Microspheres have been widely investigated for a variety of healthcare
applications. Porous microspheres, in particular, offer functional advantages, including
the incorporation of payloads (drugs, cells, biologics, etc.) on external surfaces and
within their pores [47, 48], along with cell attachment and proliferation over the
enhanced surface area available [47]. However, biomedical applications of
microspheres are dependent strongly on the type of material employed. For the case
of polymer-based microspheres, applications have included targeted drug-delivery,
tissue engineering and regenerative medicine [49, 50]. Whilst ceramic and glass-
based microspheres are more commonly associated with tissue regeneration
applications, e.g., bone repair [51, 52], orthopaedics [53], dental [54] and cancer
therapeutics (radiotherapy) [55], along with magnetic hyperthermia. Moreover,
developing magnetic glass ceramics into porous morphologies could expedite
complementary clinical strategies for tumour treatment and facilitate repeated
magnetic hyperthermia treatment to help safeguard against tumour regrowth. Porous
microspheres possess large surface areas and can be manufactured with large
external and internal (usually interconnected) pores, to enable delivery of drugs, cells
or other biologics [48, 56, 57]. There are various strategies for the production of porous
bioactive glasses and/or ceramics, including the incorporation of a removable space
holder (via sintering) [58], sol-gel [59], gel-cast forming [60], polymer foam replication
[61], solid-free form (3D printing) [62] and more recently flame spheroidisation [53].
The single-stage, flame-process is a rapid, cost-effective and highly promising
technique for large-scale production of porous glass microspheres [47]. Flame
spheroidisation may also be used for the manufacture of magnetic, porous and dense,

ceramic [63, 64] and glass-ceramic microspheres [65].
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In this context, this project focuses on the development of novel, magnetic,
porous and dense ceramic and glass-ceramic microspheres via the rapid, single-stage
flame spheroidisation process as candidates for magnetic hyperthermia applications.
Magnetic biomaterials studied includes iron oxides, calcium ferrites and phosphate-
based magnetic glasses. Further, the optimisation of precursor-to-porogen mass ratio
and O2/C2H2 gas flow conditions for the flame spheroidisation of porous and dense,
magnetic microspheres, with highly controlled microsphere sizes and morphologies
was also investigated. Complementary magnetisation, induction heating and cell
viability assay investigations have also been undertaken to validate the potential of

microsphere products for magnetic hyperthermia applications.

1.2 Aim and objectives

1.2.1 Aim
To develop multidomain microspheres with controlled levels of macroporosity for

magnetic mediated hyperthermia applications.

1.2.2 Objectives

e To develop highly porous and dense magnetic microspheres via a rapid, single-
stage, flame spheroidisation process.

e To investigate the parameters associated with the flame spheroidisation
process (precursor-to-porogen mass ratio, gas flow ratio and particle size) for
the production of magnetic microspheres with high levels of homogeneity
and/or porosity.

e To characterise magnetic microsphere product morphology, structure,

composition and magnetic properties.
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e To study the effects of temperature on precursor powder combinations, prior-
and post-flame spheroidisation via thermal, structural and magnetic
characterisation.

e To investigate the suitability of optimised products for magnetic hyperthermia

applications through induction heating experiments and cell viability assays.

1.3 Thesis outline

The thesis comprises seven chapters:

Chapter 1: outlines introduction, aims and objectives.

Chapter 2: reviews the literature related to magnetic biomedicine, magnetic
hyperthermia, and magnetic biomaterials (iron oxides, calcium ferrites, and magnetic
glass-ceramics). In addition, the basics of magnetism are introduced, including
magnetic micro- and nanoparticle heat generation mechanisms. Literature on

manufacturing routes for porous biomaterials is also presented.

Chapter 3: introduces the experimental methods used throughout this thesis.

Chapter 4: explains the formation mechanisms of porous and dense magnetic
microspheres formed using large (<45 pm) Fes3O4 precursor powders during rapid
flame spheroidisation. This chapter also discusses the effects of CaCOs porogen

incorporation with precursor powders, to generate porous microspheres.

Chapter 5: considers the effects of precursor particle size, magnetite precursor to
porogen mass ratio, and gas flow setting. Further, this chapter presents a process-
map for the manufacture of magnetic microspheres using small (<5 um) Fez0a4

precursors.
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Chapter 6: describes the preparation of both dense and porous magnetic
microspheres incorporating a phosphate-based glass. A comparative analysis of three
different phosphate-based glass - magnetite mass ratios on morphological, structural,
compositional and magnetic properties is presented. Moreover, highly porous glass-
ceramic microspheres were manufactured. Finally, induction heating and viability

assay investigations for porous magnetic microspheres are described.

Chapter 7: presents a general discussion of the main findings presented in the results
chapters, in the context of established literature, and summarises the contributions of

this thesis, in addition to an outline of possible strategies for future work.
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2.0 Literature review

2.1 Introduction

This literature review begins with an overview of magnetic biomedicine, leading on to
a consideration of magnetic hyperthermia applications of magnetic particles and
magnetic biomaterials. The basics of magnetism are then reviewed. Procedures for

the manufacture of porous microspheres are then presented.

2.2 Magnetic biomedicine

2.2.1 Introduction

This project is concerned with the potential of magnetic (bio)materials at the
microscale. Over the past few years biomedical research and clinical studies have
focused on magnetic particles at the nanoscale, with very limited attention to micron-
sized particles. It is well-known that magnetic nanoparticles once exposed to a
magnetic field display superparamagnetic expression that results in magnetic
saturation and delivery of heat [66]. Additionally, due to their nanometric scale, their
mobility within the bloodstream could be manipulated via an external magnetic field
[67]. Hence, magnetic nanoparticles are attractive for biomedical applications, such as
targeted drug delivery, magnetic resonance imaging (MRI) applications & magnetic
mediated hyperthermia [18, 68-74]. Regardless of the potential of magnetic
nanoparticles, magnetic microspheres also present remarkable advantages for a
range of biomedical applications. In this context, this section overviews magnetite

nano- and microsphere market growth, commercial iron oxide-based medicines and
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associated clinical trials. Delivery routes for magnetic micro- and nanoparticles are

discussed later in the present section.

2.2.2 Global healthcare market: Magnetic micro- and nanoparticles

According to Deloitte, by the year 2025, medicine will undergo a paradigm shift, with
clinicians basing their diagnoses and treatment decisions on predictive, preventative,
personalised and participatory (4P) medicine. This will result from technological and
scientific advancements in: digital therapeutics, genomics, epigenetics, artificial
intelligence and nanotechnology [75]. Further, Deloitte predicts that by 2040,
worldwide healthcare expenditure (~$8.3 trillion) will be aimed at prevention, and early
detection and treatment methods for disease [76]. According to Grand View Research,
Inc., the global magnetic beads market size (including both magnetic micro- and
nanoparticles) was valued at ~ $2.79 billion in the year 2021 and predicted to grow at
a compound annual growth rate (CAGR) of 11.6% from 2022 to 2030 [77]. It is noted
that market expansion has been driven by the healthcare sector, with increasing
investments in research to develop more cost-effective therapies with fewer side-
effects, e.g., drug-delivery systems and drug carriers; and in vitro diagnostic

applications such as cell-separation techniques.

2.2.3 Commercial iron oxide-based medicines

2.2.3.1 Iron-oxide diagnostic agents

Iron-oxide particles have demonstrated preclinical and clinical potential as MRI
contrast agents. At present, many iron oxide-based diagnostic agents have been
developed for the market (Table 2.1), from which only one remains available for MRI
(Ferucarbotran) and one for non-MRI clinical applications (Sienna+), a dextran-coated

superparamagnetic iron oxide nanoparticle product, injected intravenously into the
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Table 2.1 Commercial iron oxide particles developed for clinical diagnoses

Core Detection . Commercial
Name/Brand IOP type size/Dy (nm) system Application status Reference
1 et T™M
Ferucarbotran (Cliavist™, - op5\ _10/60-80 MRI L, S, MRA, CTL Available [71, 73, 78]
Resovist®)
Discontinued for

Ferumoxytol (Feraheme®, 5 L, LN, MRA, M, I, MRI / Available [71, 73, 78,

Rienso®) USPION 6.7/20-30 MRI CTL, BT,BL, S for anemia 79]
treatment
Magtrace (Sienna+) SPION -I~60 Sienna+ LN, BRC A"é‘ﬂf‘:;‘z n [71, 80]
Ferucarbotran C (SHU — ,qp 0y 3-5/20-25 MRI MRA, CTL, M Discontinued [73]
555C, Supravist)
Feruglose (Clariscan®) USPION 5-7/11-15 MRI L, LN, P, MRA Discontinued [71, 73, 78]
Ferumoxtran-10 L, LN, S, MRA, M, . .

(Sinerem®, Combidex®) USPION 4-6/20-50 MRI CTL, BT Discontinued [73, 78]
Ferristene (Abdoscan) MIOP -/~3500 MR Gl D'Sggé'g)“ed [71, 73]
Ferumoxide (Feridex®, 4.5-5.6/50— Discontinued [71, 73, 78,

Endorem®) SPION 100 MRI L. S, BM, CTL, BT (2008) 79, 81]
Ferumoxsil (Lumirem®, Discontinued [71, 73, 78,
GastroMARK®) MIOP /300 MRI Gl, MRA (2012) 79]

VSOP C184 USPION 4-5 MR L, MRA, CTL, M Stopped [73, 78]

development
Abbreviations: iron oxide particle (IOP), micron-sized iron oxide particle (MIOP), superparamagnetic iron oxide nanoparticle
(SPION), ultrasmall superparamagnetic iron oxide nanoparticle (USPION), hydrodynamic diameter (Du), magnetic resonance
imaging (MRI), gastrointestinal (Gl), liver (L), spleen (S), magnetic resonance angiography (MRA), bone marrow (BM), lymph node
(LN), macrophage (M), cell tracking and labeling (CTL), perfusion (P), brain tumor (BT), inflammation (1), sarcoma (S), brain lesions
(BL) and breast cancer (BRC).
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tissue of patients with suspected breast cancer, for sentinel lymph node biopsy
imaging. This diagnostic agent is detected with an independent SentiMag®

magnetometer, rather than MRI [71].

However, regardless the clinical success of those products for MRI, the majority
of iron-oxide based products have been discontinued commercially. One of the main
concerns that have limited healthcare providers to incorporate iron-oxide based
products into regular practice is related to toxicity concerns issued by the Food and
Drug Administration (FDA) [73]. For example, ferumoxytol administration studies
revealed small, but quantifiable, risks of serious adverse reaction effects (0-1%) and
anaphylaxis (0.02-0.2%) [81-84]. Nowadays, Ferumoxytol is approved specifically for
use only in adults with iron deficiency anaemia, in patients with chronic kidney disease
[85]. Moreover, radiologists are not as familiar with dark contrast imaging generated
by iron oxides in transverse relaxation time (T2). Thus, misinterpretation of dark
contrast enhancement may result in erroneous diagnosis [86]. Another issue relates
to the reluctance of pharmaceutical companies to manufacture iron-oxide contrast
agents [87]. The demand for iron-oxide contrast agents is low because their diagnostic
utility is usually questioned when compared to conventional contrast agents.
Regardless of the discontinuation of some iron-oxides for MRI applications,
researchers have continue working to develop a new generation of contrast agents

with no notable toxicity and higher blood circulation times [73].

2.2.3.2 Iron-oxide therapeutic agents

For therapeutic applications there are two iron oxide-based agents available
(Table 2.2). NanoTherm® is an agent, commercialized in Europe, for the magnetic
fluid hyperthermia treatment of brain tumours. Once the particles are injected into the
tumour, they are heated to a temperature of ~44.6°C, generating heat within the
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tumour whilst avoiding damage to surrounding healthy tissue. Conversely, Feraheme®
(Ferumoxytol) is a treatment for iron deficiency anaemia in adult patients with chronic
kidney disease, as approved by the FDA in the United States [71, 79], as previously

stated.

Table 2.2 Commercial iron oxide particles for clinical treatment.

Core size/ L Commercial | Referen
Name/Brand | IOP type D (nm) Application status ce
Ferumoxytol USPION 6.7 /20-30 IDA Available
[71, 78,
(Feraheme®, 88]
Rienso®)
NanoTherm® USPION -/15 MHT for BT Available [10, 71,
88]
Magnablate | N/A N/A MHT for PC  Clinical trials
[71, 89]
completed

Abbreviations: ultrasmall superparamagnetic iron oxide nanoparticle (USPION),
hydrodynamic diameter (Dn), iron deficiency anemia (IDA), brain tumor (BT),
magnetic hyperthermia (MHT), prostate cancer (PC)

Indeed, the use of iron oxides is becoming more important in medical imaging
and the treatment of cancer and other diseases. In particular, magnetic hyperthermia
treatment represents a promising approach for cancer therapeutics, with a small

number of products now on the market or in clinical trials (Table 2.2).

2.2.4 Magnetic particles — Clinical trials

The clinical trials indexed on clinicaltrials.gov (U.S. National Library of medicine,

2022), identified against the term ‘iron oxide’, totals 208 studies, focused mainly on
diagnostic applications via MRI. An overview of the status of these clinical trials is

presented in Table 2.3.
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Table 2.3 Overview of ‘iron oxide’ related clinical trials (clinicaltrials.gov, 2022) [90].

Clinical phase

Phase 0/ early phase 1 Phase 1 Phase 2 Phase 3 Phase 4 Not defined
8 27 36 44 37 47
Status
Not yet Recruiting = Enrolling by  Active,not  Suspended Terminated Completed Withdraw Unknown
recruiting invitation recruiting
6 26 2 4 2 18 112 14 23
Main conditions
Anemia / such as iron- Kidney Renal Neoplasm Heart disease  Gastrointestinal Carcinoma
deficiency, hypochromic  diseases insufficiency diseases
100 38 36 19 16 14 11
Type of cancer
Breast Pancreatic  Liver Prostate Leukemia Lung Osteosarcoma Kidney Colon and rectal
12 2 4 5 3 1 1 1 1
Iron oxide-based brand
Ferumoxytol  Ferucarbotran Feruglose  Ferumoxtran-10 Magtrace NanoTherm Magnablate
107 45 31 31 9 1 1
Clinical trials per country
United States United Kingdom Rest of Europe Mexico Rest of the world
76 23 49 4 56
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The number of clinical trials, either ongoing or completed, demonstrates the
increasing use of iron oxide-based medicines in modern healthcare. For example,
Sienna+ (commercially available for breast cancer) has also been utilised for sentinel
lymph node visualisation for rectal cancer investigations at Oxford University Hospitals
NHS Trust. NanoTherm® (commercially available for brain tumour magnetic
hyperthermia) is currently on the recruiting stage for prostate cancer treatment in the
U.S. Ferumoxytol has been tested as contrast agent in a Phase 4 pancreatic cancer
study; whilst ferumoxytol and ferumoxtran-10 have been involved in clinical trials for
drug-delivery applications. Further, Magneblate-l was studied for magnetic
hyperthermia of prostate cancer patients at University College London Hospitals.
Additionally, several clinical trials are being directed towards medical imageology, via
MRI. Hence, magnetic particles have been shown to be biocompatible with strong
potential for real-world applications. They offer advantages over non-magnetic
biomaterials, e.g. external magnetic field controllability; theranostic potential; and dual
therapeutic approaches (e.g. drug delivery and hyperthermia) within the same system.
However, further research efforts are needed to improve the efficiency of magnetic
biomaterials in clinical trials e.g., by testing novel magnetic material formulations.
Calcium ferrites, for example, have shown attractive magnetic properties suitable for
healthcare applications (detailed in 2.4.3). Moreover, due to the presence of calcium
within their structure, they have potential to enhance biocompatibility. Nonetheless,
nowadays there are no clinical trials using calcium ferrites. Furthermore, glass-
ceramics are a type of biomaterials that have reached clinical trials for dental
applications. However, no magnetic glass-ceramics are reported. In this context,

novel magnetic biomaterials could be designed into practical morphologies (e.g.,
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microspheres) with size control, highly suitable for delivery in a range of routes,

depending on the target tissue/tumour.

2.2.5 Magnetic micro- and nanoparticles delivery routes

Drugs can be administrated through different routes depending on the target tissue,
physicochemical properties of the drug, or duration of the treatment [91, 92]. In
particular, the administration route depends on the target tissue, drug
pharmacokinetics, and drug permeability. Figure 2.1 illustrates the different routes of

drug delivery.

Ocular

'
Sonoporation Microneedles

Figure 2.1. Schematic of drug delivery routes [93]

For biomedical applications, size is a key feature that determines the half-life of
drug clearance in tissue, for specific target applications. Depending on size, particles
can be used to target specific cell channels, or be engulfed for drug delivery inside

tumour cells. Moreover, they can be delivered through the bloodstream, or via the
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respiratory tract as an aerosol formulation [50]. Table 2.4 presents an overview of

particle sizes and their delivery targets according to size.

Table 2.4 Drug delivery routes & targets of micro- and nanopatrticles

Tissue Delivery Delivery target Particle Reference
route size
um / nm
Bone Intra-tumoral Bone tissue / 60 — 200 [51, 94]
/ Implant Tumour site
Blood Intra-arterial Capillaries ~8 [95]
Hepatic arteries <3 (mm)
Intra-venous Blood stream 10-100 [96]
Tumour site 50 -100
Prostate Intra-tumoral Tumour site 60-200 [97, 98]
/ Implant
Intra-venous Tumour site 15-20
Gastrointestinal | Intra-cavity | Gastrointestinal tract 3-5 [99, 100]
e.g., Oral
Brain | Intra-tumoral | Tumour site | 1520 | [21]
Lung Intra-cavity Tracheo-bronquio >10 [101-103]
e.g., Alveolar region <100 &1-5
inhalable Bronquioles 500-1
aerosol or Alveoli < 250
drops Endothelium <60 - 80
fenestrate
Kidney Intra-venous Glomerulus <5-6 [103, 104]
Filtration diagram <4-6
Perisinusoidal space <50
Liver Intra-arterial | Hepatic vasculature 20-30 [103, 105]
(catheter)
Intra-venous Billiary excretion <6
Sinusoidal sieve < 200
Eye Drops Ocular 1 [106]
Contact lens Respiratory tract <3
Capillaries 2-13
Skin Transdermal Stratum corneum 300 [107]
surface, furrows,
and openings of hair
follicles
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Indeed, magnetic microparticles can be delivered to tumours via intra-tumoral,

intra-arterial and intra-cavity administration, whereas magnetic nanoparticles are

usually delivered intra-venously [10].

Intra-tumoral: Microparticles injected into a variety of tissue tend to remain
where they are delivered [108]. Hence, they are suitable for direct delivery to a
site of interest. For magnetic hyperthermia, magnetic particles may be
subjected to a reheating process, to eliminate newly born malignant cells in
order to prevent tumour reappearance [109]. Hence, the ability to remain in
tissue is crucial.

Intra-arterial: Magnetic microparticles have been used as MRI contrast agents
for arterial-infused chemoembolization [95, 110, 111]. The size of
microparticles aggregates must fall into the range limits of specific blood
vessels, for hepatic arteries no larger than ~ 3 mm, and ~ 8 um for the case of
capillaries (Table 2.4) [95].

Intra-venous: Magnetic nanoparticles, 10 - 100 nm, are optimal for long
circulation times in vivo by intravenous injection [68, 69, 112]. Nanoparticles
smaller than 10 nm are rapidly removed by renal clearance, i.e. kidney filtration.
In contrast, particles larger than 200 nm are sequestered by phagocytic cells in
the spleen, or by macrophage cells in blood, i.e. splenic and liver filtration [70,
113-116]. Broadly, nanoparticles have the virtue of smaller size, which enables
them to cross biological barriers, whilst microparticles rarely cross such
barriers. However, nanoparticles are too small to produce embolic phenomena.
Microparticles can be used to embolise vessels of similar diameter. Hence,
blood flow can be intentionally blocked for diverse medical approaches, e.g.,

chemoembolization of hepatocellular carcinomas [108].
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e Intra-cavity: As summarised in Table 2.4 for inhalable particle delivery,
microparticles =210 pum will deposit in the upper respiratory tract; and
microparticles, 1 — 3 um, will reach the lower respiratory tract, including alveoli
[108]. Indeed, magnetic microparticles have been reported for targeted
pulmonary delivery via aerosol delivery [117, 118]. It is noted that large porous
microspheres can be tailored to reach the lower airways [119]. Further, large
magnetic nanoparticles (~300—400 nm) have shown relevance as magnetic
hyperthermia agents for lung cancer [120]. Small nanopatrticles (<60 nm) will
be inhaled and exhaled [121]. For oral particle delivery, magnetic particles 3.5
pum and 300 nm have been used as contrast agents for MRI applications
(Ferristene and Ferumoxsil, respectively, Table 2.1). However, oral
administration is challenging because most of the magnetic particles will be

excreted [122].

It is noted that magnetic particles can be delivered by a range of routes,
depending on size. For biomedical applications, a combination of particle size and
spherical shape are strongly desired to promote easy flow [123]. In particular,

magnetic biomaterials offer further, high potential for a wide variety of applications.

2.3 Magnetic hyperthermia

2.3.1 Introduction

Magnetic biomaterials have application in many different areas of medicine, including
molecular and cell biology, cardiology, neurosurgery, oncology and radiology [124]. In
this section, emphasis is made on magnetic hyperthermia for cancer treatment.

Synergistic approaches of magnetic hyperthermia with radiotherapy, chemotherapy

35



(i.e., targeted drug delivery) and MRI are also outlined. The state of the art of clinical

magnetic hyperthermia is briefly described.

2.3.2 Magnetic hyperthermia overview

Hyperthermia, a method to induce cancer cell death by raising the temperature of
cancerous regions of the body to 40 - 45 °C, has been widely studied for cancer
treatment [10, 109, 125]. There are three types of hyperthermia treatment: (1) whole
body, e.g., immersion in hot water bath and radiant heat applied by UV; (2) regional,
e.g., patient’s blood is removed, heated and returned into patient’s blood stream,
typically with anticancer therapeutics; and (3) local, whereby heat is generated in
relatively small tumours located within accessible body cavities, such as the
oesophagus or the rectum [109, 125]. In this context, magnetic hyperthermia uses
heat generated by localised ferromagnetic particles exposed to an alternating

magnetic field (Figure 2.2) [7-9].

Magnetic
particles are
delivered

Y

Alternating
magnetic

. h . .
Tumour Tumour

Figure 2.2 Schematic of magnetic hyperthermia.
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Typically, high frequencies in the range of 0.4 — 3000 MHz (i.e., microwave
hyperthermia [126, 127]) are applied in clinical hyperthermia [109, 128-131], in order
to enhance cancer cell death. However, recent investigations aimed to achieve
magnetic hyperthermia at lower frequency levels, in order to avoid direct electrical
stimulation of nerves and muscles, which is avoided if frequencies used are higher
than few hundred kHz, e.g., 135 — 400 kHz [132-134]. These low frequency levels can

be achieved through electromagnetic methods, e.g., induction heating system [129].

2.3.3 Intracellular and extracellular magnetic hyperthermia

The raise of temperature in the range of 40 — 45 °C, referred as hyperthermia, induces
cell death by apoptosis. Apoptosis is a regulated cell death process that plays a
fundamental role in the balance between cell survival and death signalling essential to
prevent disease. Unregulated apoptosis promotes abnormal cellular proliferation and
genetic defects downstream, leading to tumorigenesis [135]. In this context,
hyperthermia promotes cellular alterations, such as protein unfolding and
aggregations; disruption of the cytoskeleton, fragmentation of the Golgi system and
endoplasmic reticulum; a reduction in the number of mitochondria & liposomes; along
with nuclear and cell membrane damages [136, 137]. Moreover, magnetic particles
can also induce cell death by necrosis which occurs when the cancer cells cannot
survive to major external damage (e.g., extracellular magnetic hyperthermia [138] or

thermoablation in temperatures above 45°C [139]).

Beola, et al [140], investigated intra- and extracellular magnetic hyperthermia
in 3D cell culture models. The cell death mechanism activated by magnetic particles
located inside the cells was through apoptosis, whereas magnetic particles
heterogeneously distributed outside and inside the cells triggered cell death via
necrosis. In this context, it is noted that magnetic microparticles (e.g., magnetic
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microspheres) delivered in the cancerous tissue induce cell death by necrosis and
apoptosis (Figure 2.3a), whereas magnetic nanopatrticles, having the virtue of their
smaller size can cross biological barriers (cellular internalisation) to induce cell death
via apoptosis (Figure 2.3b). The mechanisms of cancer cell death via hyperthermia
are now briefly explained.

Cell ( ) L4 Magnetic
(a) membrane b ° nanoparticle

. intracellular uptake

Magnetic microsphere @

Cytoplasm l l’

1 Cancer cell death
by necrosis

Py &y 1
g Cancer cell
death by
‘ apoptosis

Figure 2.3. Schematic representation of (a) extracellular and (b) intracellular

magnetic hyperthermia

2.3.4 Cancer cell death mechanism via hyperthermia

The poor vasculature of solid tumours results from a combination of low pH and
hypoxia, distinct from healthy tissue under normal conditions [109, 125, 141]. These
conditions make malignant cells more sensitive to heat [125], and hyperthermia can
trigger cell death through a number of different mechanisms [7, 109]. For example, (i)

individual proteins have well-defined temperature thresholds for denaturation [10, 109,
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142]. At temperatures in the range of 40 — 45°C, only a small fraction become
denatured. However, with time, some of these proteins can co-aggregate with native
proteins and the level of aggregation increases significantly [109]. Notably, the
combination of heat-induced denaturation and subsequent co-aggregation can affect
several pathways downstream, e.g., the inactivation of protein synthesis, cell cycle
progression and DNA repair [10, 109, 143]. Another mechanism responsible for cell
death is (ii) heat-induced alterations to plasma and sub-cellular organelle membranes.
Whilst sufficient heat application can result in cell death, surviving cells may develop
thermotolerance due to activation of heat shock proteins, proteolytic enzymes, RNA-
and DNA-modifying proteins, etc [109, 125, 144]. Hence, hyperthermia has rarely been
considered as a single modality for cancer therapeutics, primarily due to the
development of thermotolerance (which would make subsequent hyperthermia
treatments less effective) and poor specificity, i.e. equally affecting non-malignant and

malignant cells.

To overcome these challenges, there has been a tendency to investigate
hyperthermia in combination with other therapeutic approaches, e.g., hyperthermia
and radiotherapy (HT+RT) or hyperthermia with chemotherapy (HT+CT) [109, 139,

145].

2.3.5 Hyperthermia combined with radiotherapy

In order to improve their individual efficacies, the synergic modalities of HT+RT and
HT+CT have been investigated. One way to evaluate the effectiveness of radiotherapy
or chemotherapy is through the thermal enhancement ratio (TER), which is the ratio
between the radiation or drug dose needed to achieve a specific endpoint, and the
radiation or drug dose combined with hyperthermia to achieve the same endpoint [109,
145, 146]. Both clinical and preclinical studies demonstrate that TER is highest when
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hyperthermia is delivered in synergy with radiotherapy [109, 125]. In conventional
radiotherapy, the radiation dose required to eradicate all malignant-cell populations
usually cannot be applied because it may trigger long-term secondary effects, e.g.,
tissue-fibrosis or secondary malignancies [145]. However, hyperthermia is a powerful
radiosensitiser, meaning that lower radiation doses can achieve the same local tumour
therapeutic effect, whilst reducing secondary side effects on normal tissue [109, 145].
An example of this is brachytherapy, a type of internal radiotherapy that requires
surgical intervention to deliver radioactive sources (brachytherapy seeds) to specific
cancer sites [55, 147]. This localised method is used usually as a complementary
therapy to conventional surgery, chemotherapy and external, conventional
radiotherapy. However, an issue with permanent brachytherapy seeds is that they
would eventually require surgical removal [55]. However, in real-word applications,
these combined approaches remain challenging, mainly because of the complication

of avoiding cytotoxic effects of HT+RT / HT+CT on surrounding healthy tissue.

Nevertheless, one promising approach to overcome this barrier is magnetic
hyperthermia. For example, magnetic hyperthermia represents an alternative
direction for brachytherapy, through enhancement of the locally injected dose of
magnetic particles combined with simultaneous hyperthermia stimulation [10, 109]. An
important advantage in this case is that the radionuclides do not have to be released,
thus removing the control of release requirement [124]. Furthermore, this approach
represents an exciting area of research, e.g., with the potential to combine

brachytherapy with magnetic particles.
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2.3.6 Hyperthermia combined with chemotherapy

It is well known that chemotherapeutic methods are relatively non-specific.
Consequently, drugs are “wasted” when residing in areas where they are not needed,
often leading to secondary, unwanted side effects. Magnetic particles have been
extensively studied to transport drugs to target tissue, whilst drug release control
would be extremely advantageous once the carrier reached the target (e.g., cancerous
tumour). Drug release can then be triggered via several different mechanisms,
including pH changes in the microenvironment, mechanical forces, near infrared
irradiation (NIR), chemical reduction or magnetic hyperthermia [148]. In particular,
magnetic hyperthermia can improve synergistically the application of certain
chemotherapeutic agents, such as cisplatin, cyclophosphamide and bleomycin [149-
151]. As stated previously, tumours are associated with acid environments and
hypoxia, conditions which sensitise cancer cells to higher temperatures [109]. In a
clinical setting, heat can facilitate perfusion within a tumour, leading to improved
delivery of chemotherapeutic agents and the elevation of oxygen concentrations [109,

125].

Magnetic nanoparticles are considered advantageous for targeted drug-
delivery for many reasons, such as their superparamagnetic properties, remote control
capability, and cellular internalisation, i.e., endocytosis. In order to enhance magnetic
nanoparticles hydrophilic and biocompatibility properties, magnetic nanoparticles are
surface functionalised with a hydrocarbon layer and loaded with drugs for targeted
delivery [152-154]. However, low drug loading capacity is associated with systems
where drugs are attached to the particle surface, with the drugs being lost easily when
they interact with the biological environment. In response, the use of polymers coating

to protect magnetic carrier nanoparticles are promising for minimising wastage of
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drugs whilst in bloodstream transit [155]. Regardless of the opportunity to coat
magnetic nanocarriers with polymers, it has been reported that immobilising magnetic
particles at tumour sites is likely to be more effective for treatment efficiency, since
they are unlikely to be removed by blood flow due to enhanced permeability and
retention (EPR) effects in tumour vasculature [156]. Porous magnetic microspheres
exhibit ideal storage features, to protect drugs travelling through the biological
environment, thereby avoiding unnecessary waste of drugs during their time in the
body. Further, their strong magnetism means that microspheres can be manipulated
by an alternating magnetic field (AMF) within the vascular system and retained within
the capillaries of the target tissue. Indeed, drug-loaded porous magnetic microspheres

could be injected directly into the tumour for controlled delivery.

2.3.7 Magnetic hyperthermia combined with MRI

The MRI technique presents outstanding sensitivity to detect the magnetic moments
of iron oxide particle protons [124, 157]. This effect is detailed as follows. A steady
magnetic field (~ 1T) is applied to a material, stimulating proton parallel alignment to
the field. The net magnetic moment processes around the direction of this field.
Subsequently, a transverse radio frequency magnetic field (perpendicular to the
steady field) is applied to measure the resultant signal produced by the alignment.
Once the second field is removed, the magnetic moments relax back to their initial
equilibrium state, and this relaxation occurs via two distinct processes, i.e., Tl
(longitudinal relaxation) and T2 (transverse relaxation). In this context, if a region is
decorated with magnetic particles, the relaxation time is reduced; contrary to untagged
regions where relaxation times are faster. Consequently, contrast is produced

between tagged and untagged regions [124, 158].
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Interestingly, the magnetic gradient coils, used for slice selection and image
encoding in MRI systems, can also be employed to apply 3D steering forces on
magnetised particles [159]. This can potentially improve the targeting of magnetic
microspheres in tissue, with MRI integration providing for direct imaging of magnetic
hyperthermia treatment efficacy. Investigations on combined magnetic hyperthermia
/ MRI approaches have been reported. Sanchez-Cabezas, et al [160] evaluated iron
oxide superparamagnetic nanoparticles T1/T2 relaxation times and demonstrated
relevance for dual magnetic hyperthermia and MRI approaches. Shingte, et al [161]
studied the effect of iron oxide nanoparticle shape on hyperthermic and MRI contrast
performance. Salimi, et al [72]developed dendrimer-coated iron-oxide nanoparticles

for breast cancer theragnostic using combined hyperthermia and MRI applications.

Notably, most research attention has been given to superparamagnetic
nanoparticles (instead of micron-scale particles) as contrast agents for MRI [79, 162,
163]. However, recent investigations have shown that micron-sized particles represent
an attractive alternative for medical diagnosis via MRI. For example, Mathieu and
Martel [159] have demonstrated that novel MRI systems, using 10.9 £ 1.6 um
microparticles, can address the limitations of magnetic targeting approaches.
Alternative approaches build on the manufacture of large microsphere platforms,
integrated with magnetic clusters composed of agglomerated superparamagnetic
nanoparticles. For example, Li et al [95] reported on the preparation of
superparamagnetic nanoparticles with therapeutics embedded in a polymer matrix (to
produce microparticles in the range 230 + 35 um), as an MRI particle injection system
with application in human liver chemoembolization. Further, to address some of the
limitations of iron-based MRI cell tracking, Melo et al [164] explored an alternative

imageology modality termed magnetic particle imaging (MPI). Magnetic microspheres
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(0.9 — 1.63 um) were used with multiple iron crystals (5 — 10 nm) distributed throughout
a polymer matrix for cancer cell imaging in mouse brain. Similarly, Li et al [165]
fabricated polyvinyl alcohol (PVA) microspheres (262 — 958 pm) encapsulating
magnetic nanopatrticles for contrast imageology, mediated by iron oxide nanoparticles,

whilst the PVA matrices functioned as embolization agents.

Indeed, most clinical trials exploring iron oxide have focused on MRI
applications, highlighting the potential and importance of these materials as contrast
agents in medical imageology. However, further research and clinical trials of magnetic

microparticles are needed, in particular for magnetic hyperthermia combined with MRI.

2.3.8 Clinical magnetic hyperthermia

Nowadays, the main company promoting iron-oxide based products for clinical
hyperthermia applications is MagForce AG, based in Berlin. The company pioneered
NanoTherm®, an aminosaline coated ferrofluid, along with a clinical AMF system,
NanoActivator®, and associated simulation software, NanoPlan® [10, 109]. Phase 1
and 2 clinical trials using intratumorally delivered superparamagnetic nanoparticles
with simultaneous AMF MagForce® have been reported for patients with glioblastoma
and prostate cancers [10]. However, despite the development of the NanoTherm®
system, multiple ongoing clinical trials, and a large scientific literature on the topic,
magnetic hyperthermia is still not a regular clinical practice, mainly due to its inability
to effectively heat cancerous cells [29]. It is recognised that the action of a single
nanoparticle is insufficient for local hyperthermia [30], with agglomeration of a large
number of superparamagnetic nanoparticles needed to generate sufficient heat to Kill
tumour cells [32, 166]. However, agglomeration can affect the superparamagnetic
expression of such nanoparticles, compromising heat performance [31, 33]. In the
present work, it is proposed a dispersion of micrometre-scale, ferro- or ferrimagnetic
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material, in a suitable matrix, could be used instead of a large number of

superparamagnetic nanoparticles [45].

2.4 Magnetic biomaterials

2.4.1 Introduction

This section overviews iron-based particles, such as iron oxides, calcium ferrites and
magnetic glass-ceramics, most strongly concerned with the present project.

2.4.2 Iron oxides

Compared with other biomaterials, iron oxides exhibit superior magnetic and
biochemical properties, e.g., superparamagnetism (nanoscale particles), ferro- or
ferrimagnetism  (micro-metric  particles), non-toxicity, biodegradability and
biocompatibility. In particular, iron oxide metabolism is readily achieved by heme
oxygenase-1 gene which generates haemoglobin and promote iron cell homeostasis
[18]. Such characteristics provide for effective application across a number of medical
fields [70, 113, 116, 167]. The different oxidation states of iron oxide include: iron (Il)
oxide (FeO), iron (lll) oxide (Fe203) and iron (Il, Ill) oxide (FesOa4). Iron (lll) oxide
(Fe203) exhibits a number of different crystalline polymorphs: a-Fe203, p-Fe20s, y-
Fe203 and ¢-Fe203, as shown in Fe-O binary phase diagram (Figure 2.4). The most
biocompatible iron oxides are maghemite (y-Fe203) and magnetite (FesOas). Of these
two, magnetite (FesOa) is the most commonly used form for biomedical applications

[16, 17].
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Figure 2.4 Fe-O binary phase diagram [168]

2.4.2.1 Magnetite

Magnetite (FesOa) is a cubic ferrite that exhibits ferrimagnetic behaviour. Cubic
ferrites are represented as MFe204, where M is a metal. In the case of Fe3Oa4, Fe ions
exist in both the 2+ and 3+ valence states. The two types of Fe ions have different
magnetic moments; and a net magnetic moment can arise because, for the solid as a
whole, the spin moments are not completely cancelled, i.e. magnetisation arises from
parallel alignment of Fe?* ion moments, whilst the spin moments of Fe3* ions cancel
one another [124, 169, 170]. FesO4 adopts an inverse spinel structure [171] (Figure
2.5a) which “is based on an fcc arrangement of O? in which Fe3* occupy % of the
tetrahedral interstices, and a 50:50 mix of Fe®* and Fe?* cations occupy 1/8 of the
octahedral interstices” [172] (Figures2.5b,c). Magnetite has a Curie temperature of
580°C and a melting point of 1597°C.

46



(b) A-site

Figure 2.5 (a) The inverse spinel structure of Fez0a4 (b) tetrahedral and (c)

octahedral sites. Reproduced from [173]

2.4.2.2 Maghemite

The magnetite phase readily oxidises into maghemite (y-Fe20z3) by weathering or low-
temperature oxidation with partial conversion of all Fe?* (ferrous ions) into Fe3* (ferric

ions) (Reaction 2.1) [174]:

Fes04 + 2H* — y-Fe203+ H20 + Fe2*  (Reaction 2.1)

The oxidation process of magnetite generates cation vacancies in the maghemite
inverse spinel structure (Figure 2.6) upon removal of Fe?*, to compensate for the
positive charges [174, 175]. It is noted that y-Fe20s, a ferric oxide, exhibits similar
properties to magnetite (Table 2.5) including an inverse spinel structure and
ferrimagnetic expression at room temperature [176]. Hence, it is challenging to
distinguish between y-Fe203 and Fe3O4 solely on the basis of their crystallographic

arrangement and magnetic properties [177].
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Figure 2.6 Maghemite (y-Fe203) inverse spinel structure. Light and dark grey

spheres represent tetrahedral and octahedral Fe3* ions, respectively. Oxygen atoms

are represented as red spheres. Black arrows highlight the octahedral Fe-O planes

where the iron vacancies are located [178].

Table 2.5 Summary of magnetite and maghemite properties.

Properties Magnetite Maghemite Ref
Structural Face-centred cubic Cubic inverse spinel with | [179-
geometries inverse spinel octahedral sites vacancies | 183]

Cubic unit cell

0.839 nm 0.834 nm
32 O% jons, 8 Fe?* & 8 | 32 O% ions, 213 Fe3* jons
Fe®* ions on and 23 vacancies.
octahedral sites, and 8
Fe®* ions on

tetrahedral sites

Fe oxidation state

Contains Fe?" and Fe3*

Contains only Fe®*

Magnetic Ferrimagnetic at room temperature with small
magnetic anisotropy
Magnetic saturation 92 76
(bulk) (Am?3/kg)
Curie temp. (°C) 585 655
Melting temp. (°C) 1597 -
Band gap (eV) 0.1 2.0
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2.4.3 Calcium ferrites

Related ferrites, such as NiFe204[22], MnFe204[23], CoFe204[24] and LixFe3xO4 [25]
have also been investigated, to improve magnetic strength and thermal stability.
However, the inherent toxicity of Ni, Mn, Co and Li has limited their application [18].
An alternative approach is to introduce non-magnetic Ca?* into the ferrite crystalline
structure, to generate significant improvements in terms of biocompatibility whilst
maintaining magnetic expression and heating control [34, 35]. Indeed, non-toxic
calcium ferrites metabolise safely within the body [36, 37], making them appropriate
for a range of biomedical applications, including magnetic hyperthermia. As
summarised in Table 2.6, biomedical investigations using calcium ferrites have been
reported in relation to drug-delivery systems [34, 35, 38, 39] and cytocompatibility [34,
36, 38, 40]. Approaches combining metal cations and calcium ferrites for therapeutics

(e.g., magnetic hyperthermia) have also been investigated [35, 37, 41-44].

Calcium ferrites are divided into two crystal phases: brownmillerite ferrite-type
(CazFe20s, dicalcium ferrite, srebrodolskite) and CaFe204 [184]. The CazFe20s
structure derives from the perovskite prototype structure (ABOs3) [185] and presents
ordered oxygen vacancies with alternating layers of corner-sharing FeO® octahedra
and FeO* tetrahedra (Figure 2.7) [186]. This structure provides for the allocation of
various metal cations of diverse valences and has the singular capacity to support
several types of defects. Regarding the functional properties of CazFe20s, it has a
narrow bandgap, ~ 1.8 to 2.2 eV, and exhibits low electrical conductivity at room
temperature, because the majority valence state of the iron in CazFe20s is Fed*, i.e.,
there is a lower concentration of electron (Fe?*) or hole (Fe**) carriers. Furthermore,
CazFe20s exhibits two types of magnetic moment, coming from FeOs4 and FeOs

displaying antiferromagnetic and weak ferromagnetic behaviour, respectively,
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because Fe®* spins are roughly directed along the y-axis, leading to a G-type
antiferromagnetic order [185, 187]. Ca2Fe20s has a melting point at ~1350°C. As

relevant for the present investigation, the binary phase diagram for Ca-Fe-O is shown

is Figure 2.8 [188].

Table 2.6 Overview of biomedical investigations using calcium ferrites.

Calcium ferrite / Description Reference
size
CaFe204/5.2 + 1.2 | Calcium ferrites covered by magnetoliposomes [34]
nm for drug delivery in breast cancer
CaxMg1-xFe204 Magnetoliposomes containing calcium ferrites [35]
(x=0.25, 0.50, for drug release and magnetic hyperthermia
0.75) / <10 nm
CaFe204/5-10 nm Biocompatibility investigations [36]
Ca1-xZnxFe204/ Magnetic investigations on calcium ferrite with [37]
0.97 t0 1.38 um Zn incorporated for magnetic hyperthermia
CaFe204/ 30-60 nm Biocompatibility and antibacterial activity [38]
investigations
CaFe204@PVA Drug delivery system and cytotoxicity [39]
/- evaluation
CaFe204/ 3-6 nm Magnetic characterisation and biocompatibility [40]
studies
Mgi-xCaxFe204 Thermoseeds for magnetic hyperthermia [41]
(x=0.0-0.9)/ applications
10 £ 2.86 nm
NiFe20a4/ Development of nickel ferrite embedded [42]
106 £ 43 nm calcium phosphate nanoparticles for magnetic
hyperthermia and cytocompatibility studies
Zn(1-x)CaxFe204/ Developed calcium ferrites showed relevance [43]
12-14 nm for magnetic hyperthermia
MgxCaxFe204 Cytocompatibility investigations of calcium [44]
(x=0.2-0.8) / 10- ferrites for magnetic hyperthermia applications
14 nm
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(a) Perovskite ABO; (b) Brownmillerite A,B,05

Figure 2.7. (a) Perovskite ABO3s (A = Ca, B = Fe for CaFeO3) and (b) brownmillerite
A2B20s (A = Ca, B = Fe for CazFe20s) crystal geometries (Figure adapted from
[186]). Brownmillerite shows spin ordering with respect to the G-type antiferromagnet
(black arrows) and oxygen vacancies. B cations are shown as yellow spheres, and

oxygen atoms are red spheres.
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Figure 2.8 Equilibrium phase diagram of the Fe>O3-CaO system [188].
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Despite the potential of calcium ferrites for healthcare applications, information
is still limited, thus further efforts are required to validate calcium ferrites as candidates
for clinical trials. Notably, there is no literature reporting on micro-sized calcium ferrites
for biomedical approaches. Hence, the present challenge is to develop calcium ferrites

into practical morphologies for clinical investigations.

2.4.4 Magnetic glass-ceramics

Bioactive glasses are not only of interest to promote the regeneration of soft (e.g.,
skin, nerve, ligament) and hard tissue (i.e., bone) [189-191], but can also be designed
to stimulate growth of new blood vessels (i.e., angiogenic properties) [192].
Accordingly, glass-ceramics are considered to offer great potential in biomedical
applications, including tissue engineering and regenerative medicine. Further,
osteoconductivity, osteoinductivity, and antibacterial properties are characteristic of

many bioactive glass phases [109].

Regardless their angiogenic, osteoconductive, osteoinductive and antibacterial
properties, bioactive glasses lack of the magnetic features of ferro- and ferrimagnetic
materials. Magnetic-glass-ceramics are considered to offer great potential in the
healthcare sector, for hyperthermia and tissue engineering & regeneration
applications [109]. In the context of bone cancer, some treatments for primary tumours
(e.g., osteosarcomas) involve chemotherapy, radiotherapy, and surgery with limb-
sparing or limb amputation [193]. The drawback with this treatment is the surgical
resection of osteosarcoma with wide margins (including normal tissue) [194].
Moreover, malignant cells may leave the primary tumour and form undetectable micro-
metastases at distant areas which ultimately could promote tumour reappearance
[195]. On this basis, bioactive glasses are not only of interest to promote the
regeneration of soft and hard tissue, but also are angiogenic (able to stimulate the
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growth of new blood vessels). Thus, a combination of ferro- or ferrimagnetic materials
(e.g., magnetite) embedded in a bioactive glass system represents a promising

alternative for cancer treatments, particularly mediated via magnetic hyperthermia.

A modern magnetic hyperthermia strategy consists of implanting a bioactive
matrix conjugated with a magnetic phase to work as an internal heat source [196]. To
achieve this goal, there is need for a balance between magnetic properties and
bioactivity, for safe application and performance of hyperthermia. Further, this
approach would facilitate repeated hyperthermia treatment to help safeguard against
tumour regrowth. Accordingly, magnetic bone cements [26], glass-ceramic
thermoseeds [27] and Fe-based nanoparticles [28] have been developed for bone
cancer therapy via magnetic hyperthermia.

In this context, a micro-system combining bone-tissue regeneration, cancer
thermotherapy and biomechanical support, such as the conjugation of an iron oxide
ferromagnetic phase (e.g., magnetite) with a bioactive glass matrix, could provide a
promising approach for cancer treatments mediated via magnetic hyperthermia, e.g.,
targeting bone oncology [46]. It is proposed, as bioactive matrix, the use of phosphate
glass, a type of bioglass in which P20s performs as network former oxide. These
glasses contain PO4 tetrahedron structural units, which are asymmetric by nature
[197]. The tetrahedra in each polymorph are linked to three other tetrahedra via

bridging (P-O—P) oxygens [198] (Figure 2.9).
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Figure 2.9 Phosphate glass structure [199].

Phosphate glasses modified with oxides such as CuO [200], ZnO [201], TiO2

[202] or Fe203 [203] have been explored for biomedical applications.

2.5 Basics of magnetism and magnetic materials

2.5.1 Introduction

This section overviews magnetic materials classifications. Emphasis is made on the
effect of particle size (multi- and single-domain particles), with reference to the
magnetic materials mostly studied in this Thesis. The mechanisms associated with

magnetic particle heat generation are also described.

2.5.2 Classification of magnetic materials

Materials can be classified according to their magnetic response, i.e. as diamagnetic,
paramagnetic or ferromagnetic (ferrimagnetism, superparamagnetism and
antiferromagnetism fall into this category) [204, 205]. Figure 2.10 presents the
magnetic dipole arrangement for each type of magnetism and Table 2.7 provides a

summarise of each type of magnetism.
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Table 2.7. Summary of types of magnetism

Type of magnetism

Description

Reference

Ferromagnetism

A type of magnetic order with a parallel
alignment of intrinsic magnetic dipole
moments or spin of electrons in a crystal.
Ferromagnetic phases with spontaneous
magnetisation even in the absence of an
external magnetic field are achieved below a
critical point, i.e., Curie temperature (Tc).

[124, 206,
207]

Ferrimagnetism

A typical magnetic expression for cubic
spinel ferrites and certain ceramics. This
type of magnetism is observed in systems
where two different types of ions are present
e.g., Fe?* & Fe3* for the case of magnetite.
These two species produce different
sublattices, A and B, influencing each other
through a negative exchange interaction,
resulting in an antiparallel alignment of
magnetic dipoles. Similar to ferromagnetism,
the susceptibility of this type of material is
large.

[208, 209]

Paramagnetism

Materials are weakly attracted to a magnetic
field. In the absence of a magnetic field,
magnetic dipoles are randomly ordered.

When a magnetic field is applied, each atom

dipole aligns with the field.

[210, 211]

Superparamagnetism

Appears in ferro- and ferrimagnetic
nanomaterials. In the absence of magnetic
field, their magnetisation is zero. Once a
magnetic field is applied, the nanopatrticles
are magnetised, similar to paramagnets.
Nonetheless, their magnetic susceptibility is
considerably larger than that of
paramagnets.

[19, 212]

Antiferromagnetism

For this type of magnetism, the material
magnetic moments are spontaneously
ordered. Nonetheless, the net magnetic
moment that is zero or small when
considering the sum of magnetic moments
involved. The classic example for this type
of magnetism is chromium.

[213]

Diamagnetism

This is the weakest kind of magnetic
response. In the absence of a magnetic
field, magnetic dipoles are not present.

Conversely, once an external magnetic field
is applied, a magnetic dipole is produced
with opposite direction of the magnetic field,
i.e., the magnetic field is repealed.

[19, 214]
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Figure 2.10. Magnetic dipoles of magnetic materials in the absence and presence of

an external magnetic field.

Once a magnetic material experiences a magnetic field of strength H, the
individual atomic moments contribute to the general magnetic induction B in the
material:

B = po (H +M) (Equation 2.1)

“‘where po is the permeability of free space, and magnetisation, M = p/V, is the
magnetic moment per unit volume” (i, magnetic moment; V, volume). In general, every
material could be catalogued as a magnetic material since they all respond to
magnetic fields in a certain manner. However, they are most often classified according

to their volumetric magnetic susceptibility, x, which expresses the relationship

between magnetisation, M, induced in the material and magnetic field, H [215]:
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M = xH (Equation 2.2)

In the Sl unit system, yx is dimensionless, whilst M and H are expressed in A/m.
For paramagnets, susceptibility values are typically in the range 1076 to 1071, while
susceptibility values for diamagnetic materials are in the range of =107 to =103, The
negative x value of diamagnetic materials indicates that magnetisation, M, and
magnetic field, H, are in opposite directions for these materials. Conversely,
ferromagnets, ferrimagnets and antiferromagnets exhibit ordered magnetic states
[215]. Figure 2.11 illustrates a comparison between ferromagnetic / ferrimagnetic,
superparamagnetic, paramagnetic and diamagnetic materials where typical
magnetisation vs magnetic field (M-H) hysteresis loop is presented. Additionally,
Figure 2.12 shows the periodic table, indicating magnetic expression of the elements

in the solid state.

Ferromagnetic /
Ferrimagnetic

Superparamagnetic
Paramagnetic
Diamagnetic

<— Magnetisation —

<— Field —

Figure 2.11. Typical magnetization vs field (M—H) comparison of ferromagnetic,
ferrimagnetic, superparamagnetic, paramagnetic and diamagnetic materials. Figure
adapted from [214]. Hc: coercive field; Mr: remanent magnetisation; Ms: magnetic

saturation.
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Figure 2.12. Table of elements and their magnetic properties.

Ferromagnetism occurs in body centred cubic materials, e.g. iron, cobalt, nickel
(Figure 2.12) and alloys composed of these elements. Compared to diamagnetic and
paramagnetic materials, they present higher susceptibility values and durable
magnetic moments, even when the magnetic field has been removed (i.e.,
spontaneous magnetisation). This phenomenon occurs because of atomic spin
moments and associated interactions provoke a joint alignment of magnetic moments.
Consequently, large regions of ferromagnetic crystals exhibit aligned atomic spins
[124]. Once all magnetic dipoles are aligned with the applied magnetic field, then a
maximum value of magnetisation is established, termed magnetic saturation (Ms)
(Figure 2.11) [114, 124, 215]. As soon as the magnetic field becomes weaker, spin
alignment ceases resulting in a decrease in material magnetization. For the case of
ferromagnetic materials, when the magnetization value becomes zero, i.e. when the

magnetic field has been removed, the material still presents a residual magnetic
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moment, i.e., remanent magnetisation (Mr). To bring the material magnetisation back
to zero, a magnetic field in the negative direction needs to be applied, and the
magnitude of this field is termed the coercive field (Hc) [109, 114, 215]. Conversely,
superparamagnets exhibit no hysteresis for their magnetization curves, and an overlap

of magnetization curves at different temperatures [215].

2.5.3 Multi- and single- domain particles

A domain is essentially an association of spins whose magnetic moments follow the
same direction and act in a coordinated way when exposed to a magnetic field. In bulk
materials, domains are divided by domain walls with specific width and energy related
to their formation and existence [216]. The characteristic movement of domain walls
is the basis of magnetisation reversal, whilst acting as a principal source of energy
dissipation. Figure 2.13 shows the relationship between coercivity in particle systems
and particle size. Large patrticles (above 1 um) are multi-domain particles within which
domain walls form energy-favourably. The magnetisation of multi-domain particles is
associated with the nucleation and movement of these walls. When particle size
decreases to approach a critical size (diameter, Dc), the formation of domain walls
becomes energetically disadvantageous. There are no domain walls in such “single-
domain particles” and magnetisation occurs through coherent spin rotation. As the
particles become smaller than Dc, thermal fluctuations occur in the particle spins and
they are termed superparamagnetic [215]. Table 2.8 summarises Dc values for

different spherical magnetic materials.
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Single Domain | Multi Domain

F 3

Coercivity (H.)

Superparamagnetic Critical diameter

limit (Dc) Particle size

Figure 2.13. Relationship between coercivity and particle sizes. Particles with size
close to Dc exhibit large coercivities. SPM: Superparamagnetism; FM:

Ferromagnetism. Image adapted from [215].

Table 2.8 Critical single-domain sizes (Dc) for spherical magnetic particles [215].

Material Dc (nm)
Co 70
Fe 14
Ni 55

Fes0a4 128

y -Fe203 166

Ferromagnetic and ferrimagnetic materials at the micro-scale (e.g., magnetite
or calcium ferrite microspheres) contain magnetic domains [217] whereas ultra-small,

single-domain nanoparticles display superparamagnetism.

2.5.4 Heating mechanisms for magnetic hyperthermia

For multi-domain, ferro- and ferrimagnetic materials, heating is produced via
hysteresis losses [10, 109]. Multi-domains in large particles exhibit a definite
magnetisation direction. When exposed to a magnetic field, sub-domains with

magnetisation direction along the magnetic field axis grow, whilst others shrink, i.e. a
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domain wall displacement phenomenon. In this context, hysteresis loss is the energy
entrapped in the magnetic materials in the form of remanent magnetisation, which is
then released as heat whilst demagnetisation occurs [218]. In contrast, heat within
single-domain superparamagnetic particles is produced by Néel and Brownian
relaxations [219]. When an external alternating magnetic field is applied, magnetic
moments rotate (Néel mode), and nanoparticles themselves rotate (Brownian
relaxation), and then relax back to the original magnetic field orientation. The rotation
of magnetic moments and the friction produced from particle oscillations leads to a
phase delay between the applied magnetic field and the direction of the magnetic
moments. Consequently, heat is produced [109]. Figure 2.14 illustrates heat

generation mechanisms for multi- and single-domain magnetic particles.

Without Magnetic Magnetic
magnetic field field
field direction direction
3 S X p
Hysteresis Multi-domain
loss magnetic
L particle
( ( =
Néel
relaxation
L Single domain
L superparamagnetic
( N € ~\ nanoparticle
Brownian
relaxation
. I N J . J

Figure 2.14. Heat generation mechanisms in magnetic particles, in response to an
alternating magnetic field. Orange circles represent magnetic particles; short straight
arrows represent magnetic field direction; curved arrows represent movement (solid)

or change in magnetic moment direction (dashed); whilst irregular dashed lines

represent domain boundaries in multi-domain particles. Image adapted from [10].
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2.6 Manufacture of magnetic porous microspheres

2.6.1 Introduction

Magnetic particles have great potential in the biomedical field. Hence, it is necessary
to develop these materials into practical morphologies for clinical strategies. For
healthcare applications, spherical morphologies provide physical advantages over
non-spherical, i.e., irregular shaped particles (ISP), with uniform size and shape
facilitating transport and/or delivery to the target tissue, combined with functionalised
surfaces allowing for the attachment of therapeutic coatings with increased rates of
degradation and ion release. Porous microspheres with large surface areas can be
manufactured, with external and internal pores (usually interconnected), to enhance
cell attachment, proliferation and ion release [56]. In addition, porous microspheres
enable payloads (for drugs, cells, biologics, etc) to be incorporated onto the surfaces
or within the pores [47, 48]. The International Union of Pure and Applied Chemistry
(UPAC) classifies porous materials according to their pore sizes [48]: microporous (<
2 nm), mesoporous (2 — 50 nm), macroporous (50 — 200 nm) and gigaporous (= 200

nm).

2.6.2 Porous biomaterials preparation methods

The manufacture of porous structures is dependent strongly on the type of material
employed. In this section, attention is placed on glass and/or ceramic material
processing methods. Table 2.9 summarises advantages and disadvantages of porous
biomaterial processing methods. Approaches such as polymer foam replication, sol-
gel, gel-cast foaming or solid free-form (3D printing) are typically employed. It is noted
that most of the methods used for the manufacture of ceramic and/or glass-based
porous biomaterials (with the exception of the flame spheroidisation process) involves

a final consolidation step: i.e., high temperature sintering. For the case of bioglasses,
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this is a crucial issue because devitrification of the material whilst sintering (i.e., sinter-
crystallisation) may lead to a decrease in the bioactive properties of the glasses [220,
221]. Also, sintering at too low temperatures can produce materials with poor
mechanical properties. Moreover, these methods generally involve numerous

processing steps which can be time-prolonged and laborious [53].
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Table 2.9 Summary of glass and/or ceramic porous biomaterials preparation methods.

Preparation Advantages Limitations Ref
method
Sol-gel foaming | Scaffolds with high surface area; final porous High brittleness; involves numerous processing [59,
structure can be designed by tailoring steps which can be time-prolonged and laborious 222,
process parameters, e.g., glass composition, 223]
type of surfactant, catalyst, and temperature;
interconnected porosity
Gel-cast foaming The strength-to-porosity ratio is higher Complex process and laborious (multiple steps: [60,
compared to that of the porous ceramics premixing, casting, drying, and sintering). Risk of 224]
prepared by other processes shrinkage during drying, and disappearance of
bubbles
Polymer foam Porosity levels ~ 90 vol. % in trabecular Post thermal dissolution of space holders or [53,
replication structures, which are similar to that of sacrificial polymer templates, not only can result in 61,
cancellous bone (>100 pum). contamination of the porous products, but also 225]
affect their mechanical and physical properties
Thermally Simple method; high levels of porosity (97 Possibility of residual solvent; small scale [222,
induced phase vol. %) can be obtained by tunning process production; time-prolonged 226]
separation parameters
Freeze drying High compressive strength compared to other | To obtain suitable pore diameters for bone tissue [224,
methods; environmentally friendly; pore size engineering using only water is not possible, 227]
range control; low sintering shrinkage hence, additional solvent is required, e.g., 1,4-
dioxane, or camphene
Additive Complex internal features of macroporous Multiple steps are required such as data- [62,
manufacturing structures can be easily tailored using acquisition, design/modelling, ink preparation, 228-
e.g., 3D printing computer-aided design (CAD) printing and post-process treatments such as 230]
drying or sintering; high cost
Flame Rapid, single-stage process; high levels of High-energy required; number of processing [53,
spheroidisation interconnected porosity; potential for large variables (gas flow ratio, precursor-to-porogen 63,
scale-production of porous and dense mass ratio, etc.); relatively new for ceramic porous | 231]

microspheres; low cost

materials with limited literature available.
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For the case of magnetic materials, mesoporous particles have been
developed. Ruiz-Hernandez, et al [232] synthesised magnetic mesoporous silica
microparticles with incorporated hematite nanoparticles using the evaporation induced
self-assembly method, assisted by an aerosol technique. Drug loading and release in
vitro studies of developed microparticles provided evidence of the suitability of these
materials for magnetic drug delivery applications. Gao, et al [233] reported on
poly(ionic liquid) — silica - iron oxide composite mesoporous microparticles, developed
through sol-gel method and self-assembly by magnetic solid-phase extraction. Li, et
al [234] manufactured ammonium bromide FesOas-based core-shell magnetic
mesoporous microspheres via sol-gel method. Moreover, a strategy that consists of
agglomerating magnetic nanoparticles and coating them with cetyltrimethyl
ammonium bromide, to develop core-shell structures, has been proposed by Liu [235].
Similarly, Gao et al [236] prepared polymer porous particles hosting drug and FeszOa4
nanoparticles via an electrospinning technique. Notably, some of these investigations
used irregular-shaped particles, instead of microspheres. Moreover, multiple steps

were needed, making the processes prolonged.

Alternatively, the single-stage, flame spheroidisation process is a unique, fast,
cost-effective [47] and promising technique for the large-scale manufacture and
production for porous ceramic and/or glass, magnetic microspheres with high levels
of interconnected porosity. The flame spheroidisation process has been used for the
production of highly porous glass microspheres [53, 57, 231, 237-241], and more
recently for ceramics [63]. However, the need for parameter optimisation is
recognised, for the controllable flame spheroidisation of glass-ceramic and ceramic,

porous microspheres.

65



2.7 Concluding remarks

Magnetic hysteresis, present in multidomain materials, is a significant feature for
localised magnetic hyperthermia applications. In this context, the present project
contributes towards the development of novel microstructure therapeutics, employing
multidomain microspheres to maximise the effectiveness of potential treatments whilst
minimising side-effects. The development of multidomain microspheres (both, dense
and porous) via a rapid flame-spheroidisation process, with particular attention to
parameter-space for this process (FesO4 precursor size, magnetite-to-porogen mass
ratio, and oxygen-acetylene gas flow setting), aims to impart control over composition
(FesOa, CazFe20s, P40-Fes04), size and shape, (dense microspheres ~ 20 — 100 pm;
porous microspheres ~ 100 — 200 um), porosity levels (~ 1 to 60 um) and coercive
field strengths (~ 0.5 — 10 kA/m) of the products. The opportunity to design these
microspheres with inner and external porosity would also bring the possibility to
enclosure and deliver chemotherapeutic agents, making them potential candidates for
local magnetic hyperthermia (40 — 45°C), MRI, and drug-delivery in a single micro-
system. The magnetic hyperthermia / drug delivery combination can also improve
synergistically the application of certain drugs. Additionally, the heating of multidomain
microspheres via an induction heating system with low frequency level (135 — 400
kHz) fits within the clinically accepted range for magnetic hyperthermia [132-134].
Furthermore, it is considered that combinations of iron oxides with bioactive glasses
would allow microspheres to remain in place within tumour tissue, for repeated
magnetic hyperthermia sessions in a clinical environment, towards the treatment of

e.g., bone or prostate cancer.
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3.0 Materials and methodology

3.1 Introduction

This Chapter outlines the materials and methodology used for the flame
spheroidisation of both dense and porous magnetic microspheres. The preparation
steps followed for the flame spheroidisation of microsphere products, and the
associated cell seeding process, are described in detail. Descriptions of each relevant

characterisation technique are briefly outlined.

3.2 Materials

The starting feedstock comprised as-supplied powders of small iron(ll,Ill) oxide
(FesOa4; < 5 um, 95%; Merck, UK), large iron(ll, Ill) oxide (Fe3Oas; < 45um, 98.1%;
Inoxia, UK); calcium carbonate porogen (CaCOs, 98%; Fisher Scientific UK Ltd); and
chemical precursors used for glass production, i.e., calcium hydrogen phosphate
(CaHPO4), magnesium hydrogen phosphate trihydrate (MgHPO4.3H20), sodium

dihydrogen phosphate (NaH2PO4) and phosphorous pentoxide (P20s) (all Merck, UK).

3.3 Glass formulation

The quaternary phosphate-based glass 40-P20s5-16Ca0-24Mg0O-20Na20 (in mol%),
denoted P40, was produced using the melt-quench technique. 21.8 g of CaHPO4, 41.8
g of MgHPO4.3H20, 24 g of NaH2PO4and 56.8 g of P2Os were placed into a platinum
rhodium alloy crucible (Birmingham Metal Company, U.K.) mixed using a stainless-
steel spatula, and dried at 350°C for 30 minutes in a furnace. The mixture was then

melted at 1150°C for 90 minutes, poured onto a steel plate and left to cool to room
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temperature [237]. The glass was then ground to a fine microparticle powder using a
milling machine (Retsch PM100 Planetary Ball Mill) for 5 minutes and sieved (stainless
steel frame; 203 x 50 mm?; 2 63 ym and 2 125 ym mesh; VWR International) to collect

particles in the size range of 63 — 125 pum.

3.4 Preparation of microspheres via flame spheroidisation

3.4.1 Dense microspheres

Dense microspheres were produced via the flame spheroidisation process (Figure
3.1a) [63]. The particles were flame-spheroidised by feeding into the funnel placed on
top of the spray gun. The first collection tray, placed below the spray gun, was used
to collect unprocessed / unreacted powders, whilst trays 2 and 3 collected
microspheres post flame-ejection. The products were stored in glass vials for detailed
characterisation. The flame spheroidisation system (Figure 3.1b,c) consisted of a
thermal spray gun (MK74, Metallization Ltd, UK) coupled to oxygen and acetylene gas
cylinders, their gas flow settings measured via flowmeters; a stainless-steel funnel;
three rectangular collection trays; and a spray booth. Importantly, gas flow ratios
influence the flame length, which subsequently influences particle residence time, as
the flame length can increase or decrease in size depending on the ratios used.
Figures 3.1d-f show flame length measurements, as a function of gas flow settings 2:2
(Figure 3.1d), 2.5:2.5 (Figure 3.1e), and 3:3 (Figure 3.1f). Notably, flame length

decreases (from ~ 37 to 31 cm) with increasing gas flow setting (from 2:2 to 3:3).
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Figure 3.1. Flame spheroidisation process. (a) Schematic depiction of the flame

spheroidisation process; (b) system set-up showing spray booth, flowmeter and

oxygen and acetylene cylinders; (c) spray gun, funnel and spray booth (boxed in
region (b)); and flame lengths for (d) 2:2, (e) 2.5:2.5 and (f) 3:3 gas flow settings. ((d-

f) images acquired by Md Towhidul Islam [242])
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As summarised in Table 3.1, dense flame-spheroidised materials processed in
this work utilised large and small FeszOs feedstock powders (Chapters 4 and 5,
respectively), along with vortex mixer prepared glass-ceramic powders (P40:Fes0a,

mass ratios of 1:1, 4:1 and 16:1) (Chapter 6).

Table 3.1 Parameters for the manufacture of dense microspheres via flame

spheroidisation

FesO4 P40 Mass ratio Preparation Oxy-acetylene gas
size / um size / um P40:Fe304 flow ratio / arb. units
1.1
<
< 45 (large) 63 - 125 4:1 vortex mixer 2.5:2.5
16:1
< 5 (small) - - -

3.4.2 Porous microspheres

3.4.2.1 FesOs-based porous microspheres

Large (<45 um, 5g) and small (< 5 pm, 5g) iron oxide powders were mixed with
porogen (calcium carbonate, CaCOs, <5 um) (mass ratios of 3:1, 1:1 and 1:3) using a
mortar and pestle, combined with droplets of 2% aqueous solution poly vinyl alcohol
(PVA; Merck, UK) to act as binder, and dried at 37 °C for 24 h. The prepared powders
were flame-spheroidised using O2/C2H:z (gas flow settings of 2:2, 2.5:2.5 or 3:3). A gas
flowmeter (Platon, Roxspur, UK) coupled to the gas cylinders was used to adjust &
monitor the gas flow setting. The microsphere products exiting the flame were
collected, again using glass trays positioned a short distance away from the thermal

spray gun and stored in glass vials for characterisation. The parameters used to
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evaluate the effects of FesOa precursor to CaCOs porogen mass ratio (3:1, 1:1 or 1:3)
and oxy-acetylene gas flow setting on the microsphere products are summarised in
Tables 3.2 and 3.3, respectively. The range of porogen concentrations (3:1, 1:1 & 1:3)
were chosen to investigate the precursor-to-porogen mass ratio effect on the
generation of porous microspheres; to study microsphere products compositional
uniformity; and to compare the actual flame-spheroidised structures in relation to their
anticipated equilibrium phases. Importantly, the selection of the CaO-Fe203 binary
phase equilibrium diagram relates to the chemical reaction pathways involved in the
formation of calcium ferrites, i.e., FesO4 oxidation to produce Fe203, and CaCOs

decomposition to produce CaO and COo..

Table 3.2 Parameters to evaluate the effects of FezO4:CaCOs mass ratio.

Fes04 CaCOs3 Mass ratio Preparation Oxy-acetylene gas
size / ym size / ym Fes;04:CaCOs P flow ratio / arb. unit
3:1
<45 <5 1:1 Mixed with PVA 2.5:2.5
1:3
3:1
<5 <5 1:1 Mixed with PVA 2.5:2.5
1.3

Table 3.3 Parameters to evaluate the effects of gas flow setting.

Oxygen-Acetylene
Preparation gas flow setting /
arb. unit

2:2

Fes04 size / | CaCOs size Mass ratio
pm / um Fe304:CaCOs

<45 <5 1:1 Mixed with PVA 2.5:2.5

3:3
2:2

<5 <5 1:1 Mixed with PVA 2.5:25

3:3
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3.4.2.2 P40-Fe304 porous microspheres

For the case of glass-ceramic microsphere manufacture, 3 g of Fe3O4 (< 45
pm) and 3 g of P40 (63 — 125 um) (1:1 mass ratio) were combined using a vortex
mixer. The P40-Fe304 powders were then mixed with 18 g of CaCOs (as porogen, <
63 um) (1:3 mass ratio). The prepared powders were then processed into porous
microspheres via the flame spheroidisation process (O2/C2Hz: 3:3 gas flow ratio) [63].
The microsphere products were washed using acetic acid (5 molar) for 2 minutes and
deionised water for 1 minute, and then dried at 37°C for 24 h. The resultant
microspheres were then sieved to a size range 125 — 212 um (stainless steel frame;
203 x 50 mm?; = 125 ym and = 212 ym mesh; VWR International) and stored in glass

vials for characterisation.

3.5 Microsphere characterisation

3.5.1 Scanning electron microscopy (SEM)

The SEM characterisation technique is used primarily to image surface topography
[243]. Figure 3.2 illustrates a typical SEM configuration. An electron gun emits a beam
of monochromatic electrons (with energy ranging from 0.2 to 40 keV). The electron
beam is focused by a condenser system to a spot of 0.4 to 5 mm in diameter. The first
condenser lens forms the beam and limits current, whilst a condenser aperture
eliminates unwanted high-angle electrons. A second condenser lens is used for fine
control of the beam. The electron beam travels down the electron-optic column, under
high vacuum, and bombards the sample. Scan coils allow the electron probe to be
rastered over the sample surface. A high vacuum environment is employed to

minimise scattering of the electron beam before reaching the sample [244].
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Figure 3.2 Schematic arrangement of a typical SEM [245].

Once incident electrons are decelerated in the sample, electron-sample
interactions lead to the generation of a variety of signals (e.g., secondary electrons
(SE), backscattered electrons (BSE) and characteristic X-rays), as illustrated in Figure

3.3.
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Figure 3.3 Electron beam-sample interactions [246].

Secondary electrons are those electrons emitted from an atom with kinetic
energies below 50 eV as a consequence of inelastic collisions between the primary
beam and weakly bound electrons (for ionically or covalently bonded materials), or
conduction band electrons (for metals). Since secondary electrons have low energy,
only those generated from a region within a few nanometres of the material surface
are detected. Hence, secondary electrons are used mainly for imaging in SEM, as they

exhibit high levels of spatial resolution and topographic sensitivity [247].

Conversely, backscattered electrons (high energy electrons) are generated as
a result of elastic scattering between primary electrons and atom nuclei. The higher
the atomic number of an element, the stronger the interaction leading to a higher
number of electrons being backscattered. Hence, as an electron beam passes from a
low atomic number area to a high atomic number area, the brightness of the image
will increase, i.e., there is contrast caused by elemental differences, providing locally

74



averaged compositional information on the sample. Topographical information is also
obtained; however, the larger volume associated with BSE signal emission results in

a lower level of spatial resolution, as compared to SE imaging [248].

Characteristic X-rays are generated when an inner shell electron is displaced
by inelastic scattering of a highly energetic primary electron, and is replaced by an
outer shell electron to re-establish charge balance in its orbitals. The ionized atom
returns to its ground state by emitting an X-ray photon, with energy dependent on

atomic number, and hence provides for chemical information [247].

Topographic imaging of flame-spheroidised products was performed using an
FEI XL30 SEM. Micrographs were acquired for Fe3Os-based microsphere products
(5kV; spot size 2.5; 13.3 mm working distance, secondary electron (SE) imaging
mode), and P40-Fes04 microsphere products (10 kV; spot size 5; 25.3 mm working
distance; secondary electron (SE) imaging mode). Differences in the imaging
conditions adopted was due to differences in material electrical properties. Prior to
SEM characterisation, microsphere specimens were mounted onto double-sided
conductive carbon tabs, stuck to aluminium stubs, and (for the case of P40-Fe30a4
samples) coated with ~10 nm of platinum (Agar Scientific, Sputter Coater), whilst
FesOas-based microspheres were imaged uncoated. Measurements of microsphere
size distributions and surface pores diameters were performed using ImageJ 1.51h

software (National Institutes of Health, USA).

Fixed MG-63 cells (Section 3.6) decorating P40-Fe3O4 porous microspheres
(Chapter 6) were imaged using an environmental scanning electron microscope
(ESEM; FEI Quanta 650 ESEM; 10 kV; spot size 5; 6.7 mm working distance; 4.76

torr; 2.0°C; humidity 89.5%).
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3.5.2 Energy-dispersive X-ray spectroscopy (EDS)

Energy dispersive x-ray spectroscopy (EDS or EDX) is a chemical microanalysis
technique used in conjunction with SEM. The detection of X-rays emitted from a
sample during electron beam bombardment [249] reveals the elemental composition
of the analysed volume. As outlined above, once a sample is bombarded by the SEM's
high-energy electron beam, photoelectrons are ejected from the core shells of the
atoms. The resulting electron vacancies are filled by electrons from a higher state, and
characteristic X-rays are emitted, according to the energy difference between two
electron states. The X-ray energy is characteristic of the element from which it was
emitted, thus, each element can be identified uniquely. EDS detectors separate
characteristic X-rays from each element into an energy spectrum, allowing the

abundance of specific elements to be determined [250].

In the present study, energy dispersive X-ray (EDX; BRUKER software, FEI
Quanta 600; 20 kV; 12.9 mm working distance) analysis investigations were performed
to appraise elemental distributions across sectioned microspheres. For EDS
guantification, Bruker software assumed oxides were utilised, with compositional

measurements averaged across different point locations.

For sectioned sample preparation, a test sieve (stainless steel frame; 203 x 50
mm; 32 um mesh; VWR International) was used to filter out particles sized below 32
pm. Sieved microspheres products were embedded in cold epoxy resin and sectioned
by sequential mechanical grinding (400, 800 and 1200 SiC papers) and polishing (6
and 1 pm diamond paste). The polished samples were then cleaned using deionised
water and industrial methylated spirit (IMS) and dried before carbon coating (Edwards

coating System E306A).
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3.5.3 Mineral liberation analysis (MLA)

Mineral Liberation Analyser (MLA) combines large specimen automated SEM, with
multiple EDS detectors, with state-of-the-art automated quantitative minerology
software. MLA was developed to automate the identification of minerals in polished
sections of drill core, particulate or lump materials, and to quantify a wide range of
mineral characteristics e.g., mineral abundance, grain size and liberation; using unique
combinations of high-resolution (0.1 — 0.2 um), BSE image analysis and advanced X-
ray identification techniques to target the analytical requirements [251]. Image analysis
functions related to MLA include particle de-agglomeration and phase segmentation;
whilst for X-ray analysis three techniques are used: i.e. (i) point X-ray: spectrum
acquisition for each grey level identified within a segmented patrticle, (ii) area X-ray:
phase detection through the resulting mixed spectra; and (iii) X-ray mapping:
identification of mineral phases associated phase boundaries. Importantly, the mineral
identification through X-ray analysis requires used of a mineral library, constructed
before an automated run by collection of X-ray spectra for each mineral in the sample.
This ensures that measurement conditions are satisfied, e.g., appropriate beam

energy (keV) [252].

For the case of flame-spheroidised microsphere samples, following sieving and
sectioning, chemical investigation was performed via backscattered electron (BSE)
imaging and SEM-based mineral liberation analysis (MLA; FEI Quanta600 MLA, 20
kV; spot size 7), equipped with energy-dispersive X-ray spectroscopy (EDS; Bruker
software, 12.9 mm working distance) and data acquisition software for automated

mineralogy (Bruker/JKTech/FEl).
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3.5.4 X-ray diffractometry (XRD)

X- ray diffractometry (XRD) is a non-destructive technique that provides specific
information related with crystallographic structure, and by inference, chemical
composition and physical properties of materials [253]. X-ray diffraction is the elastic
scattering of X-ray photons by atoms in a periodic lattice. Scattered monochromatic
X-rays that are in phase give constructive interference (Figure 3.4) and the geometric

criterion for constructive interference is given by Bragg's law (Equation 3.1) [254]:

nA=2dsin6 (Equation 3.1)

where n is an integer; A is the X-ray wavelength; d is the lattice spacing; and 6 is the

diffraction angle.

Figure 3.4 Schematic representation of constructive interference [254]

Semiquantitative analysis relates to the estimation of constituent elemental
concentrations [255]. XRD may be used to determine semi-quantitatively the weight

fractions of constituents.

In this investigation, structural characterisation of the microsphere products

was performed by X-ray diffractometry (XRD; Bruker D8 Advance, Da Vinci design
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with LYNXEYE XE-T detector in 1D mode; Cu Ka radiation (A = 0.15406 nm); 40 kV
and 40 mA,; step size 0.02°; total time/step 29.8 s per datapoint; 21°C). High-
temperature XRD (HT-XRD) (Bruker D8 Advance Series 2 with MRI TC-Basic
temperature chamber; Cu Ka radiation (A = 0.15406 nm); step size 0.050°; step time
2 s; temperatures: 30, 450, 550, 650, 750, 950 and 1050°C; heating rate 10°C/min)
was used to investigate starting powders, as a function of heating. Semi-quantitative
analysis (Bruker DIFFRAC.EVA software) was used to determine weight fractions of

the constituent products.

3.5.5 Superconducting quantum interference device magnetometry (SQUID)
SQUID is a system capable of measuring extremely small magnetic fields with high
precision. A typical SQUID system consists of two superconductors separated by an

insulating material, forming two parallel Josephson junctions (Figure 3.5).
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Figure 3.5. Typical dual junction for SQUID magnetometer.
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A bias current (lp), as applied, locates the |-V curve midway between the
superconducting and normal state (i.e., resistivity) (Figure 3.6a). Insulating materials
(i.e., resistors) prevent hysteresis in the I-V curve. A magnetically coupled field into
the SQUID loop generates screening currents that will increase or decrease I (i.e.,
critical current), as a function of the magnetic field direction. Hence, as the external
field increases/decreases, the voltage will change in a periodic manner, corresponding
to the field (flux) quantum ®, (Figure 3.6b) [256]. Hence, by monitoring the change in

voltage, it is possible to determine the magnetic field.
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Figure 3.6. (a) Josephson junction bias point (I) curve; (b) voltage — magnetic field

at constant bias current [256].

Magnetic characterisation of the flame-spheroidised products was performed
using SQUID (Quantum Design MPMS-3 system; VSM mode; vibration amplitude 1.5
mm; 26.9°C). Before SQUID investigation, the powders were sieved (stainless steel
frame; 203 x 50 mm; 2 32 ym mesh; VWR International) to filter out surplus starting

material, and encapsulated within gelatine capsules, before being mounted onto the
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sample holder. Magnetic units relevant for this investigation are summarised in Table
3.4. High-temperature SQUID (HT-SQUID) (Quantum Design MPMS-3 system; VSM
mode; vibration amplitude 1.5 mm; temperatures: 25, 100, 200, 300, 400, 500, 600
and 700°C; heating rate 5°C min; ultra-high vacuum) was performed to investigate
the magnetic properties of precursor powders, as a function of temperature. Before
HT-SQUID measurement, the powder samples were mixed with a non-magnetic

cement, to glue them to heating sticks.

Table 3.4. Magnetic units (Sl & Gauss) and conversion factors.

Quantity Gaussian Units | Conversion factor | Sl units
Magnetic Field (H) Oe 10%/41m A/m
Mass magnetization (M) emu/g 1 Am?/kg
Magnetic moment () emu 103 JIT

3.5.6 Low frequency induction

Induction heating systems require a conductive coil (in this case a copper-based
solenoid). The application of an alternating voltage in the coil circuit generates an
alternating current (AC) which results in a time-variable magnetic field. The frequency
value for the coil current & magnetic field are equivalent. When a conductive material
is positioned in the proximity of the changing magnetic field, eddy currents are
induced. These induced currents have the same frequency values as the coil current;
nevertheless, their direction is opposite to the coil current. Heat is then generated due

to the Joule effect (1°R) [257]. Figure 3.7 illustrates an induction heating coil circuit.
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In this work, the heating of microsphere products was performed via low
frequency induction (Cheltenham Induction Heating Ltd) (Table 3.5). Glass vials
containing the microspheres were placed at the centre of a water-cooled copper coil
generating an alternating magnetic field, whilst temperature was measured using a
fibre optic sensor i.e., thermocouple (Neoptix Reflex Signal Conditioner). Control

samples of processed Fe3O4 and P40 dense microspheres were also investigated. All

Magnetic flux
»

Eddy current

Alternate current (AC)

Magnetic flux

h

Conductive material

Figure 3.7 Induction coil system.

measurements were recorded in triplicate (n=3).

Table 3.5 Induction heating parameters

Sample Voltage Power Current Frequency
V) (W) (A) (kHz)
P40-Fez04 porous 250 350 14 204
microspheres 100 120 1.2
Fesz04:CaCOs porous 150 120 0.8 204
microspheres (1:1 mass ratio) 35 20 0.6
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3.5.7 Complementary techniques

3.5.7.1 Mdssbauer spectroscopy

The Mossbauer effect (i.e., recoil-free gamma ray emission and absorption) is
the basis of MOssbauer spectroscopy, a technique that measures subtle differences
between the hyperfine interactions of a probe nucleus in a solid material and a
reference solid material. The high levels of sensitivity of this technique was used to
measure the oxidation states of iron, along with its molecular geometries (e.g.,
tetrahedral, octahedral), and range of site occupancies [258]. In the present work,
Mossbauer spectroscopy (room-temperature >'Fe Mossbauer spectroscopy; 26.85°C;
Sheffield Hallam University) was used to investigate the magnetic properties, oxidation
states and crystallographic sites of FeszOs powders, prior- and post-flame

spheroidisation (Chapter 4).

3.5.7.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to monitor and record sample
parameters of mass, temperature and heating time. Typical TGA equipment
generates a thermal curve of the sample mass change, as a function of temperature
or time [259]. In this investigation, thermogravimetric analysis (TGA, SDT Q600; 40 -
1500°C; heating rate 10°C/min; air) was used to investigate Fe304:CaCO3 mixed
powder powders (1:1 mass ratio; non-spheroidised) as a function of heating (Chapter

5).

3.5.7.3 Selected area electron diffraction (SAED) via Transmission

electron microscopy (TEM)
TEM provides for imaging & diffraction modalities for specimen
characterisation. In the diffraction mode, a sample area is illuminated by the electron

beam and an electron diffraction pattern is obtained in the back focal plane of the
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objective lens. For single-crystals, spot patterns are produced; for polycrystalline
materials, a ring pattern is generated; and for glasses/amorphous materials, a series
of diffuse halos are obtained [260]. In this context, the fine-scale structural properties
of flame-spheroidised Fe304:CaCO3 microspheres (1:1 mass ratio; 2:2 gas flow
setting) (Chapter 5) were investigated via using TEM (JEOL 2100+ TEM; 200 kV;
operational mode selected area electron diffraction (SAED)), via automated
acquisition (range of -40 to +40 degrees tilt). Stacked 120 tilted diffraction patterns
were loaded and analysed using Crystallographic Tool Box (CrysTBox) software. Prior
to TEM investigation, the microsphere samples were ground using a mortar and
pestle, dispersed in suspension and deposited onto an amorphous holey carbon film

on a Cu TEM support grid.

3.5.7.4 X-ray photoelectron spectroscopy (XPS)

XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a
non-destructive technique that uses a monochromatic X-ray source to analyse surface
chemical states / bonding, with a sampling depth of 3-10 nm into the surface [261]. In
the present work, complementary XPS (VG ESCALab Mark Il X-ray Photoelectron and
Scanning Auger Spectrometer; Al Ka source; 20 mA; 20 kV; step 1; No. of scans 2;
dwell 0.2; pass energy 50 eV, Constant Analyser Energy mode) studies were
performed to analyse the surface chemistry of flame-spheroidised Fe3z04:CaCO3

microspheres (1:1 mass ratio; 2:2 gas flow setting) (Chapter 5).

3.6 Cytocompatibility investigations
3.6.1 Cell culturing

Microsphere products were sterilised by washing in ethanol (100%) followed by

complete evaporation overnight in a sterile environment at room temperature. The
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human osteoblast-derived cell line MG-63 (European collection of authenticated cell
cultures — ECACC) was seeded onto the microspheres at a density of 10,000 cells/cm?
in 300 uL of standard cell culture medium; comprising Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% foetal calf serum, 1% penicillin and
streptomycin, 1% L-Glutamine, 1% of non-essential amino acids and 1.5% ascorbic
acid. Cells were seeded on 10 mg of sterile microspheres in low-adherent 48-well
plates previously coated with 1% (w/v) solution of poly(2-hydroxyethyl methacrylate)
(poly-HEMA, Merck) and Ethanol 95% in standard cell culture medium. Cells were
incubated at 37°C and 5% COz2, with media refreshed every 48 h. Two independent

experiments were performed, with 3 experimental replicates for each condition.

3.6.2 Cell metabolic activity and statistical analysis

MG-63 cell metabolic activity was evaluated using an Alamar Blue assay at days 2
and 7. Following removal of standard cell culture medium and washing with
phosphate-buffered saline, 300 pL of Alamar Blue solution (1:9
Alamar blue:Hanks Balanced Salt Solution) was added to each well plate and
incubated for 90 minutes at 37°C and 5% COg, followed by a further 10 minutes on a
shaker at 150 rpm. Three aliquots of 100 puL were transferred to a 96-well plate. An
FLx800 fluorescence microplate reader (BioTek Instruments Inc.) was used to

measure fluorescence at 530-nm excitation and 590-nm emission wavelengths.

Two independent cell culture experiments were performed with results shown
as “mean * standard error of mean” (unless otherwise stated). Statistical analysis was
performed using Prism software (version 9.2.0, GraphPad Software, San Diego, CA).
Two-way analysis of variance was calculated followed by a Tukey's multiple
comparison test. Mean difference was considered to be significant at P = 0.05

corresponding to a 95% confidence level.
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At day 7, cells decorating P40-Fe304 porous microspheres were fixed using 4%

paraformaldehyde, prior to ESEM characterisation (as outlined in S3.5.1).

3.7 Summary

In the present Chapter, the general preparation steps for dense and porous
microspheres have been outlined. For the case of dense microspheres, feedstock
Fes3O4 powders, and phosphate-based glass (denominated as P40) / FezO4 mixtures
were manufactured via the flame spheroidisation process. Porous microspheres
were prepared by combining porogen (CaCOzg) with (i) large (i.e., <45 ym) and small
(i.e., = 5 ym) Fes04 powders; and (ii) P40-FeszO4 mixtures. The precursor-porogen

mixtures were flame spheroidised, as a function of mass ratios and gas flow setting.

Furthermore, the characterisation techniques applied have been outlined. The
microspheres were investigated via SEM and XRD to appraise product topographies
and structural properties, respectively, followed by magnetic investigations using
SQUID. For EDS and MLA compositional studies, magnetic microsphere samples
were sieved and cross-sectioned. Induction heating investigations were performed on
microspheres using a high-frequency inductive coil system. Complementary
Mossbauer spectroscopy, TGA, SAED via TEM, and XPS techniques were also
utilised. Cytocompatibility investigations were performed using MG-63 cells seeded
onto microsphere products. Additionally, the effect of heat was investigated on starting

powders using HT-XRD and HT-SQUID.
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4.0 Flame spheroidisation of magnetic microspheres
using Fesz04 (< 45 ym) precursors

4.1 Introduction

The present Chapter initially studies structural transformations and magnetic
properties for (s 45 um) Fes3Oa4 precursor powder using high-temperature X-ray
diffractometry (HT-XRD) and high-temperature superconductive quantum interference
device (HT-SQUID) magnetometry, both under conditions of slow heating rate
compared to the rapid, flame spheroidisation-process. The formation of FesO4 dense
microspheres manufactured via the rapid, single-stage, flame spheroidisation
method, using large sized magnetite (< 45 pym) Fe3O4 feedstock powders, is then
investigated. Later, this Chapter reports on FesOs4 porous microspheres. In this
context, the effects of adding non-magnetic calcium carbonate (CaCOs) porogen for
the production of porous microspheres, are explored as a function of mass ratios
(Fes04:CaCO0s3 3:1, 1:1, and 1:3 mass ratios) and oxygen-acetylene gas flow settings

(2:2, 2.5:2.5, and 3:3).

Scanning electron microscopy (SEM) based techniques, including energy
dispersive X-ray spectroscopy (EDS) and mineral liberation analysis (MLA), were used
to characterise the flame-spheroidised products. The structures of the magnetite
precursor and microsphere products were evaluated using X-ray diffractometry (XRD).
Superconductive quantum interference device (SQUID) and Méssbauer spectroscopy
measurements provided insights into the magnetic properties of the starting powders

and spheroidised products.
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4.2 Fe3z04 precursor powder

Complementary HT-XRD (10°C min-t), and HT-SQUID (5°C min-l) measurements,
both acquired for slowly increasing temperature, provided insights into the oxidation

pathways and magnetic properties of the starting non-spheroidised FeszO4 powders.

4.2.1 Structural transformation as a function of temperature
Comprehensively, HT-XRD data (Figure 4.1) demonstrated a progressive

transformation of FesOa to a mixture of FesO4 (weak peaks) and Fe203 (strong peaks).

A Fe,0, ®Fc,0,
[ h) 1050°C

W&MMWW»WM Ae
. e) 750°C

A d) 650°C
WWMWMWWWMWW c) 550°C
WWW b) 450°C

WMW a) 350°C

25 30 35 40 45 50 55 60 65
2 Theta

Intensity [a.u.]

Figure 4.1 XRD diffractograms illustrating the structural transformation of large (< 45

pm) FeszO4 precursor powders, as a function of increasing temperature.

In particular, Figures 4.1b,c illustrate magnetite crystalline peaks progressively

diminishing with increasing temperature, up to 550°C (red arrows). Small peaks
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started to emerge at 550°C which were attributed to Fe2Os formation (brown arrows).
A summary of the constituent products, as a function of temperature, is presented in

Table 4.1 (whilst noting the possibility of systematic error affecting absolute values).

Table 4.1 Wt% constituents of FeszOa4 (< 45 pm) powder with increasing temperature

measured via semi-quantitative analysis.

Phase | 350°C/ | 450°C/ | 550°C/ | 650°C/ | 750°C/
wt% wt% wit% wit% wt%

FesOs | 85.5 54.3 49.1 13.6 7.7
Fe20s | 145 45.7 50.9 86.4 92.3

4.2.2 Magnetisation as a function of temperature

Complementary HT-SQUID investigations were performed to investigate magnetic
expression of the FesO4 powder as a function of increasing temperature (Figure 4.2).
At room temperature, the FesOs4 powders exhibited high saturation magnetisation
(95.1 Am?/kg), which progressively started to decrease with increasing temperature to
500°C (50.94 Am?/kg). At 600°C, the magnetisation decreased significantly to 13.05
Am?/kg, and at 700°C the magnetisation reached a low of 1.47 Am?/kg. Summaries of
magnetisation values, as a function of temperature, are presented in Table 4.2 and

Figure 4.3.
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Table 4.2 Magnetic measurements for FesOa4 starting powders (< 45 um) as a

function of increasing temperature.

Temperature

25

100

200

300

400

500

600

700

Magnetic
saturation

Am?/kg
(emu/g)

95.08

90.64

82.27

71.71

64.86

50.94

13.05

1.47

Remanent
maghnetisation

Am?/kg
(emu/q)

10.6

9.4

7.9

4.9

2.5

0.4

Coercive field

kA/m

9.5

8.3

6.7

4.4

2.9

0.4

Oe
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Figure 4.2 Hysteresis loops for magnetite precursor powder, as a function of

temperature. Inset figure illustrates a progressive decrease of remanent

magnetisation with increasing temperature.
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Figure 4.3 Graphs showing: (a) magnetic saturation, (b) remanent magnetisation,
and (c) coercive field values for Fe3O4 powders (< 45 um) as a function of increasing

temperature, revealing a decrease of magnetic performance.

Having studied FesO4 precursor powders as a function of temperature, the
following section presents characterisation of the FesOs4 flame-spheroidised

microspheres.
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4.3 Dense Fe304 microspheres

Large magnetite (< 45 ym) powders were used for the manufacture of dense, magnetic
microspheres. Figure 4.4 presents a summary of the methodology used for flame

spheroidisation processing and characterisation of the microspheres produced.

Fe,0, powder (< 45 pm)

'

Without porogen

Oxy-acetylene gas flow setting
(2.5:2.5)

Powders were processed via a flame spheroidisation method

|

Products
characterisation:
Topographical - SEM
Structural — XRD
Magnetic — SQUID &
Mossbauer

A

Products were sieved and sectioned

!

Compositional characterisation: MLA and EDS

Figure 4.4 Flow diagram summarising the processing steps followed for the

manufacture and characterisation of dense, magnetic FezO4 microspheres.

4.3.1 FesOs microsphere topography (unsieved)

SEM was used to investigate the starting feedstock powders and physical size and
form of the spheroidised products. Figures 4.5(a,b) present low magnification
secondary electron (SE) images of the large (< 45 uym) FesO4 starting feedstock

powder and the resultant dense microsphere products (gas flow setting 2.5:2.5),
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respectively, highlighting the morphological transformation of the magnetite
precursors into dense microspheres (20 - 104 um) via flame-spheroidisation. Fig. 4.5¢

presents a size distribution histogram of the microspheres produced.

120
100
a0
60
40
20

Number of Fe O,
mirospheres

[20,40] (40.60] (60,80) (80, 100] (100, 120]
Slze distnbution (um)

Figure 4.5 SE images of: (a) starting FesO4 powder (before flame spheroidisation-
processing), and (b) dense microspheres, post flame-spheroidisation. (c) Size

distribution of the flame-spheroidised, dense, FesO4 microspheres.

Structural investigations of the FesOs precursors and microspheres are

presented as follows.

4.3.2 Structural characterisation (unsieved microspheres)
Figures 4.6(a,b) presents XRD diffractograms for the starting, < 45 ym sized,
magnetite feedstock powder and the resultant dense microsphere products

(unsieved), corresponding to the particle samples shown in Figures 4.5(a,b). The XRD
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data confirmed the presence of the magnetite crystalline structure prior to and post
flame-spheroidisation. Characteristic peaks at 26 = 18.3°, 30.1°, 35.5°, 37.1°, 43.1°,
53.5° 57.1° and 62.7° correspond to the {111}, {220}, {311}, {222}, {400}, {422}, {511}
and {440} lattice planes of Fe3O4 (PDF 01-087-0246), respectively [262]. In addition,
Figure 4.6a revealed the presence of a small peak at 33.4°, attributable to the {104}
spacing for hematite (Fe203), suggesting slight oxidation of the powders during flame-
processing, distinct from the mixture of Fe203 (strong peaks) and FeszOa4 (weak peaks)
signatures shown for the slowly heated precursors (Figure 4.1h). Further, it is noted
that the distinction between magnetite and maghemite by XRD is difficult, as both
phases exhibit a spinel structure and almost identical lattice parameters. In order to
validate the iron oxide phase, the XRD pattern corresponding to FesO4 microspheres
was investigated further by stripping the Ka2 component (Bruker DIFFRAC.EVA
software) for more accurate Ka1 peak positions identification. Figures 4.6(c-j) show
XRD diffractograms, with magnified peak positions, corresponding to the flame-
spheroidised FesO4 products used to compare FesO4 and y-Fe2Os phases. Notably,
for the cases of 26 = 18.3°, 30.1°, 35.5°, 37.1°, 43.1°, 53.5° peaks, the Fe304 phase
is confirmed, as shown in Figures 4.6(c-h). Conversely, for 26 = 57.1° and 62.7°
(Figures 4.6(i-j), respectively) the peaks were shifted slightly, in between Fe3O4 and y-
Fe203 positions. However, maghemite has additional peaks to magnetite, the most
intense ones being at 15.0°, 23.8° & 26.1°, but these were not present in this case.
Hence, the XRD evidence indicates a strong dominance of the FeszO4 phase in the

flame processed products.
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Figure 4.6 XRD diffractograms for: (a) FesO4 microspheres, as compared with (b)

the starting Fe3O4 powder. (c-j) FesOs4 microspheres high-magnification XRD

diffractograms comparing Fe3O4 & y-Fe20O3 peak positions: (c) 18.3 °; (d) 30.1°; (e)

35.5° (f) 37.1° (g) 43.1°; (h) 53.5° (i) 57.1°: (j) 62.7°
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4.3.3 Magnetic characterisation (unsieved microspheres)

Figure 4.7 presents magnetic hysteresis data for the precursor powder and the flame-
spheroidised Fe3Os4 microspheres. Interestingly, both starting magnetite and
processed microspheres revealed similar, strong magnetic saturation values (Table
4.3), whilst noting that the FeszO4 microspheres exhibited significantly lower levels of
remanent magnetisation. Nevertheless, these results are indicative of the retention of
strong magnetic properties for magnetite, processed by the rapid, flame
spheroidisation method at very high temperatures of ~3100°C [63], distinct from the

steady decrease in magnetic properties shown by the slowly heated precursors

(Figure 4.2).
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Figure 4.7 Hysteresis loop curves of starting FesO4 powder and flame-spheroidised
Fez04 microspheres (recorded at 26.85°C). Inset figure provides evidence for
starting powder and microspheres remanent magnetisation.
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Table 4.3 Magnetic saturation, remanent magnetisation and coercive field values of

FesOa4 precursor powder and flame-spheroidised microsphere products (sieved).

Sample Magnetic Remanent Coercive
saturation magnetization Field / Hc
Am?/kg Am?/kg (kA/m) | (Oe)
(emu/qg) (emu/qg)
Starting magnetite 95.1 76 6.9 87
powder
Magnetite microspheres 96.3 0.8 0.5 6.7

Complementary Mdssbauer spectroscopy was used to analyse the magnetic
moments and types of magnetic order. Figures 4.8(a,b) presents Mdssbauer spectra
for FesO4 precursors and flame-spheroidised microspheres, showing two sextets

corresponding to iron sites: tetrahedral A (Fe3*)a and octahedral B (Fe?°*)s [174, 263].
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Figure 4.8 Mossbauer spectra for: (a) starting FezO4 powder; and (b) flame-
spheroidised Fe3z04 microspheres. Pink sextets: two typical A-sites; Blue sextets: B-

sites. (Data acquired by Paul A. Bingham)
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Table 4.4. MOssbauer parameters for FesO4 precursor powder and dense

microspheres. Bnt hyperfine field; & isomer shift relative to aFe.

Sample Valence & Site | Bnf/ 6/ | Arearatio
T |mms”
Magnetite precursor (Fe®*)a 49.1| 0.29 1
(Fe25*)g 45.7| 0.65 1.9
Magnetite microspheres (Fe®*)a 49.8| 0.28 1.9
(Fe25*)g 45.7| 0.66 1

The hyperfine magnetic splitting (Bnr) and centre shift (8) of the fits summarised
in Table 4.4 are consistent with those for FesOa4 from the literature [174, 264]. The
relative area ratios indicated spectral areas of 33 % for the 49 T sextet, and 66 % for
the 46 T sextet. The FesO4 precursor powder spectrum is consistent with this area
ratio, whereas the FeszOs4 microsphere spectrum appears to have these areas
reversed. This may suggest that: (i) the tetrahedral A site is being formed
preferentially; (ii) the octahedral B site is not being formed as readily in the flame-
processed sample; (iii) the B site has been doped with non-iron cations, i.e.,
nonstoichiometric magnetite or (iv) maghemite phase or magnetite/maghemite

mixtures have been formed [265].

The Fe304 microsphere products were then sieved (<32 um) and sectioned, in

advance of investigation of their compositional properties.

4.3.4 Compositional analysis (sieved and sectioned microspheres)

4.3.4.1 Mineral liberation analysis

Figure 4.9a presents BSE images of a representative sieved, resin embedded
and sectioned, flame-spheroidised Fe3O4 sample, confirming a high yield of dense

microspheres. Notably, mineral mapping analysis (Figures 4.9b and 4.10)
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demonstrated very high levels of homogeneity for these microspheres. Associated

modal mineralogy and mineral reference data are summarised in Table 4.5.

Table 4.5. Modal minerology and mineral reference for FesO4 microspheres.

Mineral Modal minerology | Mineral reference (wt%)
Particles | Weight % Fe O
Magnetite (FesOa) 8385 99.9 72.4 27.6

Figure 4.9. (a) BSE image and (b) MLA compositional analysis of dense Fez04
microspheres, following sieving and sectioning, demonstrating very high levels of

Fe3z04 compositional homogeneity (red).
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Figure 4.10 Full MLA compositional analysis of flame-spheroidised magnetite (< 45
um starting powder), following sieving and sectioning, demonstrating very high levels

of compositional homogeneity.

Having noted the uniform composition of flame spheroidised microspheres, the
following section describes, in more detail, the elemental distribution of the products,

as assessed using EDS.

4.3.4.2 Energy-dispersive X-ray analysis

Figure 4.11 presents an EDS analysis performed on the sectioned, dense,
Fe304 microspheres, confirming the elemental distribution of the products. Elemental
guantification was returned as: Fe — 75.95 + 0.38 wt% and O — 24.05 + 0.38 wt%.

(Pure magnetite Fe — 72.4 wt% and O — 27.6wt%, webmineral.com).
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Figure 4.11. (a) BSE image, and (b-d) associated EDS elemental maps for flame-
spheroidised Fe3z04 microspheres (< 45 um starting powder), following sectioning,

illustrating elemental distributions for (b) Fe and O (c) Fe, and (d) O.

Having characterised the FesOa4 starting powders (< 45 ym) and their products
as a consequence of rapid flame-spheroidisation (~3100°C) and comparatively slow
rate of heating (10°C min-t up to 1050°C), it was evident that rate of heating has a
significant effect on the product structural and magnetic properties. The flame
spheroidised microspheres retained strong magnetisation and an FesOa4 crystalline
structure, as distinct from the slow heating of Fes3Os feedstock powders where
magnetic properties were degraded as a consequence of Fe203 formation. The next
section investigates the development of Fe304 porous microspheres, as a function of

precursor-to-porogen mass ratios and gas flow settings.
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4.4 FezO4 porous microspheres

4.4.1 Effect of mass ratio

This section describes the effect of CaCOs incorporation into the magnetite powders
on porosity development. Three different precursor-to-porogen mass ratios, i.e.
Fes04:CaCOs, 3:1, 1:1, and 1:3, were prepared and processed via the flame
spheroidisation technique. Figure 4.12 summarises the processing steps followed for

the manufacture of magnetic microspheres with differing levels of calcium and

porosity.

Fe;0, (<45 pm) : CaCO; (5 pm) mass ratios

L | ,

3:1 1:1 1:3

PVA PVA PVA

Gas flow setting 2.5 : 2.5 |

| |

Powders were processed via a flame spheroidisation method

Products
characterisation:
Morphological - SEM
Structural - XRD

l

Products were sieved (232 um)

Magnetic characterisation: SQUID

|

Sieved products were sectioned

|

Compositional characterisation: MLA and EDS

Figure 4.12 Flow diagram summarising the processing steps followed for the

manufacture of porous microspheres, as a function of Fe304:CaCO3z mass ratio.
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The data showed significant differences across the sample products in terms
of composition, structure and magnetic expression, directly related to the excess /
deficit of iron or calcium incorporated into the microspheres. Surface morphology
differences, in regards of shape and size, were noted among manufactured
Fes304:CaCOs (3:1, 1:1, and 1:3 mass ratios) microspheres, as shown in the following

section.

4.4.1.1 Microsphere topography (unsieved)

Figures 4.13(a-c) present low magnification SE images of flame-spheroidised
Fes304:CaCOs (unsieved), using starting < 45 um sized magnetite particles, and
magnetite to porogen mass ratios of (a) 3:1, (b) 1:1 and (c) 1:3, all samples at a gas

flow setting 2.5:2.5.

Figure 4.13. SE images of flame-spheroidised Fez04:CaCOs3, using starting < 45 pum
magnetite particles. Mass ratios: (a) 3:1, (b) 1:1 and (c) 1:3. (Unsieved). (ISP:

irregular shaped particles)
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Table 4.6 Flame-spheroidised reaction product size range (dense microspheres,
irregular shaped particles & porous microspheres), as a function of magnetite to

porogen mass ratio.

Mass ratio Dense ISP/ Microspheres with
Fe;0,:CaCO, | microspheres / ym Mm surface porosity / ym
3:1 35-180 90 - 260 no
1:1 40-130 230 - 360 230 - 290
1:3 30 -180 30 - 115 no

As summarised in Table 4.6, a 1.1 mass ratio produced a mixture of dense
microspheres and irregular-shaped particles (ISP), along with larger microspheres
showing clear evidence of porosity (Figure 4.13b). A 3:1 mass ratio created a high
yield of dense microspheres with very few irregular-shaped particles (Figure 4.13a),
whilst a 1:3 mass ratio produced a similar yield of smaller dense microspheres and

few irregular-shaped particles (Figure 4.13c).

4.4.1.2 Structural characterisation (unsieved microspheres)

XRD investigations were performed to appraise the structural integrity of these
(unsieved) reaction products, as a function of the flame-processing conditions. Figure
4.14 presents XRD patterns for unsieved flame-spheroidised products, formed from <
45 um magnetite precursor particles, for porogen mass ratios of 3:1, 1.1 and 1:3;
corresponding to the sample sets imaged in Figures 4.13(a-c). Structural analyses
confirmed the presence of varying proportions of Ca2Fe20s (srebrodolskite) (ICDD
PDF no. 00-047-1744), FesOs (magnetite) (ICDD PDF no. 01-087-0244), Fe20s
(hematite) (ICDD PDF 00-033-0664) and CaCOs (calcium carbonate) (ICDD PDF no.

00-047-1743).
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Figure 4.14. XRD patterns for flame-spheroidised Fez04:CaCO3z (mass ratios 3:1,

1:1 and 1:3), processed using large < 45 ym magnetite powder.

As summarised in Table 4.7, a mass ratio of 1:1 produced a strong signature
for Fes0a, with medium signatures for CazFe20s and CaCOs. A mass ratio of 3:1
(Fe3O4 rich) revealed a strong FesOa signature, with a weak presence for Fe20s;
whereas a mass ratio of 1:3 (CaCO3 rich) showed medium signatures for CazFe20s

and FesO4, and a weak signature for CaCOs.

Table 4.7. Summary of the relative proportion of products, as a function of magnetite

to porogen mass ratio.

Microsphere products

Mass ratio Fez04:CaCOs (strong / medium / weak)

Fes304 | Fe203 | CaxFe20s | CaCOs
3:1 S w - -
1:1 S - m m
1:3 m - m W
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In particular, the progression towards higher porogen content (mass ratio from
3:1 to 1:3) was associated with a reduction in magnetite (Fes04) and hematite (Fe203)
peak intensities and a consolidation of intensities attributable to srebrodolskite
(CazFe20s) and CaCOs. For magnetic investigations, the Fe304:CaCO3 microsphere
products were sieved in order to remove excess un-reacted porogen and magnetite

precursor powders.

4.4.1.3 Magnetic characterisation (sieved)

Magnetisation measurements revealed information on the magnetic properties
of flame-processed microspheres and clarified the effect of Fez04:CaCOs mass ratio
on product magnetic expression. Figure 4.15 shows hysteresis loops for flame-
spheroidised products produce with magnetite precursor to porogen mass ratios of
3:1, 1:1 and 1:3. As summarised in Table 4.8, large magnetite powders processed
with a 3:1 porogen mass ratio showed the highest magnetisation saturation value.
Interestingly, the progression towards increased porogen content (mass ratio from 3:1

to 1:3) showed a decrease in magnetisation values.

Table 4.8. Magnetisation, remanent magnetisation and coercive field values of

flame-spheroidised Fes04:CaCOs, as a function of mass ratio.

Mass ratio Magnetic Remanent Coercive Field /
Fe304:CaCOs3 saturation magnetisation Hc

Am?/kg (emu/g) Am?/kg (emu/g) (kA/m) | (Oe)

3:1 95.1 3.0 3.8 47.9

1:1 38.4 2.6 6.8 87.5

1:3 14.6 1.0 7.2 89.8
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Figure 4.15. Hysteresis loop measurements of flame spheroidised products obtained
using Fe304:CaCO3z mass ratios 3:1, 1:1 and 1:3, at 26.85°C. Inset figure provides

evidence for microsphere remanent magnetisation.

The next section presents details of the chemical characterisation of the

microspheres, as a function of magnetite-to-porogen mass ratio, following sectioning

and polishing.

4.4.1.4 Compositional analysis (sieved and sectioned)
4.4.1.4.1 Mineral liberation analysis

Correlated BSE imaging and MLA analyses revealed fine details of the

microsphere morphologies and helped clarify their dependencies on the magnetite-to-

107



porogen mass ratios. Figure 4.16 presents BSE images and mineral mapping
analyses for sieved, resin embedded and cross-sectioned microsphere samples,
prepared using < 45 um magnetite precursor particles; again, corresponding to the
sample sets presented in Figure 4.13. As highlighted in Table 4.9, compositional
differences, as returned using MLA, were evident across the sample set, with a strong

trend towards the development of banded calcium iron oxide (CFO) compositions.

Fe,0, with Ca

MFe,0, MFe;0,withCa ECFO-1 HECFO-2 HECFO-3 MCFO-4 CaCO,
Figure 4.16. BSE images, MLA compositional analyses and charts showing mineral

proportions (wt%) of flame-spheroidised Fe304:CaCOs3 using < 45 pm magnetite
particles: (a) 3:1, (b) 1:1, and (c) 1:3, following sieving and sectioning, illustrating the
developed microspheres, particles and associated minerals obtained. (ISP: irregular

shaped patrticles; CFO: calcium iron oxide)
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Table 4.9 Mineral proportion (wt%) of flame-spheroidised products, as a function of

precursor to porogen mass ratio.

Mass ratio | FesO4/ | FesOs | CFO- | CFO- | CFO- | CFO- | CaCO3z | Number of
Fez04:CaCOs | wt% with 1/ 2/ Sl 4/ /wt% | particles
Ca/ wt% | wt% | wt% | wt% analysed
wt%
8.9 88.4 2.2 0.3 0.2 0.0 0.0 6,157
6.4 5.8 37.3 | 44.6 3.4 0.6 1.8 8,327
4.8 2.9 1.7 3.2 76.3 3.2 7.9 35,626

==
wlala

Associated molar concentrations and mineral references data, and colour

codes (as a function of Fe/Ca excess/deficit) are summarised in Figure 4.17 and Table

Fe,0,
Ca >

Figure 4.17. Mineral colour code as a function of Fe/Ca excess/deficit

4.10, respectively.

Table 4.10 Molar concentrations and mineral references (weight percentage).

Mineral Molar constituents (wt%) | Mineral reference (wt%)
CaO Fe203 Ca Fe (0] C
Fes30a4 N/A N/A 0 72.4 | 27.6 0
Fes3O4 with Ca 12 88 3.6 | 738226 ] 0
CFO-1 28.5 71.5 96 | 673|231 ] 0
CFO-2 40.7 59.3 151 1613|236 | 0
CFO-3 48.3 51.7 191 | 57 [ 239 | O
CFO-4 82.4 17.6 484 1 289 | 226 | O
CaCOs3 N/A N/A 40 0 48 12
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Figures 4.16(a-c) present BSE images and MLA analyses of sieved, resin
embedded and sectioned, flame-spheroidised products formed from large magnetite
precursors (<45 uym). A 1:1 mass ratio (Figures 4.16b, 4.18, and Table 4.11) revealed
a mixture of two dominant CFO levels (denominated as CFO-1 and CFO-2, Table 4.9)
throughout the flame-spheroidised products, comprising dense and porous
microspheres. Interestingly, the porous microspheres revealed more than one mineral
(non-uniform), distinct from the dense microspheres (uniform). Comparatively, the
porogen-rich sample (1:3 mass ratio, Figures 4.16c¢, 4.19, and Table 4.12) developed
a more uniform sample composition with a high concentration of CFO-3 (Table 4.9),
with a mixture of dense microspheres and, interestingly, a few microspheres with
tentative signs of porosity (not visible on the surface), and residual (unreacted)
porogen. In contrast, precursor-rich products (mass ratio of 3:1, Figures 4.16a, 4.20,
and Table 4.13) showed a strong yield of dense microspheres with highly uniform
composition (Fe3O4 with Ca, Table 4.9), and some residual large magnetite powder (<

45 pm).
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Figure 4.18. Full MLA compositional analysis of flame-spheroidised Fe304:CaCOs
(mass ratio 1:1), following sieving and sectioning, demonstrating high levels of CFO-

1 and CFO-2.

Table 4.11 Modal minerology for flame spheroidised-Fez04:CaCOs (mass ratio 1:1).

Mineral Particles | Weight %
Magnetite (Fe30a4) 2129 6.4
Magnetite with Ca 1313 5.8
CFO-1 1455 37.3
CFO-2 1407 44.6
CFO-3 729 3.4
CFO4 435 0.6
859 1.8
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Figure 4.19. Full MLA compositional analysis of flame-spheroidised Fez04:CaCOs3
(mass ratio 1:3, CaCOs rich), following sieving and sectioning, demonstrating high

levels of CFO-3.

Table 4.12 Modal minerology for flame spheroidised-Fez04:CaCOs (mass ratio 1:3).

Mineral Particles | Weight %
Magnetite (Fe30a4) 3681 4.8
Magnetite with Ca 4489 2.9
CFO-1 2907 1.7
CFO-2 1728 3.2
CFO-3 5533 76.3
CFO-4 4281 3.2
13006 7.9
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Figure 4.20. Full MLA compositional analysis of flame spheroidised Fez04:CaCO3
(mass ratio 3:1, FesOa rich), following sieving and sectioning, demonstrating high

levels of FeszO4 with Ca.

Table 4.13 Modal minerology for flame spheroidised-Fez04:CaCOs (mass ratio 3:1).

Mineral Particles | Weight %
Magnetite (Fe3Oa4) 2115 8.9
Magnetite with Ca 3185 88.4
CFO-1 520 2.2
CFO-2 124 0.3
CFO-3 151 0.2
CFO-4 34 0.0

28 0.0
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In particular, it is noted that progressive increment of porogen content
(magnetite to porogen mass ratio from 3:1 to 1:3) consistently resulted in elevated
levels of Ca and lower levels of Fe throughout these microsphere products. In the
following section, elemental mappings confirming Fe/Ca distributions within the
magnetic microspheres, as a function of precursor-to-porogen mass ratio, are

presented.

4.4.1.4.2 Energy dispersive X-ray analyses
Complementary energy dispersive X-ray analysis investigations were
performed to appraise the Fe/Ca elemental distribution among the Fez04:CaCOs3
microsphere samples (mass ratios 3:1, 1:1 and 1:3). Figure 4.21 presents Cross-
sectioned, BSE images and elemental maps for the Fe304:CaCOs3 mass ratio 1:1
microsphere specimen. Table 4.14 summarises the molar concentrations (CaO and
Fe203) of the products. The porous microsphere of Figure 4.16b also indicated the Fe

/ Ca concentration variabilities.
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Nonzuniform porous
microsphere

Figure 4.21. (a) BSE image and (b) elemental maps showing (c) calcium, (d) iron,
and (e) oxygen for Fe304:CaCO3 microspheres (mass ratio 1:1), following sieving
and sectioning, illustrating porous and dense microspheres, comprising a mixture of

Fe / Ca compositions.

Table 4.14. Weight percentage constituents and suggested equilibrium phases for

Fe304:CaCOs microspheres (mass ratio 1:1).

Number Name CaO wt% | Fe, O, wt% | Equilibrium phases
1 Fe excess | 27.0+8.4 | 73.0 £ 8.4 | Ca,Fe, O, + CaFe,O,
2 Ferich |48.7+46| 51.3+4.6 | CaO + Ca,Fe,O,
3 Carich (589+0.8| 41.1+0.8 | CaO +Ca,Fe,O,
4 Caexcess | 71.2+7.8| 288+7.8 | CaO + Ca,Fe,O,
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For the case of porogen-rich samples, Fe304:CaCO3 mass ratio 1:3 (Figure
4.22), BSE and elemental maps showed evidence for both, dense and porous, highly
uniform microspheres. Despite the presence of few un-reacted, magnetite particles
embedded within porous microspheres (Figure 4.22b), this sample provided higher-
levels of compositional uniformity when compared to the mass ratio 1:1 sample. As
summarised in Table 4.15, the sample comprises un-reacted magnetite and porogen

powders and reacted “Ca rich” regions.

Figure 4.22. (a) BSE image and (b) elemental maps showing (c) calcium, (d) iron,
and (e) oxygen of Fe304:CaCO3z microspheres (mass ratio 1:3; CaCOs rich),

following sieving and sectioning. (ISP: irregular shaped particle)
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Table 4.15. Weight percentage constituents and suggested equilibrium phases for

Fe304:CaCOs microspheres (mass ratio 1:3).

Number | Name CaO wt% | Fe,O,wt% | Equilibrium phases
1 Magnetite | 3.4+2.3 | 96.6+2.3

Fe304 + Fe203
2 Carich | 57.6+4.4 | 424+45 | CaO + Ca,Fe,O,
3 Porogen |86.3+10.1|13.7+10.1| CaO + Ca,Fe,O,

Figure 4.23 shows BSE and elemental maps of the sectioned precursor-rich
Fes304:CaCOs sample (mass ratio 3:1), indicating improved levels of compositional

uniformity (Table 4.16). Interestingly, low levels of calcium (Figure 4.22b, green dots)

are observed within the dense magnetite microsphere bodies.

Figure 4.23. (a) BSE image and (b) elemental maps showing (c) calcium, (d) iron,
and (e) oxygen in Fez04:CaCO3z microspheres (mass ratio 3:1; Fe3Oa4 rich), following
sieving and sectioning, revealing calcium distributed within the iron oxide

microspheres.
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Table 4.16. Weight percentage constituents and suggested equilibrium phases for

Fe304:CaCOs microspheres (mass ratio 3:1).

CaO wt% | Fe, 0, wt% | Equilibrium phases
14.0+ 1.8 | 85.9+1.8 | CaFe204 + Hematite

Having studied the effect of precursor-to-porogen mass ratio on microsphere
properties, the next section is concerned with the effect of gas flow setting (2:2, 2.5:2.5,

and 3:3) on porous microsphere formation (Fes04:CaCOs mass ratio 1:1).

4.4.2 Effect of gas flow setting

Fe304:CaCOs3 (mass ratio 1:1) microsphere products manufactured using two
additional gas flow settings of 2:2 and 3:3 were compared. Figure 4.24 summarises
the key steps followed for the manufacture of Fes04:CaCOs porous microspheres, as

a function of gas flow setting.
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Fe;0, (<45 pum) : CaCO; (5 ym) 1:1 mass ratio, PVA

Y

Gas flow settings

‘ l L

[ 2:2 || 25:25 | [ 3:3 |

Powders were processed via a flame spheroidisation method

¥
Products
characterisation:
Morphological - SEM
Structural - XRD

!

Products were sieved (232 um)

l

Magnetic characterisation: SQUID

L

| Sieved products were sectioned |

|Compositiona| characterisation: MLA and EDS|

Figure 4.24 Flow diagram summarising the processing steps followed for the

manufacture of FezO4 porous microspheres, as a function of gas flow setting

4.4.2.1 Microsphere topography (unsieved microspheres)

Figures 4.25(a,b) show low magnification SE images of flame-spheroidised
Fe304:CaCOs, formed using starting < 45 um sized magnetite particles, with gas flow
settings of (a) 2:2 and (b) 3:3, respectively. As summarised in Table 4.17, a gas flow
setting of 2:2 produced predominantly dense microspheres, with few porous
microspheres and irregular particles (Figure 4.25a). A higher gas flow setting 3:3
produced a more consistent yield of porous microspheres, mixed with few smaller
dense microspheres and irregular shaped particles (Figure 4.25b). In both cases, for

this sample set, there was visible evidence for porosity.
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Figure 4.25. SE images of flame-spheroidised Fez04:CaCO3 (1:1 mass ratio) using

starting < 45 pm magnetite particles. Gas flow settings: (a) 2:2, (b) 3:3 (unsieved).

ISP: Irregular shaped particles.

Table 4.17. Size range of flame spheroidised reaction products (dense
microspheres, irregular shaped particles and porous microspheres), as a function of

gas flow setting.

Mass ratio Gas flow Dense ISP/ Microspheres with
Fe304:CaCOs | setting/ | microspheres/ pHm surface porosity /
arb. unit. um um
1:1 2:2 40 - 175 220 - 295 235 -270
3:3 60 — 120 180 - 375 190 - 270

4.4.2.2 Compositional analysis (sieved and sectioned)

Mineral analyses revealed fine details of the porous microsphere morphologies
and provided supporting evidence for the microsphere formation mechanism. Figure
4.26 shows BSE images and MLA analyses for sieved, resin embedded and cross-
sectioned microsphere samples, flame-spheroidised at 2:2 and 3:3 gas flow settings;
commensurate with the sample sets presented in Figure 4.25. Mineral mappings

highlight porous microspheres. Notably, FesO4, CaCOs and CFO minerals were
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distinct constituents of these porous microspheres. Hence, a formation mechanism

distinct from that of dense microspheres is indicated.

As highlighted in Table 4.18, compositional similarities were evident across the
sample set, with CFO-1 and CFO-2 as dominant minerals for both cases. Importantly,
a 2:2 gas flow setting (Figure 4.27 and Table 4.19) was associated with the highest
levels of consumption, as demonstrated by low weight proportions of FeszOs4 and
CaCOs, as compared to gas flow settings of 3:3 (Figure 4.28 and Table 4.20) and 2.5

: 2.5 (Figure 4.18 and Table 4.11).

Table 4.18. Mineral proportion (wt%) of flame-spheroidised products, as a function of

gas flow setting.

Gas | Fe,0, | Fe,O, | CFO-| CFO-| CFO-3 | CFO-| CaCO, | Number
flow | /wt% | with 1/ 2/ | CaFe,O,| 4/ | jwty | particles
setting Ca/ | Wt% | wt% | wt% wt% analysed
| arb. wit%
unit.
2:2 2.5 3.2 | 446 | 484 1 0.1 0.2 3,412
3.3 5.7 5.6 | 43.7 | 38.5 4.5 0.5 1.5 13,906
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MFe,0, MFe,0, with Ca MCFO-1 HCFO-2 MCFO-3 MICFO-4 [1CaCO,

Figure 4.26. BSE images, MLA compositional analysis and associated pie charts
showing mineral proportions (weight%) of flame-spheroidised Fez04:CaCO3
microspheres (mass ratio 1:1) prepared using < 45 um magnetite: Gas flow settings
(a) 2:2, and (b) 3:3, following sieving and sectioning, illustrating microspheres,

particles and minerals obtained. Mineral references shown in Table 4.10.
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2:2 gas flow setting).

Figure 4.27 Full MLA map for Fez04:CaCO3 (1:1 mass ratio

2:2 gas flow

Table 4.19. Modal minerology for Fes04:CaCOs (1:1 mass ratio

setting).
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Figure 4.28 Full MLA map for Fez04:CaCO3 (1:1 mass ratio, 3:3 gas flow setting).

Table 4.20. Modal minerology for Fes04:CaCOs (1:1 mass ratio, 3:3 gas flow

setting).

Mineral Particles | Weight %
Magnetite (Fe;O0,) | 2931 57
Fe,O, with Ca 1840 56
CFO-1 3108 43.7
CFO-2 2834 38.5
CFO-3 1321 4.5
CFO-4 592 0.5

1280 15
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In summary, the results section of the present Chapter demonstrated the
capability of the rapid flame spheroidisation to transform (< 45 pm) Fe3O4 feedstock
powders into practical morphologies (i.e., dense Fe3O4 microspheres) whilst retaining
original ferrimagnetic and compositional properties post-processing. Accordingly,
Fesz04:CaCOs mass ratio combinations led to the formation of CazFe20s porous
microspheres with Fe/Ca excess/deficit and modified ferromagnetic properties.
Notably, mineral segregation identified on gas flow setting investigations provided
understanding on dynamic evolution of porous products formation whilst flame

spheroidised.

4.5 Discussion

4.5.1 Introduction

Magnetic, dense and porous Fesz0Os4 microspheres have been manufactured via a
rapid, single-stage, flame-spheroidisation method. The novel application of the flame
spheroidisation process on ceramic materials (in this case magnetite) enabled the
transformation of FesOs feedstock powder into FesOs dense microspheres with
enhanced ferrimagnetic properties, as demonstrated by magnetometry investigations.
Further, the flame spheroidisation of Fe304:CaCOs, as a function of mass ratio and
gas flow settings, generated a variety of products in terms of shape (dense
microspheres, porous microspheres, irregular shaped particles and mixtures thereof),
composition (Fe/Ca excess/deficit) and magnetic properties (the increment in Ca
concentration showed a direct effect on the decrease of magnetic saturation). The
study of these processing variations has allowed for a comprehensive microsphere

formation mechanism to be established.
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4.5.2 Formation mechanism of dense microspheres

The suitability of the rapid flame spheroidisation process for the manufacture of Fe3Oas
dense microspheres, with high levels of compositional uniformity and strong
ferrimagnetic expression (96.3 Am?/kg) has been demonstrated. Importantly, flame
spheroidisation is a thermal flame spray method, & hence can be classified as a rapid
cooling / rapid solidification technology [266]. The formation mechanisms associated
with flame spray methods are relevant to explain the development of Fe3O4 dense
microspheres. The production of microspheres using the flame spheroidisation
process has been reported for phosphate [47, 51-53, 237, 241], borate [267], silicate
[47,191, 231, 238] glasses, but remained unexplored for ceramic-based materials until
recently [63]. Hence, the application of the flame spheroidisation method for the
manufacture of iron oxide-based microspheres is relatively novel. Figure 4.29
schematically illustrates the feeding of precursor FesOs4 powders (<45 pm) into a high-
temperature oxygen-acetylene flame (~3100°C), where particles rapidly melt and
acquire spherical shape, post-flame ejection, due to surface tension and rapid cooling

[47, 57, 191, 239, 240, 268, 269].

Particles o
feedinto -o° Flame spheroidisation
flame °n e .
o0 Le0 © as = 2 - = o s 7o o , =
0
' - ,:..

e 89,9 & o .. . > .
L R o.~0¢‘ @ “ ° @ © 5
Melti % Rapid cooling /
S Surface tension

Fig. 4.29. Schematic representation of the flame spheroidisation process for dense

-

Fes3O4 microspheres.
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To investigate the effect of temperature (noting the caveat of slow heating
compared to the rapid, flame spheroidisation process), complementary HT-XRD and
HT-SQUID measurements were performed, both with conditions of slowly increasing
temperature, to provide insights into the oxidation pathways and magnetic properties
of FesO4 powder (non-spheroidised). HT-XRD revealed a transition of magnetite to
hematite between 350°C and 650°C, whilst HT-SQUID showed a progressive
decrease in magnetic moment from 25°C to 500°C, with a more significant decrease
noted at 600°C. It was interpreted that the Curie point of magnetite was reached
between 500°C and 600°C, with the FesO4 powders losing ferrimagnetic expression
[270]. Moreover, the development of Fe203 revealed by HT-XRD indicated complete
consumption of Fes3Oas, being strongly dependent on time exposure at elevated
temperature. Notably, the slow heating process affected strongly the ferrimagnetic
properties of FesOa4 precursor powders. In contrast, the rapid, flame spheroidisation
process provides an excellent alternative pathway to produce magnetite microspheres

retaining their original ferrimagnetic and structural properties.

4.5.3 Formation mechanism of porous microspheres

Figure 4.30 summarises the formation of ferromagnetic microsphere products, with
variable calcium iron oxide minerals, developed using the flame spheroidisation
process. Microsphere products investigated under gas flow parameter (2:2, 2.5:2.5,
and 3:3 arb. unit.), showed no critical variations on composition. Instead, mineral
segregation and expansion mechanisms associated with porous microspheres
formation were identified. Differently to dense microspheres, porous microsphere
products showed segregated minerals (magnetite, calcite, calcium ferrites) within the
same microsphere system. Since porous microspheres contained fractions of

unreacted precursor powders (i.e., magnetite and calcite) mixed with calcium iron
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Figure 4.30. Schematic representation of the flame spheroidisation process for Fe304:CaCO3z microsphere production (mass ratios
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oxides, it was anticipated that a non-equilibrium reaction occurred whilst rapid
solidification. Considering the Fe203:CaO binary phase diagram [188], it was expected
that the increase in temperature would enhance diffusion rates of Ca / Fe atoms in
liquids. However, flame spheroidisation process cooling was too rapid for atoms to
diffuse and produce equilibrium conditions, therefore nonequilibrium structures were
produced [266, 271]. This nonequilibrium effect could be associated to the low
residence time of precursor powders within the flame [272], leading to insufficient
time for Ca/Fe atoms within the solid to re-distribute. With regard to the porous
microsphere expansion mechanism (detailed in Chapter 5), CO2 gas produced during
CaCOs porogen decomposition trapped and released from molten drops post-flame
ejection whilst rapid solidification occurs, lead to large porous microspheres being

formed.

4.5.4 Magnetic properties of FesOs4 dense microspheres

Flame-spheroidised Fe3sO4 dense microspheres and starting precursor powders both
demonstrated similar magnetic saturation levels, with the distinction that the flame
spheroidised products showed lower remanent magnetisation (0.8 Am?/kg) as
compared to the FezOa precursors (7.6 Am?/kg). Mossbauer reversed values (relative
area ratio) for FesOs4 microspheres were also indicative of modified magnetic
properties [174], as confirmed by low remanence values. Low remanence is important
to avoid agglomeration of microspheres in biomedical applications [166], as they would
demagnetise quickly upon removal of an alternating magnetic field (AMF). Additionally,
remanent magnetisation demonstrated that the microspheres comprise multiple
magnetic domains, consistent with a ferrimagnetic type expression [10]. Furthermore,
it was recognised that the FeszOs powders melted at very high temperatures

(considerably above the Curie point of magnetite, ~ 580°C) [270], and yet,
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ferrimagnetic, chemical and structural properties were retained post flame
spheroidisation. Hence, it can be interpretated that high levels of FesOa4 (with very low
levels of hematite, Fe203) were a consequence of the very low residence time of
precursor molten particles within the oxygen-acetylene flame. Noting, internal
combustion from thermal spraying can generate hypersonic gas velocities of ~ 2000

m/s [266, 273].

Moreover, the possible formation of magnetite / maghemite phase mixture was
considered. FesOs4 and maghemite exhibit distinct and characteristic Mdssbauer
hyperfine magnetic splitting (Bnr) and centre shift (8) values. For the case of
maghemite, the expected centre shift (6) values are ~ 0.24 mm/s and ~ 0.36 mm/s
for A sites (Fe®*) and B-sites (Fe®*), respectively [274, 275], whereas for magnetite
expected values are ~ 0.28 mm/s and ~ 0.66 mm/s for A sites (Fe®*) and B-sites
(Fe?°), respectively [264, 274]. Notably, the magnetite precursor & magnetite
microsphere centre shift values are consistent with those in the literature for FesOa.
Further, expected maghemite hyperfine magnetic splitting (Bnr) values are 49.8 T
for both A and B sites. For the case of magnetite microspheres, the same 49.8 T value
is shown for Fe3* A-sites (indistinguishable from maghemite), distinct from the 45.7 T
value for Fe?5* B-sites (confirming magnetite). Whilst the suggestion of a mixture of
maghemite / magnetite phases cannot be fully discounted, it is noted that the relative
area ratio values for stoichiometric maghemite and magnetite are 1:1.66 [274] and
1:1.9 [174], respectively, with the latter consistent with the data obtained in the present
study. This again suggests that magnetite was the dominant phase in the flame
processed products. However, it is recognised that this part of the investigation would
benefit from further high resolution XPS investigation for definitive iron oxide phase

validation.
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4.5.5 Fe3O4 porous microspheres (1:1 mass ratio)

For the case of Fe304:CaCOs 1:1 mass ratio, significant changes in morphology,
composition, and magnetic properties were observed, as compared to the FeszOas
dense sample. MLA data allowed for compositional distinctions among flame
spheroidised products to be established: (i) compositionally uniform, dense
microspheres were dominated by CFO-1 and CF-2 minerals; (ii) irregular-shaped
particles were mainly composed of unreacted, CaCOs porogen and FesO4 precursors;
and (iii) non-uniform, porous microspheres showed segregated minerals within a
single microsphere. A suggestion for formation of the two minerals (CFO-1 and CFO-
2) relates to a reaction occurring in the proximity of the eutectic point of the binary
Fe203:Ca0O phase diagram [188]. Therefore, the solidification mechanisms of this
sample may be described with reference to the eutectic reaction mechanism, L1 —
a+pie., L1 - CFO-1 + CFO-2. Importantly, the CazFe20s srebrodolskite phase
was consistent for all Fe203:CaO molar concentrations presented in EDS data (Table
4.13). XRD investigations corroborated the presence of CazFe20s, a brownmillerite
type structure (A2B20s) that accepts several defects to be incorporated due to its
unusual free atomic spaces [186, 276]. For the Fe304:CaCOs 1:1 sample, evidence
demonstrated the development of ferromagnetic calcium iron oxide minerals (with
Ca/Fe variable concentrations), all constituted by CazFe20s crystalline structure. With
regards to porosity formation, a certain level of success was achieved at this point,
nonetheless, this sample showed the lowest levels of compositional homogeneity so
far. Conversely, porogen-rich sample (i.e., Ca-rich microspheres) revealed porous

microspheres with higher levels of uniformity.

4.5.6 Ca-rich porous microspheres (1:3 mass ratio)
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Ca-rich sample, Fez04:CaCOs 1:3 mass ratio, showed improved homogeneity levels
among both, porous and dense microspheres. Despite porosity was not shown on SE
images, sectioned images revealed internal porosity, attributed to the elevated
concentration of CaCOas. Internal pores were created as a consequence of porogen
decomposition, where CO2 was stored / unreleased within molten drops whilst rapid
solidification (CO2 produced from CaCOs decomposition, detailed in Chapter 5). As
anticipated, dominant mineral (CFO-3) showed a richer Ca content, as compared to
Fes304:CaCOs 1:1 sample containing CFO-1 and CFO-2, demonstrating coherence
with the increase in CaCOs concentration. Also, it was noted that CaO:Fe20s3 (2:1
molar ratio) binary phase diagram was in good agreement with EDS quantifications,
as correlated XRD investigations confirmed, again, CazFe20s phase. Notably, this
sample showed the lowest magnetic saturation levels from the dataset, attributed to
Ca occupying atomic spaces within CazFe20s structure. Further, in order to increase
homogeneity, it was desired to remove excess of porogen and magnetite starting
powders. For the case of calcite, it was relatively easy by sieving (£ 32 pm).
Nonetheless, magnetite unreacted particles were more difficult to separate due to their
similar size to small dense microsphere products, whilst nothing some residual large

magnetite precursors embedded within porous microspheres.

4.5.7 Fe-rich porous microspheres (3:1 mass ratio)

For the case of Fe-excess microsphere sample (FesO4:CaCOs, mass ratio 3:1),
compositional investigations revealed low concentrations of Ca, uniformly distributed
across FesO4 microsphere bodies (e.g. Fig. 4.23; green dots attributed to calcium
incorporation within Fesz0s4 microspheres). Hence, it was anticipated that XRD
analyses would reveal evidence of the porogen, e.g., signatures for calcium or calcium

iron oxide phases. Interestingly, well-defined peaks corresponding to Fe3Oa4 signatures
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were obtained, with no structural indicators for the presence of calcium or any related
phases. Hence, it is considered that Ca atoms were incorporated within FesOa
crystalline structure, as a consequence of thermal fluctuations upon solidification of
the melt. Additionally, this sample set showed similar magnetic saturation values (95.1
Am?/kg) comparable to dense magnetite microspheres (formed without porogen),
demonstrating that low concentrations of non-magnetic calcium atoms have no
significant effect on ferrimagnetic expression. However, despite the elevated
magnetisation values and high levels of homogeneity achieved, no evidence of

porosity was observed, attributed to the low concentration of porogen.

4.5.8 Sample preparation and effect of particle size

Final aspect to consider was the importance of sample preparation. Each individual
particle in prepared mixtures may have different FesO4 / CaCOs concentrations, as a
consequence of PVA. Considering the thermophoresis force of the particles [272],
along with temperature and velocity of these within the oxy-acetylene flame, it was
clear that these factors contributed to the final compositions of flame spheroidised
microspheres. Morphologies and compositions were also affected by particle size. In
Chapter 5, a comprehensive description related to porous microsphere formation
mechanisms and the effect of particle size were presented. Moreover, knowledge
gained in this section was relevant to produce magnetic microspheres with high levels

of compositional homogeneity and size control.

4.6 Summary

In order to understand the chemical pathways, thermodynamic effects and

morphological transformations associated with calcium iron oxide microspheres
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reported here, it was important to consider the materials science related to flame-spray
technologies. From a morphological point of view, flame spray methods (e.g., flame
spheroidisation) are associated with the formation of non-uniform products as a
consequence of high velocity and temperature [277], resulting in molten, semi-molten,
and totally un-melted particles [272]. In this Chapter, evidence from SEM micrographs
confirmed the presence of dense microspheres, porous microspheres, and irregular-
shaped particles. These morphological variations were associated with physical and
chemical parameters including flame temperature, residence time of the particles
within the flame, and particle size. In concern to structural and chemical properties,
flame spray technologies allow for the creation of materials with non-equilibrium
characteristics, e.g., materials with a refined grain size, formation of metastable
phases and an elevated concentration of point defects, all as a consequence of rapid
solidification [266]. Therefore, flame spheroidised products contained modified
magnetic, mechanical or chemical properties, as compared with traditionally

processed materials.

Initial investigations allowed to recognise the suitability of the flame
spheroidisation to manufacture compositionally uniform, FesOs4 magnetic dense
microspheres, demonstrating that the transformation of precursor powders into
practical spherical morphologies was achieved in a relatively easy and fast way.
Moreover, this Chapter explored porogen concentrations and gas flow settings in
attempt to develop compositionally uniform microspheres with high levels of porosity.
Evidently, by using combinations of < 45 ym magnetite with smaller sized porogen,
uniform samples were obtained but excess of porogen or FeszO4 precursor materials
decreased samples homogeneity. Nonetheless, important evidence and knowledge

was obtained in relationship to the nature of the flame-spheroidisation process used
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for the manufacture of magnetic microspheres, resulting relevant for the upcoming
sections, where parameters control was investigated (Chapter 5), and the manufacture

of glass-ceramic microspheres with high levels porosity was achieved (Chapter 6).

In this context, it was evident that porogen concentration had a direct effect on
microsphere composition and magnetic properties, whilst nothing that structural
investigations confirmed CazFe20s5 phase for all microsphere samples, with Fe and Ca
excess / deficit levels. A process control over the flame spheroidisation method would
allow for scalability, process mapping, and reproducibility of the manufactured
magnetic microspheres, for their potential application in a number of fields, including
healthcare, environmental remediation, removal of heavy metals, etc. In particular, due
their spherical morphology, strong magnetism, and low remanence, they can be
explored for biomedical applications, such as MRI, magnetic hyperthermia, drug-

delivery micro-systems, etc.
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5.0 Development of compositionally uniform
ferromagnetic microspheres using (£ 5 pym) FeszO4
precursors

5.1 Introduction

The single-stage, flame-spheroidisation process, as applied to Fe304:CaCO3s powder
combinations, provided for the rapid production of dense and porous magnetic
microspheres with homogeneous composition and high levels of interconnected
porosity. In this context, this Chapter examines the parameter space of this flame-
processing technique, towards the controllable manufacture of magnetic microspheres
using small (< 5 um) Fes3Oa4 precursor particles. The controllability of these factors
makes the flame spheroidisation process useful for a range of healthcare applications,

including scaffolds for tissue regeneration and drug delivery.

Scanning electron microscopy (SEM) based techniques were used to image
and quantify the microsphere products. Structural characterisation was performed
using X-ray diffractometry (XRD). Microsphere magnetic properties were investigated
via SQUID magnetometry. Correlated backscattered electron (BSE) imaging and
mineral liberation analysis (MLA) investigations provided insights into the microsphere
formation mechanisms, as a function of precursor/porogen mass ratio and gas flow
setting. Optimised conditions for the processing of highly homogeneous CazFe20s
magnetic microspheres were identified. Complementary high-temperature X-ray
diffractometry (HT-XRD), thermogravimetric analysis (TGA) and high temperature
superconductive quantum interference device (HT-SQUID) magnetometry, were used
to study precursor powders, providing evidence into the initial process of porogen

feedstock decomposition, chemical reaction pathways and structural/magnetic
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properties evolution. Furthermore, selected area electron diffraction (SAED) confirmed
the identification of CazFe20s as the dominant phase on microsphere products.
Additionally X-ray photoelectron spectroscopy (XPS) was used to study surface
chemistry of the microsphere products. Furthermore, induction heating demonstrated
a controlled temperature rise to 43.7°C, making flame-spheroidised CazFe20s
microspheres highly promising candidates for magnetic induced hyperthermia

applications.

5.2 Effect of mass ratio

Figure 5.1 provides an overview of the key steps followed for the manufacture and
characterisation of porous and dense magnetic microspheres using Fe3Oas (< 5 um)

powders, as a function of Fe304:CaCO3s mass ratio.
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Figure 5.1 Flow diagram summarising the processing steps followed for the
manufacture of porous magnetic microspheres using Fe304 (< &5 um) precursor

powders, as a function of Fe304:CaCOs mass ratio (3:1, 1:1, and 1:3).

5.2.1 Microsphere topography (unsieved)

Figures 5.2(a-c) present low magnification SE images of flame-spheroidised products
formed from Fe304:CaCOs precursor / porogen materials, with mass ratios of (a) 3:1,
(b) 1:1 and (c) 1:3, respectively, using < 5 ym sized magnetite starting powders and a

gas flow setting of 2.5 : 2.5 in all cases.
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Figure 5.2 SE images of flame spheroidised Fe304:CaCOs3 using starting <5 um
magnetite particles. Mass ratios: (a) 3:1, (b) 1:1, and (c) 1:3, respectively

(unsieved).

As summarised in Table 5.1, a mass ratio of 1:1 led to the production of a
mixture of dense microspheres and larger, irregular shaped particles (ISP) (Figure
5.2b). Notably, a 3:1 mass ratio (FeszOs-rich) generated a consistent yield of dense
microspheres with very few ISP (Figure 5.2a), whereas a 1:3 mass ratio (CaCOs-rich)

produced a similar mixture of dense microspheres and few ISP (Figure 5.2c).
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Table 5.1 Size range of flame-spheroidised reaction products (dense microspheres,
irregular shaped particles (ISP), and microspheres with surface porosity), as a

function of precursor to porogen mass ratio.

Mass ratio Gas flow Dense ISP/ Microspheres
Fesz04:CaCOs | setting / microspheres/ pHm with surface
arb. unit pHm porosity /
um
3:1 25:25 35-165 75 - 475 No
1:1 65 - 210 205 - 465
1:3 40 - 145 40 - 195

Evidently, there were no insights of porosity among the spheroidised samples.
The upcoming section presents structural investigations for these unsieved, flame-

spheroidised products.

5.2.2 Structural characterisation (unsieved microspheres)

Structural investigations were undertaken using XRD to study the crystallography of
the flame-spheroidised products as a function of precursor-to-porogen mass ratios.
Figure 5.3 shows XRD patterns for flame-spheroidised (unsieved) products (mass
ratios 3:1, 1:1 and 1:3) corresponding to the sample sets shown in Figures 5.2(a-c).
XRD analysis confirmed the presence of the following phases: CazFe2Os (ICDD PDF
no. 00-047-1744), FesO4 (ICDD PDF no. 01-087-0244), Fe20s (ICDD PDF 00-033-
0664), CaCOs (ICDD PDF no. 00-047-1743) and CaO (calcium oxide) (ICDD PDF no.

00-048-1467).
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Figure 5.3 XRD patterns for flame-spheroidised Fe304:CaCO3 (mass ratios 3:1, 1:1

and 1:3) (unsieved) using small <5 uym magnetite powders.

Table 5.2 Generalised summary of unsieved microsphere product proportions, as a

function of precursor to porogen mass ratio.

Mass ratio Flame spheroidised products
Fes304:CaCOs (strong / medium / weak)
Fes304 | Fe203 | CazFe20s | CaCOs3 | CaO
3:1 m S m w -
1:1 m S S S -
1:3 w m S m S

As outlined in Table 5.2, a mass ratio of 1:1 showed strong signatures for
Fe203, CazFe20s and (unreacted) CaCOs, along with a medium signature for
(unreacted) FeszOas4. A mass ratio of 3:1 (FesOas-rich) revealed a dominant Fe203

signature, with medium Fe3O4 and CazFe20s signatures, and a weak signature for

141



CaCOs. A mass ratio of 1:3 (CaCOs-rich) showed strong signatures for CazFe20s and
CaO, medium signatures for Fe203 and CaCOs, and a weak signature for FesOa. After
these initial structural investigations, the microsphere products were sieved (= 32 um)
in order to remove any excess Fe304 and CaCOsunreacted powders, prior to magnetic

characterisation.

5.2.3 Magnetic characterisation (sieved microspheres)

Figure 5.4 presents magnetisation curves for the sieved flame-spheroidised products
(mass ratios 3:1, 1:1 and 1:3). For all samples, the magnetisation curves were
indicative of typical ferrimagnetic behaviour. As summarised in Table 5.3, progression
towards increased porogen (mass ratio from 3:1 to 1:3) was accompanied by a

decrease in magnetisation, consistent with a lowering of iron content.

Table 5.3. Magnetic measurements of flame-spheroidised products as a function of

precursor to porogen mass ratio.

Gas flow Magnetic Remanent Coercive
. setting saturation / Magnetisation / Field / Hc
Mass ratio Ms M,
Fe304:CaCOs Arb. AmZ2/kg ,

units (emulg) Am</kg (emu/g) | (kA/m) | (Oe)
3:1 36 3.3 9.1 115
1:1 2.5:25 10.1 0.6 7.0 87.5
1:3 3.6 0.3 7.2 90
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Figure 5.4 Magnetisation curves for flame spheroidised Fe304:CaCO3 (mass ratios
3:1, 1:1 and 1:3; gas flow setting 2.5:2.5) at 26.85°C, using Fez04 (< 5 um) powders.

Inset figure provides evidence of remanent magnetisation in all cases.

The upcoming section presents compositional analyses for the manufactured
microspheres as a function of mass ratio, following mechanical grinding and

sectioning.

5.2.4 Chemical analysis (sieved and sectioned microspheres)

5.2.4.1 Mineral liberation analysis

Figures 5.5(a-c) presents BSE images and MLA mappings showing fine-scale
morphological details and minerals of the sieved microsphere products, manufactured
using < 5 uym Fes04 precursor powders; extracted from the sample sets presented in

Figure 5.2. Table 5.4 highlights mineral proportions of the reacted products, revealing
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clear compositional differences. As anticipated, a progressive decrement in precursor
content or increment in porogen content (mass ratio 3:1 to 1:3) was directly
accompanied by a lowering of Fe levels and elevation of Ca levels throughout the

flame-spheroidised products.

Fe;o., Caco. (3:1) Fe;.,ﬁq Caco, (1:4) Fa:}n, CaCo, (1:3)

a e eﬂamj

BFe0. WFe0; with Ca ECFO-1 ECFO-2 BCFC-2 BCFO-4 CaCO,

Figure 5.5 BSE images, MLA compositional analyses and associated pie-charts
showing the mineral proportions (wt%) of flame spheroidised Fe304:CaCOs3 using < 5
MM magnetite particles, as a function of mass ratio: (a) 3:1, (b) 1:1, and (c) 1:3;
following sieving and sectioning, illustrating microsphere porosity, ISP, and dense
microspheres. Mineral references shown in Table 4.10. (ISP: Irregular-shaped

particles; CFO: calcium iron oxide)
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Table 5.4 Mineral proportion (weight percentage) of magnetic microsphere products,

as a function of Fez04:CaCO3 mass ratio.

Mass ratio Fes:04 | FesO4 | CFO- | CFO- | CFO-3- | CFO- | CaCOz | Number
Fez0,4:CaCOs [ wt% | with 1/ 2/ CaxFe,Os5 4/ [ wt% of
Cal | wt% | wt% [ wt% wt% particles
wt% analysed
3:1 0.3 3.9 52.7 | 39.7 3.0 0.2 0.1 9544
1:1 0.1 0.3 0.1 1.2 96.5 1.8 0 4064
1:3 1.0 0.7 0.7 1.2 13.9 64.4 18.1 23851

Flame-spheroidised Fe3z04:CaCOs with mass ratio 1:1 (Figure 5.5b), upon
sectioning, provided direct evidence for the development of low and high levels of
internal porosity within dense microspheres and larger irregular-shaped particles,
respectively. MLA mapping provided direct evidence for high levels of homogeneity of
CFO-3 (Figure 5.6; Table 5.5). In addition, EDS analysis (Table 4.17) showed the
elemental composition to be consistent with srebrodolskite (i.e., brownmillerite
CazFe20s5; Ca — 19.1%, Fe — 57%, O — 23.9%) [63]. Hence, mineral CFO-3 was
denominated as CazFe20s. For the case of flame-spheroidised precursor-rich
powder (mass ratio 3:1; Figure 5.5a), the evidence showed the development of
comparatively lower levels of internal porosity within dense microspheres and few
irregular-shaped particles. The MLA data comprised two dominant CFO levels
(denoted CFO-1 and CFO-2; Table 5.6, Figure 5.7). Both these samples (Figures 5.5
a,b) showed complete consumption of the precursor and porogen, with no evidence
for residual FesOs4 nor CaCOs (Table 5.4). Conversely, for the case of flame-
spheroidised porogen-rich powder (mass ratio 1:3; Figure 5.5¢), a variety of dense
and irregular-shaped morphologies with significantly higher levels of internal porosity

were revealed. MLA data also showed a mixture of CFO compositions dominated by
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Ca excess (CFO-4, Table 5.7; Figure 5.8), along with larger ISP comprising unreacted

porogen.

Figure 5.6 Full MLA compositional analysis of flame-spheroidised Fe304-CaCOs3
(mass ratio 1:1; gas flow setting 2.5 : 2.5), following sieving and sectioning,

demonstrating high levels of CFO-3.

Table 5.5. Modal minerology for flame spheroidised-Fez04:CaCOs (mass ratio 1:1)

Mineral Particles | Weight %
Fe304 78 0.1
Fe304 with Ca 95 0.3
CFO-1 125 0.1
CFO-2 203 1.2
CFO-3-CazFe20s5 3311 96.5
CFO-4 231 1.8

21 0.00
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Figure 5.7 Full MLA compositional analysis of flame-spheroidised Fe304:CaCOs3
(mass ratio 3:1; gas flow setting 2.5 : 2.5), following sieving and sectioning,

demonstrating high levels of CFO-1 and CFO-2.

Table 5.6. Modal minerology for flame spheroidised-Fez04:CaCO3 (mass ratio 3:1)

Mineral Particles | Weight %
Fe;O, 573 0.3
Fe;,O, with Ca| 2056 3.9
CFO-1 3250 52.7
CFO-2 2030 39.7
CFO-3 1199 3.0
CFO-4 278 0.2
158 0.1
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Figure 5.8. Full MLA compositional analysis and modal minerology table of flame-
spheroidised Fe304-CaCO3 (mass ratio 1:3; gas flow setting 2.5 : 2.5), following

sieving and sectioning, demonstrating high levels of CFO-4.

Table 5.7. Modal minerology for flame-spheroidised Fez04:CaCOs (mass ratio 1:3)

Mineral Particles | Weight %
Fe;0, 96 1.0
Fe;O, with Ca 548 0.7
CFO-1 1103 0.7
CFO-2 1271 1.2
CFO-3-Ca,Fe, 05| 4955 13.9
CFO-4 9283 64.4
CaCO, 6595 18.1
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Notably, the highest levels of homogeneity were achieved using a
Fe304:CaCOs3 mass ratio of 1:1, whilst noting complete precursor consumption. In the
next section, EDS analysis revealed insight into the elemental distributions within

magnetic microspheres as a function of precursor-to-porogen mass ratio.

5.2.4.2 Energy dispersive X-ray (EDS) analyses

EDS investigations provided evidence on the Fe/Ca elemental distributions
within the sectioned, resin embedded Fes04:CaCOs (mass ratios 3:1, 1:1, 1:3)
magnetic microsphere products. Figure 5.9 presents a BSE image and elemental
mappings of the Fe304:CaCOs (mass ratio 1:1) flame-spheroidised products,
illustrating porous and dense microspheres with high levels of uniformity (CazFe20s,

Table 5.8).

Figure 5.9 (a) BSE image and (b) elemental mapping showing (c) calcium, (d) iron,
and (e) oxygen for Fe304:CaCO3 microspheres (mass ratio 1:1), following sieving
and sectioning, illustrating porous and dense microspheres, and high levels of

homogeneity.
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Table 5.8 EDS molar concentrations (wt%) and proposed equilibrium phases for

flame spheroidised Fe304:CaCOs (mass ratio 1:1)

Name CaO wt% Fe203 wt% | Proposed phases
Carich | 66.06 +1.84 | 33.93+1.84 | CaO + CazFe20s

For the case of precursor-rich Fes04:CaCOs samples (mass ratio 1:3), Figure
5.10 shows a strong yield of dense microspheres comprising two different levels of

Fe/Ca (Table 5.9).

Figure 5.10 (a) BSE image and (b) elemental mapping showing (c) calcium, (d) iron,
and (e) oxygen for Fe304:CaCO3 microspheres (mass ratio 3:1), following sieving
and sectioning, illustrating dense microspheres, and a mixture of two different levels

of iron / calcium.
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Table 5.9 EDS molar concentrations (wt%) and proposed equilibrium phases for

flame spheroidised Fe304:CaCO3s (mass ratio 3:1).

Name CaO wt% Fe203 wt% Proposed phases
Fe excess | 29.57 £ 2.10 | 70.42 + 2.10 | CazFe20s + CaFe204
Ferich |42.71+1.54 |57.28+1.54 CaO + CazFe20s

For the case of porogen-rich samples, Figure 5.11 shows BSE image and EDS
mappings highlighting Ca-excess irregular-shaped particles, containing unreacted
CaCOs porogen and reacted CaO (Table 5.10). Notably, certain levels of porosity were

also evident in these irregular-shaped particles.

Porogen

Figure 5.11 (a) BSE image and (b) elemental mappings showing (c) calcium, (d)
iron, and (e) oxygen for Fez04:CaCO3 microspheres (mass ratio 1:3), following
sieving and sectioning, illustrating dense microspheres, and elevated levels of

calcium.
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Table 5.10 EDS molar concentrations (wt%) and proposed equilibrium phases for

flame spheroidised Fe304:CaCO3s (mass ratio 1:3).

Name CaO wt% Fe203 wt% | Proposed phases
Caexcess | 77.34 £5.62 | 22.65 £5.62 | CaO + CazFe20s

Characterisation of the microsphere products allowed investigation of property
dependencies on the precursor-to-porogen mass ratio, whilst noting that
Fe304:CaCOs (1:1 mass ratio) samples showed the highest levels of compositional
uniformity (CazFe20s) among all the samples investigated. The next section explores

the effects of gas flow setting on samples of Fe304:CaCOs (1:1 mass ratio).

5.3 Effect of gas flow setting

Fes04:CaCOs (mass ratio 1:1) powders were flame-spheroidised using 2:2 and 3:3

gas flow settings, for comparative morphological investigation (Figure 5.12).

152



Fe;0, (<5 um) : CaCO; (5 um) 1:1 mass ratio, PVA

r

Gas flow settings

ealliEn

A 4 A 4

Powders were processed via flame spheroidisation process

v
Products
characterisation:
Morphological - SEM

Products were sieved (232 um)
and sectioned

| Compositional characterisation: MLA |

Figure 5.12 Flow diagram summarising the processing steps followed for the
manufacture of porous magnetic microspheres using Fez0a4 (< 5 um) precursor, as a

function of gas flow setting (2:2 and 3:3)

5.3.1 Microsphere morphologies (unsieved)

Figures 5.13(a,b) present low magnification SE images of flame-spheroidised
Fes304:CaCOs products, for precursor to porogen (Fesz04:CaCOs) mass ratio of 1:1,

with gas flow settings of (a) 2:2 and (b) 3:3, respectively.
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Figure 5.13. SE images of flame-spheroidised Fez04:CaCOs (1:1 mass ratio) using
starting < 5 um magnetite particles. Gas flow settings: (a) 2:2 and (b) 3:3

(unsieved). (ISP: Irregular shaped patrticles.)

Table 5.11 Size range of flame-spheroidised reaction products (dense microspheres,
irregular shaped patrticles (ISP), and microspheres with surface porosity), as a

function of gas flow setting.

. Gas flow Dense Microspheres
Mass ratio . . h ISP/ ith ;
Fes04 CaCOs setting microspheres um with surface
' [ arb. unit /[ pm porosity / pm
11 2:2 35-80 15 - 105 125 -180
' 3:3 55 - 150 175 - 210 -

As detailed in Table 5.11, an increased gas flow setting of 3:3 presented dense
microspheres and few irregular-shaped particles (Figure 5.13b), whilst a lower gas
flow setting of 2:2 resulted in a consistent yield of highly porous microspheres, along
with small dense microspheres and very few irregular-shaped particles (Figure 5.13a).

Notably, only the gas flow setting 2:2 (mass ratio 1:1) processing conditions resulted
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in the production of microspheres with visible evidence for surface porosity (pore size
range 1.8 — 64.5 ym; mean pore size 13.1 um, SD 12.6 um) (porosity measurements

via ImageJ software).

5.3.2 Microsphere compositions (sieved and sectioned)

Figures 5.14(a,b) present BSE images and MLA mineral mapping analyses, extracted
from the sample sets presented in Figure 5.13, showing fine-scale morphological
details of the sieved microsphere products and clarifying the compositional
dependencies on gas flow setting. Interestingly, significant levels of internal porosity
were revealed for both sample sets. For the case of higher gas flow setting 3:3,
moderate levels of internal porosity were associated with the microspheres and few
irregular-shaped products (Figure 5.14b). Whereas, for gas flow setting 2:2, a variety
of developed porosities was evident, including high levels of interconnected porosity

for the case of the larger microspheres (125 — 180 um) (Figure 5.14a).
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Figure 5.14. BSE images, MLA compositional analyses and associated pie-charts
showing the mineral proportions (wt%) of flame-spheroidised Fez04:CaCOs3
microspheres (mass ratio 1:1) prepared using <5 um magnetite: (a) 2:2, and (b) 3:3,
following sieving and sectioning, illustrating microspheres, particles and minerals
obtained. Mineral references shown on Table 4.10. (GFS: Gas flow setting; ISP:

Irregular-shaped particles)
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Table 5.12 Mineral proportion (wt%) of microsphere products, as a function of gas

flow setting.
FesO4
Gas FesO4 | with CFO- | CFO- | CFO- | CFO- CaCOs Number
flow | Wt% Ca/ 1/ 2/ 3/ 4/ / Wi% particles
setting W% wt% | wt% | wt% | wt% analysed
2.2 0.0 0.0 0.0 0.1 99.6 0.1 0.1 1560
3:3 0.1 0.1 0.4 21 941 3.0 0.1 4127

As highlighted in Table 5.12, high levels of sample homogeneity were

maintained, as a function of gas flow setting, with CFO-3, i.e., srebrodolskite

(CazFe20s) the dominant mineral for all mass 1:1 sample sets. For the case of gas

flow setting 3:3, the Ca2Fe20s proportion decreased slightly compared to gas flow

setting 2.5 : 2.5 (96.5wt%, Table 5.5), whilst a small amount of CFO-2 and CFO-4 was

evident (Figure 5.15; Table 5.13). Notably, for the case of gas flow setting 2:2, the

highest level of CazFe20s homogeneity (99.6 wt%) was returned (Figure 5.16; Table

5.14).
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Figure 5.15. Full MLA compositional analysis and modal minerology for flame-
spheroidised Fe304-CaCO3 (mass ratio 1:1; gas flow setting 3:3), following sieving

and sectioning, demonstrating high levels of CFO-3.

Table 5.13 Modal minerology for flame-spheroidised Fez04:CaCO3s (mass ratio 1:1;

gas flow setting 3:3).

Mineral Particles | Weight %
Fe304 119 0.1
Fe304 with Ca 148 0.1
CFO-1 192 0.4
CFO-2 343 2.1
CFO-3-CazFe20s5 | 2946 94.1
CFO-4 343 3.0

36 0.1
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Figure 5.16 Full MLA compositional analysis and modal minerology for flame-
spheroidised Fe304-CaCO3 (mass ratio 1:1; gas flow setting 2:2), following sieving
and sectioning, demonstrating the highest levels of homogeneity (CFO-3) amongst

all the samples investigated.

Table 5.14 Modal minerology for flame spheroidised-Fe3z04:CaCOs (mass ratio 1:1;

gas flow setting 2:2).

Mineral Particles | Weight %
Fe304 5 0.0
Fes04 with Ca 2 0.0
CFO-1 3 0.0
CFO-2 24 0.1
CFO-3-CazFe20s5 1501 99.6
CFO-4 25 0.1

0 0.1
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Having investigated the gas flow setting parameter and its effect on
microsphere morphology and minerology, the Fes04:CaCOs (1:1 mass ratio; 2:2 gas
flow setting) sample exhibited the highest levels of compositional uniformity combined
with good levels of interconnected porosity. The upcoming section focusses on further

characterisation and induction heating investigations of these materials.

5.4 Compositionally uniform, Ca>Fe-Os magnetic microspheres

This section presents complementary investigations of optimised, CazFe20s dense
and porous, magnetic microspheres (Fes3Oas size (<5 pum); mass ratio (1:1); gas flow
setting (2:2); with PVA used to bind the starting FesO4 and CaCOs powders). The
effects of temperature on the precursor/porogen (1:1) powders (non-spheroidised) are
explored initially, followed by structural, morphological, magnetic and compositional
investigations of these flame-spheroidised microspheres. Finally, induction heating
studies demonstrate the suitability of compositionally uniform CazFe20s magnetic
microspheres (as compared to FesOas precursor powders) for magnetic-mediated

hyperthermia investigations.

5.4.1 Fe304:CaCOs (1:1mass ratio) precursor powder

5.4.1.1 Thermal analysis

Thermogravimetric analysis (TGA) was used to profile wt% changes of the
starting Fes04:CaCOs powder mix (non-spheroidised starting powders), as a function
of increasing temperature. The TGA curve of Figure 5.17 demonstrated an initial 2.5
wt% increment from 40°C to 611°C, consistent with the oxidation of Fez04 to Fe20s3,
followed by a drop of 11 wt%, from 611°C to 712°C, which was attributed to

decomposition of the CaCOs porogen within the sample.
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Figure 5.17 T-wt% curve for Fe304:CaCOs3 (1:1 mass ratio) precursor powders

After noting a temperature effect on the Fesz04:CaCOs precursor powders
(mass ratio 1:1), details of these structural transformations, at different temperature

points, were investigated.

5.4.1.2 Structural transformations as a function of temperature

High temperature (HT) - XRD investigations were performed to profile structural
changes of the starting powder mix, as a function of slowly increasing temperature
(10°C/min), revealing insights into the chemical transformation pathway. Overall, the
evidence demonstrated a progressive transformation of Fez04:CaCOs to a mixture of
CaCOs, Fe203 and CazFe20s (Figure 5.18). Figure 5.18a confirmed the starting
powder to be a mixture of FesOa4 precursor and CaCOs porogen, whilst their defining
crystalline peaks progressively diminished with increasing temperature up to 550°C
(Figure 5.18c, red arrows). A small peak attributable to the onset of Fe203 formation

emerged at 450°C (Figure 5.18b, brown arrow). At 650°C and 750°C more intense and
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sharper peaks indicative of the development of CazFe20s became evident (Figures
5.18d,e, blue arrows). A summary of the constituent products, as a function of

temperature, is given in Table 5.15.
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Figure 5.18 XRD patterns illustrating Fes04:CaCO3 starting powder structural

transformation, as a function of increasing temperature.

Table 5.15 Wt% constituents of mixed Fe304:CaCOs powders, as a function of

increasing temperature measured by semi-quantitative analysis.

Phase | 30°C | 450°C | 550°C | 650°C | 750°C | 950°C | 1050°C
Fe,O, 30.2 11.9 11 6.1 - - -
CaCoO, 69.8 | 61.5 74.6 411 43.7 41.2 14.4
Fe,O, - 26.6 14.4 20.4 21.7 26.2 38.1
Ca,Fe,O, - - - 32.5 34.6 32.6 47.4
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To conclude the investigations of the Fesz04:CaCOs (1:1) powders, the next
section is concerned with magnetic saturation, as a function of slowly increasing

temperature.

5.4.1.3 Magnetic properties as a function of temperature

Figure 5.19 presents evidence of a thermal effect on the magnetic expression
of prepared Fe304:CaCOs mixed powders. At room temperature, the starting mixed
powders showed a saturation magnetisation of 47.93 Am?kg. Hysteresis loops
showed a significant decrease in magnetisation at 600°C (2.65 Am?/kg) and by 700°C
the magnetisation was extremely low (0.46 Am?/kg). Magnetisation values, as a

function of temperature, are summarised in Figure 5.20 and Table 5.16.

100
——700°C S 80
600°C %
500°C <
400°C c 60
——300°C =
——200°C 3
—100°C % 40
—27°C )
3]
=
20
Field (kA/m)
0
2000 1500 -1000 -500 500 1000 1500 2000

5

20 - 10 20
7 Field (kA/m)

Magnetisation (Amé/kg)

Figure 5.19 Magnetisation curves for Fez04:CaCOz (1:1) powders, as a function of

temperature. Inset figure provides evidence of remanent magnetisation in all cases.
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Figure 5.20 Graphs showing (a) magnetic saturation, (b) remanent magnetisation,

and (c) coercive field for Fe304:CaCO3 (mass ratio 1:1) powder mixtures, as a

function of increasing temperature, revealing a decrease of magnetic properties.

Table 5.16 Magnetisation values for Fe3O4 (<5 pym) : CaCOs prepared powders, as a

function of increasing temperature.

Temperature °C 27 100 | 200 | 300 | 400 | 500 | 600 | 700
H 2
Magnetic | Am*kg | ;o5 | 451 | 405 | 345 | 31.3 | 231 | 26 | 05
saturation (emu/q)
Remanent | Am#kg | , o | 41 | 35 [ 18| 11 |02]| 0o | o
magnetisation | (emu/q) ) ' ' ' ' '
, , kA/m 8.9 7.6 5.6 35 2.6 0.3 0 0
Coercive field
Oe 111 95 71 43 32 4 0 0
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It was evident that magnetic saturation, remanent magnetisation and coercive

field values progressively decreased, as a function of slowly increasing temperature.

In the next section, structural investigations of rapidly processed, flame-spheroidised
Fes04:CaCOs (mass ratio 1:1, gas flow setting 2:2) microsphere products, is

presented.

5.4.2 Structural characterisation of CazFe20s microspheres

5.4.2.1 X-ray diffraction (unsieved microspheres)

Figure 5.21 presents an XRD pattern for rapidly processed Fe304:CaCOs (mass
ratio 1:1, gas flow setting 2:2) flame-spheroidised products (unsieved), confirming the
presence of CaxFe20s (srebrodolskite) (Table 5.17), FesOs (magnetite), Fe20s3
(hematite) and CaCOs (calcite), being distinct from the CaCOs, Fe203 and CazFe20s
products for the case of slowly-heated powders (Figure 5.18) where full consumption

of Fe3zO4 occurred.
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Figure 5.21 XRD pattern for flame-spheroidised Fez04:CaCO3 (1:1 mass ratio; gas

flow setting of 2:2).
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Table 5.17 Srebrodolskite (Ca2Fe20s) Miller indices and correlated diffraction

angles [278]

KHL | 002 | 200 | 141 | 051 | 231 | 161 | 202
20 |31.9/33.0/33.4|34.3|41.3|43.5|46.6

KHL | 080 | 033 | 181 | 143 | 341 | 082 | 302
20 1494|524 |55.1|57.9|59.2|60.0|60.1

For the purpose of electron diffraction investigation, the microsphere products
were sieved (> 32 um) to remove excess unreacted (FesO4 and CaCOg) and reacted
(Fe203) particles, in advance of grinding and dispersion on a grid for investigation in

the TEM.

5.4.2.2 Selected area electron diffraction (SAED) (sieved microspheres)

Compositionally uniform, flame-spheroidised Fe304:CaCOs products (mass
ratiol:1; gas flow setting 2:2), dominated by CazFe20s microspheres, were ground
using mortar and pestle, dispersed in suspension and deposited onto an amorphous
holey carbon film on a Cu TEM support grid, to create fragments sufficiently thin for
investigation by electron diffraction. Figure 5.22a presents a cumulative selected area
electron diffraction (SAED) pattern from these fine-scale, CazFe20s microsphere
fragments. Well-defined rings are evident, indicative of a dispersion of fine-grained
material. ldentification of inner diffraction rings was consistent with crystal plane
spacings of {020}, {200} and {141}, corresponding to CazFe20s. As highlighted in Table
5.17, Miller indices {200} and {141} correspond to the two more intense peaks. For the

case of {020}, for which 26 is found at 11.98, it was not observed on Figure 5.21 as it

was out of the analysed range.
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Figure 5.22. (a) Cumulative selected area electron diffraction (SAED) pattern for 120

stacked tilted fields of view, corresponding to compositionally uniform, flame-
spheroidised Fe304:CaCOs (mass ratio 1:1; gas flow setting 2:2), i.e. CaxFe20s
microsphere fragments, following grinding; (b) Bright field diffraction contrast TEM

image of a CaxFe20s microsphere fragment.

Figure 5.22b shows a TEM image from a polycrystalline, CazFe20Os microsphere
fragment showing a range of grains sizes, with average crystallite size ~38 nm
(estimated from associated XRD patterns using the Scherrer equation; FWHM =
0.225; 26002 = 31.9°; A = 0.15406 nm; Figure 5.21). These complementary structural
investigations indicated a fine-scale crystallographic nature for these flame-
spheroidised magnetic microsphere products, whilst also supporting the identification

of CazFe20s as the dominant phase.

The following section looks at the microsphere morphologies in more detail,

with particular attention given to the interconnective porosity of the microspheres.
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5.4.3 Ca2Fe20s microsphere topography (unsieved)

Figure 5.23a presents a low magnification SE image of these CazFe20s products,
demonstrating a mixture of large porous (125 - 180 um) and smaller dense (35 - 80
pum) microspheres, along with some small irregular-shaped particles. A total of 124
pores measured from five different porous microspheres showed a size range between
1.8 um and 64.5 um, respectively, with mean pore size of 13.1 pum (SD of 12.6 um).
Figure 5.23b shows a typical spheroidised porous microsphere in detail, whilst the
magnified boxed region of Figure 5.23c demonstrates the interconnected porous
microstructure. The prepared Fe304:CaCOs powders mixed with PVA, prior to flame-
spheroidisation, are shown in Figure 5.23d. Comparatively, Figure 5.23e illustrates a

large, porous microsphere (centre) and small dense microspheres (background).
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()l

Figure 5.23. SE images of flame-spheroidised CaxFe>Os showing: (a) Small, dense and large, porous microspheres; (b) details of a
porous microsphere; (¢) microsphere interconnected porosity (boxed in region (b)). (d) Prepared Fe304:CaCOQOs starting powder
mixture with PVA, as used for both flame spheroidisation (fast heating) and high temperature (slow heating) analyses. (e) CaFe20s

porous microsphere (centre) and dense microspheres (background) following flame-processing.
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The next section presents complementary surface chemistry characterisation

data for these flame-spheroidised CazFe20s microspheres.

5.4.4 Surface chemical analysis of CazFe20s microspheres (sieved)

Complementary X-ray photoelectron spectroscopy studies were performed, to analyse
the surface chemistry of the flame-spheroidised Ca2Fe20s porous and dense
microspheres. Figure 5.24a presents a survey spectrum of the srebrodolskite

microspheres.
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Figure 5.24 (a) XPS of flame-spheroidised CazFe2>Os porous and dense

microspheres (1:1 mass ratio; 2:2 gas flow setting), (b) High-resolution XPS of Fe 2p
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XPS spectra for the Ca2Fe20s microspheres highlighted Ca 2p (355 eV), O 1s
(539 eV) and Fe 2p (718 and 733 eV) peaks, with the latter splitting into two spin orbits
(Fe 2pw2 and Fe 2pss2, Figure 5.24b) suggesting the presence of Fe3* oxidation state
in both tetrahedral and octahedral sites, characteristic for Fe-based brownmillerite

minerals [279, 280].

The next section presents magnetic characterisation data for Fes04:CaCOs (1:1
mass ratio) both prior- and post- flame spheroidisation, as compared to FesO4 dense

microspheres.

5.4.5 Magnetic characterisation of CazFe20s microspheres (sieved)

Figure 5.25 presents magnetisation curves for small (€5 um) precursor / porogen
mixtures (1:1 Fesz04:CaCOs), prior and post flame spheroidisation, compared to Fe3O4
microspheres (Chapter 4). As summarised in Table 5.18, incorporation of porogen
into the mixture led to a decrease of magnetisation saturation values. Nevertheless, it
was noted that Fes304:CaCOs flame-spheroidised products showed significant
magnetic saturation values around 8.9 Am?/kg, clearly different from that exhibited by

slowly-heated Fe3z04:CaCOs precursors (Figure 5.19).
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Table 5.18 Magnetic saturation, remanent magnetisation and coercive field values

for FesO4 dense microspheres, and Fez04:CaCOs (mass ratio 1:1) mixtures using <5

HMm precursors, before and after flame-processing

Sample Magnetic Remanent Coercive
saturation magnetization Field / Hc
Am?/kg Am?/kg (kA/m) | (Oe)
(emu/q) (emu/q)
FEHOK GEMSE 96.3 0.8 05 | 67
microspheres
FEHOHCECOE (el 47.0 3.6 6.7 | 84.9
starting powders
FegO_4:CaC03 (1:1) 8.9 09 8.7 109
microspheres
100
;g’ 20 — Fe,0, microspheres
g | o Fe;O, : CaCO, (1:1) precursor mixture
S‘EC— 60 = Fe;30,:CaCO; (1:1) microspheres
O e
8 a0 ||
|2
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Figure 5.25 Hysteresis loop measurements for flame-spheroidised Fe304
microspheres, compared to Fe304:CaCOg3 (mass ratio 1:1) precursor powders and
microsphere products, at 26.85°C. Inset figure provides evidence of remanent

magnetisation in all cases.
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Having investigated the CazFe20s microsphere morphologies and magnetic
properties, the following section in concerned with the material’s suitability for

magnetic hyperthermia applications via induction heating.

5.4.6 Induction heating of CazFe20s microspheres

The potential of CazFe20s microspheres for magnetic mediated hyperthermia was
evaluated via induction heating (Table 5.19). Figure 5.26 presents the evolution of
temperature for the most homogeneous flame-spheroidised CazFe20s microsphere
(mass ratio 1:1, gas flow setting 2:2), along with FesO4 and CaCOs starting powders
in isolation, by way of control. The FesO4 powder showed high levels of induction
heating, up to ~ 130°C, but with evidence for lack of heating control, whilst CaCOs
powder showed no induction heating as anticipated. Notably, homogeneous CazFe20s
microspheres exhibited highly controlled heating to a constant level of 43.7°C which
remained stable upon voltage decrease (150 to 35 V). Std. errors for induction heating

measurements are shown in Table 5.20.

Table 5.19 Experimental parameters for the induction heating experiments.

Voltage / | Power / | Current / | Magnetic field / | Frequency /
Vv w A kA/m (Oe) kHz
150 120 0.8 0.10 (1.2) 204
35 20 0.6 0.07 (0.9) 204

Table 5.20 Statistical analysis on induction heating measurements.

Std. Error | CazFe20s5 Fe3O4 CaCOs
microspheres | powder porogen

Slope 0.006150 0.02827 | 0.0009041

Y-intercept 0.4288 1.971 0.06303
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Figure 5.26 Induction heating curves for flame-spheroidised CaFe20s
microspheres, compared with FezO4 and CaCOs starting powders, in isolation.
Homogenous CazFe>Os microspheres exhibited highly stabilised temperature

control. (All curves display averages of triplicate measurements) (MS:

Microspheres).

In summary, the flame spheroidisation of small (€5 ym) magnetite precursor /

porogen mixtures generated porous and dense microspheres, along with irregular
shaped particles. Fine-scale details of microsphere products were observed on
sectioned samples, revealing internal porosity for flame-spheroidised products.
Moreover, variations in porosity levels (e.g., internal pores, interconnected pores) were
observed as a function of gas flow setting. Compositional variations were noted on
flame-spheroidised CazFe20s, with excess / deficit of Fe / Ca, depending on porogen

concentration. The highest levels of compositional uniformity, along with microspheres
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with surface porosity and interconnected porosity, were observed on CazFe20s 1:1
mass ratio; 2:2 gas flow setting sample. High-temperature investigations (HT-XRD,
HT-SQUID, and TGA) performed on Fe304:CaCOs3 (1:1) mixture, provided insights into
the chemical reaction pathways, feedstock powder decomposition, and magnetic
properties transformation, all acquired under slow heating conditions, different to the
rapid, flame spheroidisation process. Finally, induction heating demonstrated the

suitability of CazFe20s compositional uniform products for magnetic hyperthermia.

5.5 Discussion

5.5.1 Introduction

The present Chapter reports on the optimisation of the flame spheroidisation process
(parameters of particle size, mass ratio of magnetite / porogen, gas flow setting and
product sieving) for the production of magnetic microspheres using small (<5 um)
FesOa4 precursors. Modification of these parameters produced a variety of products in
terms of size (small and large), shape (dense and porous microspheres, and irregular-
shaped particles), or a mixture of these, with distinct magnetic properties and
compositions (depending on Fe or Ca excess/deficit). A schematic illustration (Figure
5.27) provides a detailed summary description of the development of magnetic
microspheres using small (<5 pm) FesOa precursors, as a function of particle size,

mass ratio and gas flow setting.

5.5.2 Effect of precursor size
Firstly, the use of small (<5 pm) Fes30a4 precursors / CaCOs porogen combinations led
to the development of improved products in terms of compositional uniformity, as

compared to the large magnetite (< 45 ym) / CaCO3s microspheres described in
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Chapter 4. It is also noted that using Fe3O4 / CaCOs (1:1) precursors within the same
size range (both < 5 pym) generated microsphere products with high levels of

compositional uniformity, at all gas flow settings of 2:2, 2.5 : 2.5, and 3:3.

5.5.3 Effect of particle size distribution

Secondly, an important observation relates to the heat transfer and rapid melting
associated with small particles. For flame-spray technologies, the volume fraction of
unmelted/unreacted particles generally increases with increasing average particle size
[272]; however, it also correlates with the particle size distribution [281, 282]. For
example, it is noted that small FesO4 (<5 um) powders produced larger quantities of
reacted materials, i.e., Fe203 (oxidised Fe304) and CaO (from CaCO3s decomposition)
(XRD data, Figure 5.3); as compared with larger (< 45 ym) FesO4 powders (Chapter 4),
the flame-processed products of which exhibited larger amounts of remanent FesO4 and
CaCOs unreacted powders. In this case, it is suggested that a broad particle size
distribution (below 45 um) results in larger variations of particle heating during flame-
processing, as distinct from small FesOa4 precursors. Additional factors influencing small
precursor powder collisions and chemical transformations may include particle
thermophoretic forces [272, 283] and turbulence [266, 272, 284] generated within the

flame.

5.5.4 Effect of mass ratio

Thirdly, the mass ratio parameter as applied to small magnetite / porogen combinations
revealed a direct effect on the resultant mineral composition and magnetic properties.
CazFe20s (srebrodolskite) was the only calcium iron oxide phase revealed for all (<5

pm) Fes04:CaCOs flame-spheroidised samples investigated, similar to (< 45 um)
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Fe304:CaCOs microspheres (Chapter 4). Again, the suggestion is that rapid cooling and
solidification mechanisms associated with the flame spheroidisation method allow for the
formation of CazFe20s microsphere structures with modified compositions (excess / deficit
of Fe / Ca atoms), i.e., the microsphere products retained structural integrity for all mass
ratio cases, but presented some Fe / Ca variations according to elemental availability.
This could also be related to the unusual capacity of CazFe20s to support a number of
defects [285, 286]. Indeed, this phenomenon was reinforced by compositional analyses
of sieved samples. MLA mappings highlighted a clear trend towards iron deficit / calcium
excess, as the mass ratio progressed from 3:1 towards 1:3; with a mass ratio 1:1 showing
the highest levels of homogeneity (CFO-3, denominated as Ca2Fe20s). This
compositional trend emphasised the importance of maximum consumption of the
starting materials, occurring for a mass ratio of 1:1 & gas flow setting of 2.5 : 2.5; in which
case the MLA data showed no evidence for any unreacted Fe3Os and CaCOs from this
sample. It should also be noted that sieving acts as simple way to improve sample
homogeneity, by removing excess, small, unreacted FesOs4 and CaCOs, and Fe20s3
reacted powders. In contrast, Fe rich samples (mass ratio 3:1) showed poor
compositional uniformity, with two banded calcium iron oxide minerals observed (CFO-1
and CFO-2). Similarly, Ca rich samples (mass ratio 1:3) were associated with low
porogen consumption, along with irregular shaped particles containing an excess of
unreacted CaCOs and reacted CaO. In addition, the mass ratio parameter also influenced
strongly the microsphere magnetic properties. An increase in porogen content (from
Fes304:CaCOs 3:1 to 1:3) was directly related to a decrease of magnetic saturation and

remanent magnetisation. This was attributed to the incorporation of paramagnetic
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calcium atoms within the brownmillerite structure (CazFe20s) as a function of mass ratio.
As detailed in Chapter 4, the flame spheroidisation process leading to the formation of

metastable materials, and hence products with modified ferromagnetic properties.

5.5.5 Effect of gas flow setting

Fourthly, the parameter of gas flow setting also influenced the development of porosity
within the microspheres. Two types of porosity were identified for the sample set: i.e.
internal pores (either interconnected or not) and surface pores. It is considered that
surface pores were formed by molten droplets trapping and releasing CO2 gas bubbles
produced during porogen decomposition (CaCOs — CaO + CO2). In contrast, internal
pores were created within molten drops as a consequence of unreleased CO2 gas
bubbles, during rapid solidification. Hence, it is noted that incremental porogen
concentration (from Fe304:CaCOs3 3:1 to 1:3 mass ratios) combined with an elevated gas
flow setting i.e., 3:3, is associated with higher internal porosity levels. Conversely, surface
pores (with interconnected porosity) were more strongly associated with increased
porogen content (from Fe304:CaCOs 3:1 and 1:3 mass ratios), but at a 2:2 gas flow
setting. This effect is attributed to increased residence time of molten droplets within the
oxy-acetylene flame, as a determining factor for the development of microsphere porosity.
Considering that particle temperature is directly related to residence time of the patrticle
within the flame [287, 288], a gas flow setting of 2:2 would facilitate CO2 trapping and
release, maximise the number of fully reacted precursor / porogen powders, thereby
producing fewer irregular shaped particles. Furthermore, flame length can be
controlled by adjusting the gas flow ratio [284]. As illustrated in Figure 5.27, the flame

length decreased with increasing the gas flow setting (from 2:2 to 3:3), consequently
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influencing particle residence time within the flame. In addition, the addition of polyvinyl
alcohol (PVA) promoted binding of Fe3O4 precursors with CaCOs3 porogen particles and
helped hold the agglomerated masses together. Accordingly, it is considered that porous
microspheres are produced from the agglomeration of Fe304:CaCOs particles, with rapid
melting and coalesce leading to the production of melt pools rendered spherical by

surface tension, in advance of rapid solidification and phase separation, as appropriate.

5.5.6 Compositionally uniform, CazFe20s microsphere

5.5.6.1 Formation mechanism

Accordingly, to produce porous microspheres with interconnected porosity and
high values of compositional homogeneity, the data suggested that optimised flame
spheroidisation process conditions should be at the gas flow setting of 2:2 using a
magnetite (<5 um) to porogen mass ratio 1:1. A detailed investigation of Fe304:CaCOs
starting powders (mass ratio 1:1; gas flow setting 2:2), and a mixture of porous and dense
flame-spheroidised CazFe20s magnetic microspheres (with smaller, unreacted particles
of Fes04, CaCOs and reacted Fe203 removed by sieving), allowed for a comprehensive
formation mechanism to be established. Figure 5.28 schematically summarises the key

stages of dynamic evolution proposed for these flame-spheroidised powders.
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Figure 5.28 Schematic representation of dense and porous CazFe>Os microsphere

formation, via oxy-acetylene flame-processing (products prior to sieving).

Formation mechanisms associated with porosity development during flame-
spheroidisation have been described previously for glass microspheres [53, 237, 240,
289] and, more recently, for ceramic [63, 64] and glass-ceramic microspheres [65]. For
the case of the present magnetic microspheres, prepared Fesz04:CaCOs particles were
fed into a high-temperature flame (~3100°C) [290] where rapid melting and droplet
coalescence occurred. The molten particles acquired spherical shape post exiting the
flame due to surface tension. The development of compositionally uniform, dense and
porous CazFe20s microspheres, upon rapid cooling and solidification, is consistent with
the CaO:Fe203 (2:1 molar ratio) section of Ca-Fe-O phase diagram (Figure 5.29, 1:1

mass ratio) [188].
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Figure 5.29 CaO-Fe»03 phase diagram showing starting mass ratio positions (orange)

and developed mineral codes (blue)

Fine scale diffraction patterns (SAED data) acquired from CazFe20s microsphere
fragments, confirmed their resultant polycrystalline structure. It is considered that CO2,
produced during CaCO3s decomposition, became trapped in the form of gas bubbles within
molten droplets, and escaped rapidly at the point of solidification, and hence was
responsible for the production of the larger CazFe20s microspheres exhibiting high levels
of interconnected porosity (Figures 5.23b,c). The high compositional uniformity of these
microspheres (Figure 5.16) indicated that product composition was established before

the development of porosity.
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5.5.6.2 High-temperature investigations

The evidence from HT-XRD, TGA and HT-SQUID investigations, all acquired
under conditions of controlled heating rate, provided complementary information relating
to particle decomposition and chemical pathways. The HT-XRD data (Figure 5.18, Table
5.15) showed a transition of magnetite to hematite upon slow heating between 30°C and
650°C, whilst TGA data (Figure 5.17) showing a 2.5% weight increment between 40 and
611°C; consistent with the initial stage of FeszOs oxidation (Reaction 5.1) [291].
Nonetheless, a complete conversion from FesO4 to Fe203 should produce a theoretical
3.3% weight increment [292]. The TGA study was performed on air, hence, it is suggested
that the oxidation rate and oxidation kinetics of Fes3Oa4 precursors were influenced by
ambient temperature [293] and particle size [294] , and, consequently, partially oxidised
(~ 76%). For the case of HT-SQUID data (Figure 5.19), a substantial drop of magnetic
saturation, from 500°C to 600°C, was evident, attributable to transition across the Curie
point of magnetite (~580°C). The TGA curve also showed substantial weight loss of 11%,
between 611 and 712°C, consistent with the decomposition of CaCOs porogen to CaO
and CO:2 evolution (Reaction 5.2). Indeed, it is noted that CazFe20s brownmillerite-type
phase (srebrodolskite) formation can occur as a consequence of Fe203 and CaO reaction
(Reaction 5.3), whilst the formation of mineral srebrodolskite is in agreement with
previous work on CaO:Fe203 thermal processing [295, 296]. In particular, the formation
of calcium ferrites (CazFe20s and CaFe20a4) in the range of 900 to 1200°C, as investigated
by HT-XRD, indicated complete consumption of CaO:Fe203 by 1200°C [296]. This helps
to explain the presence of residual Fe203 peaks at 1050°C in Figure 5.18g, with the

absence of CaO peaks in Figure 5.18 being attributed to immediate reaction between
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Fe203 and CaO once CaCOs had decomposed (Reaction 5.3). Figure 5.18 also showed
that, above 750°C, CazFe20s peaks gradually become more intense, evidencing
CazFe20s5 formation, whilst CaCOs peaks became less intense. Table 5.15 suggests a

significant 26.8% loss of weight of CaCOs from 950°C (41.2%) to 1050°C (14.4%).

4Fe304 + O2 — 6Fe203 (Reaction 5.1)

CaCOs3 — CaO + CO2 (Reaction 5.2)

2Ca0 + Fe203 — CazxFe2Os  (Reaction 5.3)

Conversely, XRD peaks attributable to FesO4 and CaCOs in Figure 5.21 were
attributed to small particles of unmelted magnetite and porogen, with the suggestion that
these particles were pushed to the periphery and coldest part of the flame, either elevated
by the oxy-acetylene gas-pressure (Figure 5.28), or due to collision with other particles.
Similarly, Fe20s XRD peaks identified within the flame spheroidised reaction products
(Figure 5.21) suggests a reacted portion of FesOa4 that was also pushed to the periphery
of the flame. It is likely that the temperature at the periphery of the flame was sufficient to
oxidise small particles of magnetite. A flame-generated melt composed of CaO:Fe20s3
(2:1 molar ratio) is consistent with the formation of CazFe20s upon rapid droplet cooling
and solidification. Further, the CaO:Fe203 phase diagram (Figure 5.29) shows the starting
Fes304:CaCOs 1:1 and 3:1 mass ratio positions (whilst noting that the 1:3 mass ratio
corresponding to Fe203 37.8wt% / CaO 62.2wt% would be off the scale to the left of the
diagram), for comparison with the actual mineral products developed in practice (Table
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4.10). The positions were calculated based on the molecular weights of reactants and
products: FesO4 (231.5 g/mol), CaCOs3 (100.0 g/mol), Fe203 (159.7 g/mol) and CaO
(56.07 g/mol). Importantly, it is considered that the following reactions occurred prior to
CazFe20s formation (Reaction 5.3), and Fez04:CaCOs mass ratios 1:1 (Reaction 5.4), 3:1

(Reaction 5.5) and 1:3 (Reaction 5.6).

302 + 12Fe304 + 28CaCO3 — 18Fe203 + 28Ca0 + 28C0O. (Reaction 5.4)
902 + 36Fe304 + 28CaC0O3 — 54Fe»>03 + 28Ca0 + 28C0O. (Reaction 5.5)

O2 + 4Fe304 + 28CaC0O3 — 6Fe203 + 28Ca0 + 28C0O,  (Reaction 5.6)

Notably, the starting FesOas particle size has a significant effect on the Fe/Ca
excess/deficit levels for the products (as detailed in section 5.5.3), along with the sieving

of remanent, small particles (FesO4, CaCOs, Fe203 and CaO) post-flame spheroidisation.

5.5.6.3 Magnetic properties
Magnetic characterisation for CazFe20s microspheres revealed a lower magnetic
saturation value (8.9 Am?kg, Table 5.18) as compared to magnetite powder (96.3
Am?/kg) and the magnetite/porogen powder mix (1:1) (47 Am?/kg). The ferromagnetic
expression of the flame spheroidised CazFe20s microsphere products was attributed to
their structural arrangements, comprising ordered oxygen vacancies with alternating
layers of corner-sharing FeOas tetrahedra and FeOs octahedra [285, 297, 298]. This

structure provided for two types of magnetic moment, arising from FeO4 and FeOs [299],
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corresponding to antiferromagnetic and weak ferromagnetic behaviour, respectively

[285, 299].

5.5.6.4 Induction heating investigations

Having thoroughly characterised the CazFe20s microspheres, induction heating
investigations were performed to test the suitability of these materials for magnetic
hyperthermia applications. To address one of the main limitations related to magnetic
hyperthermia which is controlling the temperature increase to between 40-45°C [300]
induction heating measurements demonstrated the ability of CazFe20s microspheres to
address this issue. It is considered that the mechanism of heat generation used in our
study was via hysteresis loss, as revealed by magnetisation curves showing remanence.
This mechanism is typical for multi-domain, ferro- and ferrimagnetic materials [10, 301].
Additionally, it was noted that the frequency used in our experiment (204 kHz) was within
the clinical magnetic hyperthermia accepted range [11, 18, 130, 300, 302-304]. Magnetic
particles used in magnetic-hyperthermia applications should heat rapidly in order to
prevent patient discomfort [18]. Notably, the desired temperature was achieved in ~ 40
seconds. With regards to the low magnetic field reported here, it is noted that the magnetic
hyperthermia effect can be achieved through the application of weak magnetic fields
(<7.95 kA/m) [18]. Hence, these induction heating measurements show promising results
for the CazFe20s magnetic microspheres developed in the present study. However, for
formal validation, this part of the investigation would require further research using

alternating magnetic fields, suitable for a clinical environment.
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5.5.6.5 Biomedical applications

It is noted that manufactured, uniform CazFe20Os microspheres have particular
relevance in healthcare applications e.g., as MRI contrast agents [305, 306] due their
ferromagnetic expression. Alternatively, porous magnetic microspheres offer the key
advantage of enabling drug delivery to specific tissues [307]. Nonetheless, only a modest
number of large porous microspheres were developed, as compared to large numbers of

dense microspheres. Hence, there is a need for improvement in porosity yields.

The next Chapter reports on the development of highly-porous, glass-ceramic

ferromagnetic microspheres, towards cell viability investigations.

5.6 Summary

The manufacture of magnetic microsphere products using small (<5 pum) FesO4 precursor
can be achieved through control of particle size, mass ratio and O2/C2H2 gas flow setting
parameters associated with the facile, rapid, single-stage, flame spheroidisation process.
In the present Chapter, optimised conditions for the processing of highly homogeneous
CazFe20s porous (large, 125 - 180 um) and dense (small, 35 - 80 um) microspheres were
identified. Direct evidence from structural, morphological and compositional
investigations, along with complementary high-temperature studies (HT-XRD, TGA and
HT-SQUID), have enabled a CazFe20s microsphere formation mechanism to be
established, describing the dynamic evolution of starting 1:1 Fez04:CaCOs feedstock
powder during the rapid flame spheroidisation process. It is proposed that the

development of interconnected porosity during CazFe20Os rapid solidification was a
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consequence of the production of CO2 gas bubbles (arising from decomposition of the
CaCOs porogen), trapped within coalescing molten droplets. The compositionally uniform
CazFe20s5 ferromagnetic microspheres (FesO4:CaCOs 1:1 mass ratio / 2:2 gas flow
setting) showed relevance for magnetic hyperthermia applications as demonstrated with
a simple induction heating experiment, as these flame spheroidised CazFe20s products

delivered a controlled temperature increase (43.7°C).
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6.0 Development of ferromagnetic porous and dense
glass-ceramic microspheres for biomedical
applications

6.1 Introduction

The first part of the present Chapter demonstrates the formation of dense, glass-ceramic
microspheres manufactured via the flame spheroidisation process. Combinations of
FesOa4 (< 45 pm) precursor powder and phosphate-based glass (40P205-16Ca0-24MgO-
20Na20 in mol%) denoted as P40, were investigated as a function of 1:1, 4:1 and 16:1
mass ratios in the absence of CaCOs porogen. Building upon initial knowledge gained,
the second part of this Chapter reports on highly porous, ferromagnetic glass ceramic
P40-Fe304 microspheres (125 — 200 um) also developed via the flame spheroidisation

process.

Scanning electron microscopy (SEM) was used for the observation of microsphere
topography. Structural investigations were performed using X-ray diffractometry.
Magnetic investigations of the glass-ceramic products were performed via SQUID
magnetometry. Fine-scale details (e.g., porosity, phase separation) of sectioned
microsphere samples were visualised using backscattered electron (BSE) imaging.
Compositional investigations were performed via mineral liberation analysis (MLA) &
energy dispersive X-ray spectroscopy (EDS). The suitability of the microsphere products
for controlled delivery of heat was evaluated using an induction heating coil system.

Complementary, cytocompatibility investigations of the P40-FezO4 porous microspheres
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were conducted, and compared with FesO4 dense microspheres (Chapter 4), CazFe20s

microspheres (Chapter 5), and P40 dense microspheres, all as controls.

6.2 P40-Fez0O4 dense microspheres (no porogen)

The quaternary phosphate-based glass 40-P20s5-16Ca0-24MgO-20Na20 (mol%),
denoted P40, was produced using the melt-quench technique (Chapter 3 — Materials and
Methods). The P40 (63 — 25 pm) and FesOas (<45 pm) powders (1:1, 4:1 and 16:1 mass
ratios) were then processed via the flame spheroidisation method (2.5 : 2.5 gas flow
setting). Figure 6.1 shows a summary of the key steps for sample preparation, flame

spheroidisation and characterisation of the P40-Fe3z0O4 dense microspheres.

P40 melt quenching (63 - 125 pm)

}

P40-Fe;0, mass ratios

} | |

1:1 4:1 16:1

' l l

Flame spheroidisation (2.5 : 2.5 gas flow setting)

l

Microsphere characterisation:
Topography - SEM
Structural — XRD
Magnetic -SQUID

Products were sieved and
sectioned

|

Compositional characterisation: MLA and EDS

Figure 6.1 Flow diagram summarising the key steps followed for the manufacture of

P40-Fez04 dense microspheres.
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6.2.1 Microsphere topography (unsieved)

Figures 6.2(a-c) show low-magnification secondary electron (SE) images of flame-
spheroidised P40-Fe304, for mass ratios of (a) 1:1, (b) 4:1 and (c) 16:1. For all cases,
well-defined spherical morphologies were revealed. Notably, no irregular-shaped
particles were present, attributed to the phosphate-based glass low melt temperatures
and hence high viscosity. As anticipated, no surface porosity was observed. As the
absence of irregular-shaped particles among the microsphere samples was noted, the

products were not sieved or sectioned until compositional investigations had taken place.

Figure 6.2 SE images for flame-spheroidised microspheres P40-Fes04, for different
mass ratios (a) 1:1 (~120 — 265 pm), (b) 4:1 (~50 — 250 pum), and (c) 16:1 (~50 — 300

pm).
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6.2.2 Structural characterisation (unsieved)

XRD investigations were performed to appraise the structural properties of the flame-
spheroidised P40:Fe304 microspheres produced, as a function of mass ratio. Figure 6.3
shows XRD patterns for flame-spheroidised products (mass ratios of 1:1, 4:1 and 16:1)
corresponding to the sample sets imaged in Figures 6.2(a-c). Structural analysis for
P40:Fes04 (mass ratio 1:1) confirmed the presence of MgFeO (magnetite, magnesian)
(ICDD PDF no. 01-076-2587) and NasFe2(POa4)3 (sodium iron phosphate) (ICDD PDF no.
00-045-0319). For the case of 4:1 mass ratio, weaker peaks for MgFeO were revealed
and a slight curvature peak was noted, akin to an amorphous hump, most likely due to
the P40 amorphous structure. Comparatively, a more prominent curvature of the baseline

consistent with amorphous P40 glasses was noted for the 16:1 mass ratio samples.

A A Magnetite, magnesian (MgFeO phase)
eSodium iron phosphate (NasFe,(PO,);)

P40 : Fe,0, (1:1)

3

© A
= A
>._ e
-

7

c

ﬂ," P40: Fe;0,(4:1)
S I

P40: Fe;0,(16:1)

10 20 30 40 50 60 70
20

Figure 6.3 XRD patterns for flame-spheroidised P40:Fe3z04 (mass ratios 1:1, 4:1 and

16:1).
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Evidently, the progression towards higher P40 content (mass ratio from 1:1to 16:1)
was associated with a reduction in magnesian (MgFeO) and sodium iron phosphate
(NasFe2(POa4)s3) peak intensities, whilst a prominent curvature typical of amorphous
materials emerged (noting that amorphous hump shifted as a function of mass ratio, an
indictive of different species forming). Importantly, no structural evidence corresponding
to Ca-based phases was shown in XRD attributed to the allocation of calcium atoms in
the amorphous phase of the products or within the interstitial sites of MgFeO (detailed in
6.4.2.4). The following section presents magnetic investigations of these P40-Fe304

dense microspheres.

6.2.3 Magnetic characterisation via SQUID magnetometry (unsieved)

Magnetic characterisation provided information on magnetic saturation, remanent
magnetisation and coercive fields for these P40-Fe304 dense microspheres, whilst noting
the effect of mass ratio on magnetic properties. Figure 6.4 presents hysteresis loops for
flame-spheroidised P40 glass to FesOs precursors mass ratios of 1:1, 4:1 and 16:1,
respectively, compared to FeszOs4 dense microspheres (Chapter 4) and P40 dense

microspheres.

Table 6.2 summarises the magnetic properties of these flame-spheroidised
products as a function of mass ratio. As expected, the evolution towards decreased
magnetite content (mass ratio from 1:1 to 16:1) revealed a decrease in magnetic

saturation values, consistent with the findings of Chapters 4 and 5.
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Figure 6.4 Hysteresis curves for P40-Fe3z04 dense microspheres (mass ratios 1:1, 4:1
and 16:1) at 26.85°C. Inset figure provides evidence for microsphere remanent

magnetisation.

Table 6.2 Magnetic measurements for P40-Fesz04 dense microspheres, as a function of

mass ratio, compared to FesO4 and P40 dense microspheres.

Gas Magnetic Remanent Coercive
: : flow saturation | Magnetisation Field / Hc
Microsphere | Mass ratio :
sample P40:Fes0q [SENg L [ My
' Arb. Am?/kg | Am?/kg (emu/g) | (kA/m) | (Oe)
units (emu/g)
FesO4 - 96.3 0.8 0.5 6.7
1:1 39.5 1.7 4.4 56
P40:Fes304 4:1 2.5:25 20.8 0.6 2.8 36
16:1 3.2 0.1 1.9 24
P40 - 0.0 0.0 0.0 0.0
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The next section presents compositional investigations performed on P40-Fe304
dense microspheres, as a function of mass ratio, following sample preparation (sieving

and sectioning).

6.2.4 Compositional analyses (sieved and sectioned)

6.2.4.1 Mineral liberation analysis

Associated BSE imaging and MLA analyses highlighted details of the microsphere
morphologies and revealed a compositional transformation as a function of P40-to-Fe30a4
mass ratio. Figure 6.5 shows BSE images and mineral mapping analysis for sieved, resin
embedded and cross-sectioned P40-FesO4 microspheres, corresponding to the sample
sets shown in Figure 6.2. Table 6.3 summarises compositional differences across the
sample set, obtained using MLA, with a strong trend towards the development of banded

P40 / Fe-based mineral compositions.

Table 6.3 Mineral proportions (wt%).

Mass ratio P40 P40-Fe | Fe-P40 FesO4 FesO4 Other Number of
P40:Fe304 with Ca particles
analysed
1:1 0.1 0.7 58.8 22.6 15.7 2.1 8,925
4:1 0.7 56.6 29.3 8.6 4.5 0.3 1,202
16:1 4.5 6.9 5.1 3.1 0.6 1,906
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Figure 6.5 BSE and MLA compositional analyses and charts showing mineral
proportions (wt%) of flame-spheroidised P40-FezO4 magnetic microspheres: (a) 1:1, (b)
4:1 and (c) 16:1, following sieving and sectioning, illustrating the developed dense

microspheres and associated minerals obtained.

Correlated mineral reference data and colour codes, as a function of Fe/Ca/P
variations, are summarised in Table 6.4 and Figure 6.6, respectively. Figures 6.5(a-c)

show BSE images and MLA analyses of sieved, resin embedded and sectioned, flame-
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spheroidised P40-Fe304 products. A 1:1 mass ratio (Figures 6.5a, 6.7 and Table 6.5)
revealed a mixture of three dominant minerals (Fe-P40, Fe3Os4 and FesOs4 with Ca)
throughout these flame-spheroidised dense microspheres. Interestingly, the dense
microsphere revealed ‘ring-shell’ and ‘core-shell’ type structures consisting of varying
mineral compositions (non-uniform). Moreover, the P40-Fe3z04 4:1 mass ratio sample
(Figures 6.5b, 6.8 and Table 6.6) revealed higher yields of dense microspheres
comprising a mixture of two dominant minerals (denoted as P40-Fe and Fe-P40).
Comparatively, P40-rich products (mass ratio 16:1, Figures 6.5c, 6.9 and Table 6.7)

showed a higher yield of dense microspheres with high concentration of P40.

Table 6.4 Mineral references (wt%) and density.

Mineral Mineral reference (wt%) Density
Ca | Fe P Mg Na| O | C | g/cm?®
P40 9.1 0O [28.7| 72 |72]|479]|0 1.40
P40-Fe 75 1106|251 | 6.2 |[6.0[446| 0 2.08
Fe-P40 8.8 [320[13.6| 7.3 |[24[359| 0 3.46
Fes0a4 0 |724| O 0 0 |[276| 0 5.15
Fes04 with Ca 36 /738 0 0 0 |226] 0 6.12
CFO-1 9.6 673 O 0 0 |231] 0 5.71
CFO-2 15.1161.3] O 0 0 [236]| 0 5.33
CFO-3 19.1 | 57 0 0 0 |239]| 0 5.05
CFO-4 48.41289| 0 0 0 [226] 0 3.28
CaCOs 40 0 0 0 0 | 48 |12| 271
Ca-P-Fe 366 | 7.7 |[17.0] O 0 [38.7]0 1.92
Ca-P40-Fe 304 | 95 |155| 23 [43]379]| 0 2.01
P-Ca-Mg-Fe (noNa) | 17.5]| 8.0 [18.2]114.3]/0.0/421] 0 1.95
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Figure 6.6 Molar colour code as a function of Fe/Ca/P concentrations.
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Figure 6.7 Full MLA compositional analysis of flame-spheroidised P40:Fez04 (mass

ratio 1:1), following sieving and sectioning, demonstrating high levels of Fe-P40.

Table 6.5 Modal minerology for flame spheroidised P40:Fez04 (mass ratio 1:1).

Mineral Particles | Weight %
Fe-P40 3164 58.8
Fe3O4 2334 22.6
Fe304 with Ca 2454 15.7
Other minerals 973 2.9
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Figure 6.8 Full MLA compositional analysis of flame-spheroidised P40:Fez0O4 (mass
ratio 4:1), following sieving and sectioning, demonstrating high levels of P40-Fe and Fe-

P40 banded minerals.

Table 6.6 Modal minerology for flame spheroidised P40:Fez04 (mass ratio 4:1).

Mineral Particles | Weight %
P40-Fe 592 56.6
Fe-P40 274 29.3
Fes30a4 146 8.6
Fe304 with Ca 95 4.5
Other minerals 95 1.3
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Figure 6.9 Full MLA compositional analysis of flame-spheroidised P40:Fe304 (mass

ratio 16:1), following sieving and sectioning, demonstrating high levels of P40.

Table 6.7 Modal minerology for flame spheroidised P40:Fe304 (mass ratio 16:1).

Mineral Particles | Weight %
1590 79.8
P40-Fe 99 4.5
72 6.9
Fe304 52 5.1
Fe304 with Ca 37 3.1
Other minerals 56 0.6
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As anticipated, it was clear that increases in P40 content (P40:Fe30O4 from 1:1 to
16:1) resulted in lower levels of Fe and higher concentrations of P, Mg, Na, and Ca (Table
6.4). The next section presents elemental mappings corresponding to P40-Fes04 dense

products, as a function of mass ratio.

6.2.4.2. Energy dispersive X-ray

Energy dispersive X-ray investigations were performed to appraise elemental
distributions among these P40:Fes3O4 (mass ratios 1:1, 4:1 16:1) dense microspheres.
Figure 6.10 shows cross-sectioned, BSE images and elemental mappings of P40:Fe304
(mass ratio 1:1) microspheres. Table 6.8 highlights the molar concentrations (Na20, MgO,
CaO, P20s and Fe203) of the products. Core-shell and ring-shell microspheres confirmed

variability of the elemental concentrations.

For the case of P40:Fe304 (mass ratio 4:1; Figure 6.11), BSE and elemental
mappings showed evidence of a strong yield of dense microspheres. As summarised in
Table 6.9, the samples revealed higher levels of P20s for all constituents, when compared

to mass ratio 1:1 (Table 6.8), as anticipated.

Figure 6.12 shows BSE and elemental mappings of sectioned P40-rich
microspheres (P40:Fes04, mass ratio 16:1), confirming elevated levels of phosphorous,
and very low levels of Fe (Table 6.10). Interestingly, only one microsphere exhibited high

levels of iron (Figure 6.12e).
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Figure 6.10. (a) BSE image and (b) elemental mapping showing (c) phosphorus (d)

calcium, (e) iron, (f) oxygen, (g) magnesium and (h) sodium, of P40:Fe30a4

microspheres (mass ratio 1:1), following sieving and sectioning, illustrating core-shell

and ring-shell morphologies.

Table 6.8. Molar constituents (wt%) for P40:Fe3O4 microspheres (mass ratio 1:1).

Number | Name | Na,O/wt% | MgO/wt% | CaO/wt% | P,O,/wt% | Fe,O,/wt%
1 Fe-rich | 0.70+£1.57 | 5.60+3.86 | 3.24+2.29 | 5.08+3.35 | 85.36 +9.57
2 Mg-rich 0 30.88+2.60 | 30.37+4.06 | 22.4+2.34 | 16.35+1.36
3 Na-rich | 8.47 +1.98 | 14.89+2.20 | 17.38+4.80 | 24.36 + 2.65 | 34.89 + 10.37
4 CFO 0 0 27.20 0 72.80
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Figure 6.11. (a) BSE image and (b) elemental mapping showing (c) phosphorus, (d)

calcium, (e) iron, (f) oxygen, (g) magnesium and (h) sodium, of P40:Fe30a4

microspheres (mass ratio 4:1), following sieving and sectioning, illustrating dense

microsphere morphologies.

Table 6.9. Molar constituents (wt%) for P40:Fe3O4 microspheres (mass ratio 4:1).

Number | Name | Na,O/wt% | MgO/wt% | CaO/wt% | P,O./wt% | Fe,O,/ wt%
1 Fe-rich | 12.95+1.15 | 1516 + 0.63 | 8.02+2.41 17 +2.58 | 46.88+6.78
2 P-rich | 15.11£+0.48 | 26.5+0.75 | 19.15+ 0.57 | 30.57+0.93 | 8.67 +2.28
3 P-rich2 | 12.71 +0.08 | 23.23 £ 0.10 | 16.58 £ 0.22 | 27.06 £ 0.09 | 20.39 £ 0.14

204




Figure 6.12. (a) BSE image and (b) elemental mapping showing (c) phosphorus, (d)

calcium, (e) iron, (f) oxygen, (g) magnesium and (h) sodium of P40:Fez04 microspheres

(mass ratio 16:1), following sieving and sectioning, illustrating dense microsphere

morphologies.

Table 6.10. Molar constituents (wt%) for P40:Fe3O4 microspheres (mass ratio 16:1).

Number | Name | Na,O/wt% | MgO/wt% | CaO/wt% | P,O./wt% | Fe,O,/ wt%
1 Fe-rich | 15.08 + 0.56 | 18.65+0.87 | 13.22 £ 0.79 | 27.34 £ 0.50 | 25.68 + 2.16
2 P-rich | 19.64 +£0.31 | 25.34 £+ 0.24 | 18.07 £0.08 | 35.82 +0.21 | 1.11 +0.05
3 Mg-rich | 12.31 +0.12 | 33.78 £ 0.31 | 24.49+0.13 | 28.37 £+ 0.30 | 1.04 + 0.07
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Building on the investigation of P40-Fe304 dense microsphere morphologies, as a
function of mass ratio, the next section explores the development of highly porous,

glass-ceramic magnetic microspheres.

6.3 P40-Fe304 highly porous microspheres

Figure 6.13 presents a flow diagram, comprising the steps followed for the flame
spheroidisation, characterisation and cytocompatibility investigations on highly porous,

P40-Fe304 ferromagnetic microspheres.

Fe;0, (= 45 um) : P40 glass (63 — 125 um), mass ratio (1:1)

A

(P40-Fe;0,) : CaCO; mass ratio 1:3

l

Flame spheroidisation (2.5 : 2.5 gas flow setting)

1

Microspheres sieved and acid washed

A 4
Microsphere characterisation:
Topography - SEM

T Structural - XRD
Magnetic — SQUID
Thermal - Induction heating

h 4

Microspheres were sectioned Microspheres were cell cultured
Compositional Cytocompatibility investigations:
characterisation: MLA and EDS ESEM & Metabolic activity

Figure 6.13 Flow diagram summarising the key steps followed for the manufacture of

P40-Fes304 porous microspheres.
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The Fes304 (< 45 uym) precursor and melt-quenched P40 phosphate-based glass
(63 — 125 pym) powders were combined at a mass ratio of 1:1. The P40-Fe3O4 powders
were then mixed with calcium carbonate (CaCOs) which was used as a porogen (< 63
pm) (1:3 mass ratio). The prepared powders where then processed via the flame
spheroidisation technique (2.5:2.5 gas flow setting), then sieved and acid washed prior to
characterisation (SEM, XRD and SQUID). The microsphere products were also cross-
sectioned for compositional analyses (via MLA and EDS). The heating of porous
microspheres was performed via high frequency induction, with FesOs4 and P40 dense
microspheres used as controls. Finally, cytocompatibility assessment was carried out
using the human osteoblast cell line MG-63 seeded directly onto the P40-Fe304 porous
microspheres, with cell metabolic activity evaluated using Alamar Blue at days 2 and 7.
The Fes304, CazFe20s5 and P40 microspheres were used as controls. Finally, fixed cells

on the P40-Fe304 microspheres were imaged using ESEM.

6.3.1 Microsphere topography (sieved microspheres)

Figure 6.14a shows a representative, low-magnification SE image of the flame
spheroidised P40-Fe3Os4 microsphere products (size range 125 — 212 um) with
exceptionally high levels of porosity. Figure 6.14b shows P40-FeszOs4 porous
microspheres, whilst Figure 6.14c highlights the interconnected nature of the porosity.
For comparison, Figures 6.14d and 6.14e show SE images of flame spheroidised Fe304
and P40 dense microspheres, respectively, which were used for magnetometry, induction
heating and cytocompatibility control investigations. All samples were manufactured

under the same processing conditions as for P40-Fe30a.
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Figure 6.14. SE images of flame spheroidised (a) P40-Fez04 porous microspheres (125
- 212 um); with (b) details of a porous microsphere; and (c) highlight of microsphere
interconnected porosity. Flame spheroidised, unsieved (d) Fe3zO4 dense microspheres

(~ 20 - 100 pm), and (e) P40 dense microspheres (~ 30 - 150 um), used as controls.
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These P40-FesO4 products presented the largest number of highly porous
microspheres within the 141— 180 um size range (Figure 6.15a), whilst dense Fez04 and
P40 controls exhibited smaller microspheres in the range ~ 20 - 100 um and ~ 30 - 150
pm, respectively. It was noted that smaller P40-FesOa4 products in the 63 - 125 ym size
resembled more irregular shaped morphologies exhibiting lower levels of porosity (Figure
6.16). For the case of well-defined P40-Fez04 porous microspheres (between 125 — 212
pm), the surface pore diameters exhibited values in the range 0.9 to 56.2 um (Figure
6.15b; mean 2.8 um; median 1.9 pm; SD 3.79; n = 490 pores measured from three
different microspheres). Figure 6.17 compares BSE images of cross sectioned large (125
— 212 pm) and small (63 — 125 pum) P40-Fe304 microspheres. Evidently, large products
presented high levels of interconnected porosity; conversely, small products showed a

larger number of irregular-shaped particles.
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Figure 6.15. Size distributions of (a) flame-spheroidised P40-Fe30O4 porous
microspheres (125 — 212 ym) (n = 192), as compared to Fe3O4 and P40 dense
microsphere controls (< 212 um) (n = 288 & n = 112, respectively); and (b) P40-Fez0a4
microsphere outer surface pores.
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Figure 6.16. SE images of flame spheroidised P40-Fez04 porous microspheres, within
the 63 - 125 uym size range, along with dense microspheres and irregular shaped

particles.

Figure 6.17. Cross-sectioned BSE images of (a) larger (125 - 212 uym) and (b) smaller
(63 - 125 um) P40-FesO4 microspheres.
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The following section reports on the structural properties of highly porous P40-
Fes3O4 microspheres (125 — 212 pum), as compared to FesO4 and P40 dense microsphere

controls.

6.3.2 Structural characterisation (sieved microspheres)

Figure 6.18 shows XRD patterns for the P40-FesOs flame spheroidised porous
microspheres, compared to dense FesOs and P40 microsphere controls. The
diffractogram for P40 processed in isolation exhibited a characteristic glass curve
consistent with its amorphous nature; whilst that for processed Fe3Oa4 confirmed retention
of crystalline FesO4 along with the presence of a small amount of Fe20s. Interestingly, the
diffractogram for processed P40-Fes04 revealed the presence of crystalline CazFe20s,
along with (unreacted) FezO4 and CaCOs, with slight curvature of the baseline consistent

with the presence of amorphous P40.
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Figure 6.18. X-ray diffractograms for flame spheroidised, highly porous, P40-Fe30a4

microspheres, compared to the FezO4 and P40 dense microsphere control samples.
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6.3.3 Magnetic properties of P40-Fez04 porous microspheres (sieved)

Figure 6.19 presents hysteresis loops for flame-spheroidised P40-FesOs4 porous

microspheres, Fe3O4 dense microspheres and P40 dense microspheres. Importantly, the

P40-Fes04 porous microspheres and FesO4 dense microspheres both revealed typical

hysteresis loops indicative of ferromagnetic behaviour. As summarised in Table 6.11, the

FesO4 microspheres showed the highest levels of magnetic saturation, whilst the P40

dense microspheres showed no magnetic saturation, as anticipated. Notably, highly

porous P40-Fes304 microspheres exhibited magnetic saturation at 4 Am?/kg and a lower

but significant value of remanent magnetisation of 0.2 Am?/kg, as compared to dense

Fes04 microspheres.

Table 6.11. Magnetic measurements for flame-spheroidised reaction products.

Sample Saturation Remanent magnetisation, | Coercive field, Hc
magnetisation Mr
Am?/kg (emu/g) Am?/kg (emu/g) kA/m Oe
Fe304 96.3 0.8 0.5 6.7
P40- Fe304 4 0.2 5.8 72.6
P40 0 0 0 0
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Figure 6.19. SQUID magnetometry measurements for flame-spheroidised P40-Fe304
porous microspheres, compared to FezO4 and P40 dense microspheres, at 26.85°C.

Inset figure provides evidence for FezO4 and P40-Fez04 remanent magnetisation.

6.3.4 Compositional analyses (sieved and sectioned)

6.3.4.1 Mineral liberation analysis

Figure 6.20a illustrates a BSE image of resin embedded and sectioned P40-Fe304
microspheres, evidencing very high levels of interconnected porosity. Mineral mapping
(Figure 6.20b and Figure 6.21) revealed a variety of products, dominated by Ca-P40-Fe,

P40-Fe and CazFe20s, along with unreacted P40, CaCOs and FesO4 (Table 6.12). A total
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of 24,637 particles were quantified via MLA software using a standard 70% matching

threshold.

Figure 6.20. Sectioned, flame-spheroidised, P40-Fe304 porous microspheres: (a) BSE
image highlighting microsphere porosity; (b) MLA compositional map demonstrating a

mixed phase product comprising primarily iron oxide decorated P40.
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spheroidised P40-Fes04 porous microspheres,

Figure 6.21. MLA data for flame

following sieving and sectioning, showing high levels of P40 and Ca-P40-Fe
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Table 6.12. Mineral proportion (weight percentage) of P40:Fez04 porous microspheres.

Mineral Particles | Weight %
8270 25.5
P40-Fe 4032 8.8
925 3.7
Fe;O, 479 3.7
Fe,O, with Ca 317 1.4
CFO-1 211 1.5
CFO-2 78 0.3
CFO-3 - Ca,Fe,0O; 481 5.1
CFO-4 245 3.3
2956 14.6
Ca-P-Fe 1347 4.8
Ca-P40-Fe 5202 27.0
94 0.2

6.3.4.2. Energy dispersive X-ray spectroscopy
Further, Figure 6.22 shows BSE, a detailed EDS elemental map, and elemental

mappings corresponding to the sectioned P40-FesOs4 porous microspheres. The
elemental map (Figure 6.21b) highlights a distribution of FeO-rich domains (~ 10 um
sized) embedded within the microspheres (125 — 212 pm). A summary of the
compositions of FeO-rich and FeO-poor regions of the microspheres is presented in Table
6.13. Notably, elevated levels of CaO were associated with FeO-rich regions, as
confirmed in Figure 6.23 that highlights the correlation between BSE and elemental

mappings of FeO and CaO regions of individual porous microspheres.
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microspheres (Figure 6.22).

Table 6.13. Molar constituents of highlighted regions of flame-spheroidised P40-Fe304

Na, O/ MgO / CaO/ P,O./ FeO/
wt% *+ SD | Wt% = SD | wt% £ SD | wto;, + SD | Wt% £ SD
FeO-rich | 9.3+48 | 84+3.2 [322+92|448+74| 54%5.8
147+02|116+02|11.7+0.2 619203 | 0.1+0.1

Figure 6.22. (a) BSE image and (b) EDS elemental mapping showing (c) phosphorous
(d) calcium, (e) iron, (f) oxygen, (g) magnesium and (h) sodium of P40:Fe304 porous
microspheres (mass ratio 1:1), following sieving and sectioning. Red circles highlight

FeO-rich areas, and yellow circles highlight FeO-poor areas.
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2

Figure 6.23. EDS analyses for representative P40-Fe304 porous microspheres showing BSE images and elemental
mappings for phosphorous, magnesium, sodium, oxygen, calcium and iron, following sieving and sectioning. Red circles

highlight calcium and iron in the same microsphere areas.
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6.3.5 Induction heating

Figure 6.24 shows the evolution of temperature of induction heated highly porous P40-
Fes04 microspheres, as compared to dense FeszO4 and P40 microspheres. Experimental
parameters for the induction heating investigations are detailed in Table 6.14. The Fe304
dense microspheres exhibited the highest levels of induction heating, reaching ~ 140°C,
but with complete lack of heating control. Conversely, the P40 microspheres showed no
induction heating at all, as anticipated. Notably, the P40-FesO4 highly porous
microspheres exhibited highly controlled heating profiles, to a constant level of 41.9°C,
which remained stable upon voltage decrease (from 250 down to 100 V after 40 s; Table
6.14). For the case of the FesO4 samples, the voltage decrease was applied at 10 s and

stopped at ~ 80 s due to the uncontrolled temperature rise (Figure 6.24).

180 — Fe;30,4 dense MS
1604 — P40-Fe304 porous MS
1404 — P40 dense MS

120
100

Temperature (°C)

T 1
0 20 40 60 80 100 120

Time (s)
Figure 6.24. Induction heating curves for P40-Fez04 porous microspheres, compared
with Fe3z04 and P40 dense microspheres (MS). (All curves display averages of triplicate

measurements. Std. errors in Table 6.15).
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Table 6.14. Experimental parameters for induction heating experiments.

Voltage / | Power / | Current / | Magnetic field / | Frequency /
\'/ w A kA/m (Oe) kHz
250 350 1.4 0.17 (2.2) 204
100 120 1.2 0.15 (1.9) 204

It is noted that the application of lower voltages of 50 and 150 V, respectively, to

the P40-Fe3O4 microspheres resulted in slower heating rates (Figure 6.25).

G

Y - 250-100V
£ - 150V

3 - 50V

5
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20 I I I
0 20 40 60 80
Time (s)
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Figure 6.25. Induction heating curves for P40-Fe304 porous microspheres
corresponding to 50 V, 150 V and 250 V (down to 100 V after 40 s, blue arrow) heating

regimes. Lower voltages were associated with lower rates of temperature increase.
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Table 6.15. Standard errors for induction heating experiments. P40-Fe304 and P40
triplicate measurements are indicative of good heating stability. Measurements for

Fes04 showed much strong variability.

Std. Error | P40-Fe304 | Fe304 P40
Slope 0.005096 | 0.02827 | 0.0006563
Y-intercept | 0.3523 1.971 0.04576

6.3.6 Cytocompatibility

For cytocompatibility assessment, the MG-63 cell line in direct contact response to P40-
Fes04 porous microspheres was evaluated at day 2 and day 7, via measurement of cell
metabolic activity (Figure 6.26) and compared with the response to CazFe20s, Fez04 and
P40 microspheres. Analysis at day 2 revealed the metabolic response to be significantly
higher for cells exposed to P40-FeszO4 microspheres, compared to the controls (p <<
0.0007). Notably, no significant difference was returned for cells exposed to P40-Fe30a4

microspheres and tissue control plastic (TCP) (control) on day 2.

On day 7, P40-Fes304 porous microspheres presented no significant difference in
cell response compared to day 2. Conversely, FesO4 dense microspheres revealed lower
cellular response, while P40 and CazFe20s microspheres showed higher levels of
metabolic activity. Evidently, P40-FesO4 porous microspheres showed higher levels of
metabolic activity on day 7, as compared to Fes3Os, CazFe20s and P40 controls.
Additionally, P40-Fe304 porous microspheres and TCP presented significant differences

as a consequence of a TCP cell response increment.
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Figure 6.26. Evaluation of cell growth in direct culture, of human osteoblast derived
MG-63 adhered to P40-Fe304 microspheres. Cell metabolic activity on days 2 and 7 for
P40-Fes304 porous microspheres, compared to FezO4 and P40 dense microspheres (ns

= no-significance; *p 0.05; ***p <0.0007; and ****p < 0.0001). (Arbitrary fluorescence

units (a.f.u.); Tissue culture plastic (TCP); microspheres (MS))

Figure 6.27 shows low and high-magnification ESEM images for MG-63 cell / P40-
Fes04 porous microsphere interactions at day 7. Yellow dashed lines (Figures 6.27e-I)
illustrate cells peripheries, demonstrating that the cells adhered to the microsphere

surfaces whilst being guided by surface texture.
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Figure 6.27. High magnification ESEM images of cell seeded P40-FesO4 porous microspheres on day 7. Yellow dashed

lines illustrate cell peripheries.

223



The highlights of this results section included (for the first time) the novel
combination of phosphate-based glasses with magnetite via the flame spheroidisation
process; the manufacture of cytocompatible, highly porous P40-Fe3Os4 products
composed of a phosphate-glass matrix with embedded ferromagnetic regions; and the
controlled delivery of heat within the clinical accepted range for magnetic hyperthermia
(~43°C). Further, for the case of P40-FesOs4 dense microspheres, mass ratio
investigations revealed insights into the formation mechanisms of phosphate-glass and
magnetite in isolation (without CaCOs porogen); the retention of ferromagnetic expression
of the products post-flame spheroidisation; and the formation of core-shell / ring-shell

segregated minerals.

6.4 Discussion

6.4.1 Introduction

P40-Fes04 dense microsphere mass ratio investigations demonstrated that the rapid,
single-stage, flame spheroidisation process enabled the novel combination of phosphate-
based glass and magnetite, with the resulting glass-ceramic products retaining
ferromagnetic expression. Moreover, the P40-FeszOs4 porous microsphere products
showed good levels of homogeneity, in terms of size and porosity levels. Comprehensive
mineral analysis data showed that P40-Fes04 porous microspheres comprised a mixture
of pure P40 and modified Ca-P40-Fe matrices embedded with Fe minerals (primarily
FesOs4 and CazFe20s). The findings of MLA investigations were reinforced by EDS
mapping, highlighting FeO-rich regions (~10 um) distributed within P40 microsphere

matrices (125 - 212 um). Further, an association of (unreacted) FesOs and (reacted)
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CazFe20s5 with FeO-rich areas dispersed within the glass matrices was confirmed, with
these regions considered responsible for ferromagnetic expression and the induction
heating profiles of the P40-FesO4 porous microspheres. It was noted that the highly
porous products were able to deliver heat in a controllable way via induction heating (to
between 40-45°C), thereby targeting one of the main requirements for magnetic

hyperthermia [300].

6.4.2 P40-Fe304 dense microspheres
6.4.2.1 Formation mechanisms of core-shell microspheres

The suitability of the flame spheroidisation process for the rapid manufacture of magnetic
core-shell microspheres has been demonstrated (Figure 6.5a and Figure 10b, MLA and
EDS mappings respectively, for P40-FesOs4 1:1 sample). It is suggested that the
solidification of P40-Fe304 core-shell microspheres was mediated by surface tension,
similar to the calcium ferrite dense microspheres described in Chapter 4, however, an
important distinction was noted. For the case of core-shell microspheres, the significant
difference between P40 and Fe3O4 melting points (~765°C and ~1600°C, respectively) is
considered a crucial factor for the development of P40 / FesO4 melt pools. Post-flame
ejection, it is suggested that FesOas solidifies more rapidly than P40, and engulfs the
remaining pool prior to solidification. Notably, particle size is also an important parameter
as large, P40 particles (63 — 125 um) are capable of engulfing smaller, FesO4 (<45 pm)

particles.

The formation of magnetic, core-shell / ring-shell microspheres via the rapid flame
spheroidisation, opens up the opportunity to investigate formation mechanisms

associated with these materials in combination, with a range of characterisation

225



possibilities, e.g., optical and/or laser diagnostics for particle visualisation and
measurement of physical parameters such as particle velocity, flame temperature and
gas pressure [308]. Notably, the P40-Fe304 core-shell microspheres manufactured in the
present work revealed a non-uniform distribution of FesOa / P40 glass, i.e., with some
microspheres showing P40 (core) - FesOa4 (shell) or vice versa, or ring-shell structures.

Hence, the need for some measure of flame spheroidisation refinement is recognised.

6.4.2.2 Parameter optimisation for P40-FesO4 core-shell microspheres

Regardless of the core-shell microsphere formation exhibited by rapid, flame
spheroidisation, there is a need for process refinement for the controllable manufacture
of uniform core-shell and/or ring-shell P40-Fe304 microspheres. Whilst noting this is out
of the scope of the present investigation (the main objective was the manufacture of highly
porous, glass/ceramic microspheres) it is appropriate to outline relevant investigations
related to the production of core-shell structures. For example, Jegede et al [309],
developed uniform Co-Cu core-shell structures using a drop-tube technique and studied
the effect of cooling rate and particle size/morphology. A fine, uniform dispersion of Co-
rich particles within a Cu-rich matrix was achieved, attributed to the metastable liquid
phase separation of the products. Moreover, they reported on the effect of particle size
range as a critical parameter for the controlled production of core-shell structures. Shi et
al [310], investigated formation mechanisms of core-shell & core-shell-corona (i.e., ring-
shell) microstructures observed in liquid droplets of immiscible Cu-Fe-based alloys
produced via gas atomisation. They suggested that the phase with the lower volume
fraction will preferentially form the core, whereas the phase of the larger volume will form

the shell or matrix. Additionally, Wang et al [311], studied the formation of core-shell
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monotectic alloys and the effect of different compositions. The study demonstrated that
core-shell structures tend to form when these are near their critical composition point,

resulting in a longer migration time of demixed liquids prior to microstructure solidification.

Importantly, parameters need to be optimised for the controllable manufacture of
magnetic core-shell microspheres with uniform dispersions of core / shell matrices. In this
context, it is suggested that flame spheroidisation processing conditions could be
explored using narrow precursor particle size distributions of magnetite (e.g., 30 — 45 um,
instead of a broad patrticle size distribution i.e., FesO4 powders below 45 pm), mixed with
larger glass particles (e.g., 45 — 63 um) to achieve more uniform P40 (shell) / FesOa4 (core)
products. Evidently, the microstructure of P40-Fe3O4 core-shell microspheres present
several levels of complexity due to the range of minerals generated (Table 6.4) with
different compositions and differences between the temperature sensitivity of the
precursors. Nevertheless, it is anticipated that the controllability of such parameters, as
combined with the ability of glasses to be prepared from different formulations and
precursors, could enable the manufacture of tailored glass-ceramic, core-shell / ring-shell
microspheres via a rapid, single stage, flame spheroidisation process. Accordingly,
optimised, uniform core-shell magnetic glass-ceramic microstructures could be

developed for a range of applications, including biomedical.

6.4.2.3 Applications and manufacturing routes of core-shell structures

The P40:Fe3Os4 1:1 mass ratio sample (i.e., 50wt% Fes3Os and 50wt% P40)
revealed interesting core-shell / ring-shell morphologies. It is noted that such core-shell /
ring-shell structures display functional properties of both the core and shell materials

[312]. The applications of core-shell structures range from pharmaceutical and biomedical
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(e.g., targeted drug delivery [313], controlled drug release [314], cell encapsulation [315])
to food industry [312], catalysis [316], energy storage [317, 318] and environmental
remediation [319, 320]. Interestingly, core-shell particles with porosity levels have been
developed for liquid chromatography [321] applications. Moreover, manufacturing
methods for the production of core-shell microspheres include polymerisation [322], spray
drying [323], solvent evaporation [324] and self-assembly methods [325]. Here, the flame-
spheroidisation process has shown relevance for the production of core-shell / ring-shell

microstructures, as demonstrated by P40:Fe304 (1:1 mass ratio) sample.

6.4.2.4 Effect of mass ratio

As the flame spheroidisation of phosphate-based glass - magnetite microspheres
is novel, there was need to explore high concentrations of P40 (i.e., P40-Fes04 4:1 and
16:1 mass ratios) to evaluate the iron oxide phase dispersion within the phosphate-based
glass matrix and their magnetic behaviour. In the present investigation, for the
manufacture of dense microspheres, P40-FesO4 mass ratio combinations of 1:1, 4:1 and

16:1 were explored (Figure 6.29).
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Figure 6.29. Schematic representation of the flame spheroidisation process for P40-Fez0O4 microsphere production (mass

ratios 1:1, 4.1 and 16:1; gas flow setting 2.5:2.5).
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Similar to Chapters 4 and 5, structural, chemical and magnetic properties
showed variations as a function of mass ratio. For P40:FesOs4 (1:1), X-ray
diffractogram (Figure 6.3) revealed two crystallographic phases: MgFeO and
NasFe2(POa4)s. Notably, no peaks associated to calcium were matched by the Bruker
software system. However, it may be that calcium atoms were incorporated within the
magnetite, magnesian MgFeO crystal structure. In Chapter 4, the Fe-rich structure i.e.
Fe304:CaCOs (mass ratio 3:1) correlated with well-defined FesO4 peaks (XRD, Figure
4.14) with no signatures related to calcium phases. Similarly, it is possible that the
MgFeO phase found in P40:Fe304 (mass ratio 1:1) (Figure 6.3) accepted atoms of
calcium upon rapid cooling. Hence, XRD provided no evidence related to phases
associated with calcium. Supplementary evidence was provided by MLA
investigations. The mineral denominated as “FesOs with Ca” was present for both,
P40:Fes04 (1:1) (Chapter 6, Table 6.5), and Fe-rich sample (3:1) (Chapter 4). Hence,
it could be interpretated that rapid cooling of the microspheres was too fast and very
few calcium atoms were incorporated into the magnetite crystallographic structure
(whist noting the possibility that MLA software - threshold 70% - may classify two
minerals with similar compositions as the same). However, EDS mapping (Figure
6.10d) revealed concentrations of calcium dispersed in a few microsphere shells.
Hence, an alternative suggestion is that calcium atoms within the microspheres may

be associated with amorphous phases.

Furthermore, a structural signature corresponding to sodium iron phosphate
i.e., NasFe2(POa4)s, provided evidence for chemical and structural affinity between iron
oxide and phosphate-glass. As confirmed by both MLA and EDS, phosphorous and
iron co-existed in variant Fe/P concentrations. MLA references (Table 6.4) revealed

the presence of iron for most of the phosphate-based minerals, except for pure P40
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glass; accordingly, EDS compositions (Table 6.8) denominated as Fe-rich, Na-rich and
Mg-rich, also showed Fe/P concentrations (except for CFO). Ta, et al.[326] studied
sodium phosphate / iron and iron oxides chemical interactions. The study suggested
that NasPOa4 chemically absorbed Fe and Fe203, mediated by covalent bindings and
formation of Fe-O-P linkages. Particularly, NasFe2(POa4)s exhibits a three-dimensional
structure containing FeOs octahedra and POas tetrahedra linked through common

corners [327].

As described in Chapters 4 and 5, the incorporation of non-magnetic
components within the FesOas structure resulted in a decrease in magnetic saturation
i.e., a dilution effect. In the present Chapter, NasFe2(PO4)s and MgFeO structural
signatures progressively diminished and magnetic saturation decreased as a function
of P40 glass concentration increase (from 1:1 to 16:1 mass ratio), showing consistency

with previous Chapters.

6.4.3 Highly porous P40-FesO4 microspheres

6.4.3.1 Formation mechanism

The P40-Fe304 porous microsphere formation pathways were similar to the
mechanisms described in Chapters 4 and 5. Formation mechanisms associated with
porosity development during flame-spheroidisation have been described previously for
glass-ceramic microspheres [65]. The highly porous P40-FeszOs4 ferromagnetic
microspheres were produced by feeding prepared powders into a high-temperature
oxygen-acetylene flame (~3100°C) where they melted and coalesced, and acquired
spherical form due to surface tension and rapid cooling upon ejection from the flame

(Figure 6.30).
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Figure 6.30 Schematic representation of the flame spheroidisation process for

ferromagnetic glass-ceramic porous microsphere production.

Again, it is considered that high levels of porosity arose from a combination of
physical and chemical parameters, i.e. precursor melting point, viscosity and porogen
concentration [237, 241]. The melting points for P40 glass (~765°C) [237] and
magnetite (~1600°C) were sufficiently low for molten droplet formation within the
flame, whilst levels of melt viscosity were appropriate for CO2 entrapment and release.
CaCOs porogen decomposition (CaCOs — CaO + CO2) was considered responsible
for CO2 production and release prior to particle cooling and solidification, leading to
development of the microsphere interconnected porosity observed [63]. Moreover,
correlation of FeO-rich areas with high levels of CaO was consistent with the chemical
affinity of FesO4 and CaCOs to develop CazFe20s. Accordingly, it is suggested that
FeO-rich areas here comprise a ferromagnetic CazFe20s perovskite type structure
[285], and within CazFe20s there is evidence also on the incorporation of P20s, Na2O

and MgO upon solidification (Table 6.13). In the case of flame-spheroidised Fe3O4 and
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P40 control samples, in the absence of CaCOs, topographical evidence confirmed the
development of dense microspheres, thereby emphasising the importance of CaCO3

on porosity formation.

6.4.3.2 Induction heating and ferromagnetic properties

The highly porous P40:Fe304 microspheres demonstrated their ability to deliver
heat in a controllable way via induction heating, whilst noting that magnetic properties
emanated from CazFe20s and FesO4 phases impregnated within the phosphate glass.
The P40-Fesz04 porous products revealed remanent magnetisation (i.e., residual
magnetisation) (Figure 6.19), hence, it was interpretated that the mechanism to
produce heat within was mediated by hysteresis loss (same mechanism described in
Chapter 5, for Ca2Fe20s compositionally uniform microspheres). This mechanism is
typical for multi-domain, ferro- and ferrimagnetic materials [10, 109], and distinct from
single-domain particles (i.e., superparamagnetic nanoparticles) that produce heat via

Néel and Brownian relaxation [109].

For magnetic hyperthermia applications, mediated by an internal heat source
near to or inside a tumour (for example), microscale ferromagnetic bioactive glasses
become an attractive option because agglomeration of the magnetic species
(embedded in a solid matrix) is no longer an issue [328]. In the past, different types
of implants have been explored as an internal heat source for magnetic hyperthermia.
For example, Tonthat, et al [329] developed micro-magnetic implants (~ 83.6 ym) and
a wireless temperature measurement system (frequency and field, 500 kHz and 4.73
kA/m, respectively) for magnetic hyperthermia. Renard, et al [330] developed silica
microbeads implants with superparamagnetic iron oxide nanoparticles embedded, for
localised magnetic hyperthermia on solid tumours. In addition to magnetic

hyperthermia, brachytherapy is a therapeutic approach that consists of implanting
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radioactive material within tumour tissue. Brachytherapy produces high levels of
radiation in situ, reducing patient side effects when compared to external radiotherapy

[97].

Similarly, P40-Fe304 porous microspheres could be implanted within or in the
proximity of the tumour, with a significant advantage over brachytherapy as magnetic
hyperthermia is non-radioactive (whilst noting that implanted radioactive beads have
been only used for prostate cancer). Moreover, phosphate-glasses possess the ability
to bond to bone. Hence, implanted P40-Fe304 porous microspheres could remain at
a target site (e.g., bone tumours), enabling repeated hyperthermia heat cycles at later
stages of the treatment. Additionally, high levels of porosity could be explored for the
incorporation and release of drugs at localised sites. Ahmed et al [203] investigated
degradation rates and biocompatibility of iron-phosphate glasses as a function of
Fe203 content. Biocompatibility was achieved with increasing the iron concentration,
attributed to an improvement in chemical durability (due to the replacement of P—O—P
bonds in the glass by Fe—O—P bonds). Hence, it is noted that iron-phosphate glasses

have been shown to be cytocompatible.

Induction heating parameters used for P40-Fe3O4 measurements were similar
to CazFe20s microspheres (Chapter 5) with the distinction that induced magnetic field
was higher for P40-Fe304 products (Table 6.16). As noted for the different magnetic
saturation levels between P40-Fes0s (4 Am?/kg) and CazFe20s (8.9 Am?/kg), there
was a requirement to adjust the field in order to reach the target temperature (via
induction colil heating). Importantly, the relatively low fields for both P40-Fe3z0O4 and
CazFe20s5 showed relevance for the present investigation, as magnetic hyperthermia
effects can be readily achieved through the application of weak magnetic fields (<7.95
kA/m) [18], as mentioned in Chapter 5. With regards to the experimental frequency
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(204 kHz) it was within the clinical accepted range for hyperthermia [11, 18, 130, 300,
302-304] and, notably, the same value used for both P40-Fe3sOs4 and CazFe20s
measurements. Again, the magnetic hyperthermia temperature (43.7°C) was rapidly
achieved (only 40 s) making these porous microspheres promising for reduced periods

of therapy exposure, thus improving patient comfort.

Table 6.16. Experimental parameters for induction heating experiments on P40-

Fes04 porous microspheres, and CazFe20s microspheres (Chapter 5).

Sample | Voltage / | Power /| Current/ | Magnetic field / | Frequency /
\'/ w A kA/m (Oe) kHz
P40-Fe304 250 350 14 017/2.2 204
100 120 1.2 0.15/1.9
CazFe20s5 150 120 0.8 0.09/1.2 204
35 20 0.6 0.07/0.9

Hence, it was evident that induction heating profiles for highly porous P40-
Fes04 ferromagnetic microspheres are highly promising for magnetic hyperthermia
applications, whilst noting for validation this would need formal investigation in a

clinical alternating magnetic field environment in the future.
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6.4.3.3 Cytocompatibility

Cytocompatibility studies indicated the general suitability of P40-FesO4 porous
microspheres for healthcare applications. The MG-63 cells evaluated on days 2 and 7
showed P40-Fe3Os porous microspheres exhibited sustained, higher levels of
metabolic activity compared to control FeszOs4, CazFe2Os and P40 microsphere
samples. Complementary ESEM investigations for day 7 samples revealed evidence
for good conformation of MG-63 cells on P40-Fe3O4 microspheres, guided by surface
texture, suggesting that these cells would colonise porous glass-ceramics
preferentially [331]. P40 porous microspheres have been shown previously to be
cytocompatible [53] and biocompatible via in vivo studies [94]. It was evident that the
P40 matrix increased considerably the cytocompatibility of P40-FesO4 microsphere
products compared to the sample controls. The initial low metabolic activity of P40
dense microspheres, on day 2, was attributed to the presentation of a low surface area
compared to porous microspheres. Nonetheless, P40 microspheres showed a
significantly increase in metabolic activity by day 7, demonstrating cytocompatibility
for phosphate-based glass used in this investigation. Hence, the enhanced
cytocompatibility associated with magnetite incorporated within larger, porous P40
microspheres suggests enhanced surface area provided a significant advantage for
cell proliferation. Further, it is suggested that P40-Fe3z0Oa4 porous products could be
used for hyperthermic treatment and drug release in bone tumours, and also as bone

grafting substitutes.

6.4.3.4 Role of iron oxide in influencing degradation

Altering the phosphate-glass composition imparts control of the degradation
rate over several orders of magnitude [332]. For the case of iron-phosphate glasses,
Fe 3-5 mol% reduces the degradation rate (by two orders of magnitude), improving

236



the chemical durability of the glass [333]. Fe(ll) and Fe(lll) are capable to incorporate
into the phosphate-glass structure with the distinction that Fe(ll) acts to cross link
(i.e., a network modifier) the phosphate chains, with replacement of P-O-P bonds in
the glass by Fe-O-P bonds. Whereas Fe(lll) incorporates into the phosphate backbone
and hence acts as a network former rather than network linking [203]. The Fe(lll)
ions are arranged at either tetrahedral or octahedral sites, conversely, Fe(ll) ions are
found only in octahedral coordinations between the network formed by the Fe(lll)
polyhedral and the POs4 groups [334]. In the present investigation, different
concentrations of iron-phosphate coexist in more than one mineral (MLA data, Table
6.4), suggesting the formation of P/Fe cross-links & networks. For example, the
NasFe2(POa)s crystal structure consists of PO4 tetrahedra and FeOs octahedra units
sharing their corners with intrinsic Na defects (as detailed in section 6.4.2.4) [335].
Furthermore, microsphere porosity is another factor that influences the degradation
rate. Islam et al [237] compared the degradation levels between porous and dense
phosphate-based microspheres with Mg and Ca variations. The results showed that
the introduction of porosity lead to an increase in mass loss (2.5 times higher) and ion
release profiles (Na, Ca, Mg and P) when compared to dense microspheres. Similarly,
Hossain et al [53] studied the degradation rates of porous calcium phosphate
microspheres and compared with dense CaP microspheres by way of control. Again,
increased mass loss and ion release for the case of porous microspheres were
observed. Importantly, both investigations concluded that the increased mass loss and
ion release profiles were attributable to the increased surface area of porous
microspheres. In this context, it is recognised that degradation studies for P40-Fe304

porous microspheres would be required in the future.
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6.4.3.5 Routes of delivery

Depending on the target tissue, it is noted that porous microspheres may be
delivered via oral, inhalation (e.g., via aerosol [48]), implantation or intratumoral
approaches. For bone tissue repair and/or cancer therapy, bone cements and
hydrogels have been explored in combination with porous microspheres, providing
important benefits such as the encapsulation and controlled delivery of drugs/cells.
For example, injectable bone cements in conjunction with porous microspheres have
been investigated for osteogenic applications [336] and drug-delivery [337]. Luo et al
[338] reported injectable TiO2 porous microspheres added into calcium sulphate
cement for controlled and sustained drug release applications. Zhao et at [339]
developed injectable macroporous magnesium phosphate-based bone cement /
gelatine microsphere composites for sustained drug release. Similarly, hydrogels
embedded with bioactive glasses, have been reportedly delivered via minimally
invasive injection (cannulated needle or catheter) [340]. Sun et al [341] reported
injectable calcium alginate hydrogels to block pores of protein loaded porous
microspheres for controlled protein delivery, and demonstrated that proteins
maintained their structural integrity post-preparation. Notably, it was recognised that
injectable biomaterials are desired over implanted biomaterials since these may cause
secondary effects e.g., inflammation, infection, and/or tissue growth inhibition [342].
Hence, injectable hydrogels and bone cements (as combined with porous

microspheres) have been proposed as alternatives for minimally invasive treatments.

For the case of osteosarcoma, locally delivered strategies combining
therapeutic approaches have been reported, e.g., hydrogels embedded with porous
microspheres for drug delivery via patch implantation [343]; thermosensitive hydrogels
in combination with chemotherapeutics delivered by intratumoral injection [344]; or
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FesOs4 and CaO2 nanoparticles loaded into a 3D printed akermanite scaffolds for
synergistic magnetic hyperthermia with catalytic suppression therapy, delivered via
implantation [345]. Additionally, composite bone cements loaded with ferrimagnetic
bioactive glass-ceramic particles for controlled delivery of heat in magnetic
hyperthermia for bone tumours have been reported. Takegami et al [346] developed
a bioactive bone cement, with a portion of the bioactive glass ceramic component
replaced by magnetite micro-particles. The bone cements were implanted in a rabbit
tibia and exposed to an external magnetic field (100 kHz). Similarly, Miola et al [347]
prepared and characterised poly(methyl methacrylate)-based cement loaded with a
bioactive glass (45S5) and iron oxide (Fe203 and FeO) particles. Regardless of the
controlled delivery of heat shown in both investigations, the materials used were non-
porous, irregular-shaped particles [346, 348]. Importantly, both investigations
demonstrated the general suitability of glass-ceramic materials for bone cancer

therapeutics.

In this context, it is proposed that P40-FesO4 porous microspheres could be
utilised as a novel bone graft substitute for bone tumours, with magnetic hyperthermia
and drug release potential. Alternatively, there is potential for the development of P40-
FesOa4 porous ferromagnetic microspheres, in combination with hydrogels or bone
cements, for magnetic hyperthermia. In particular, high porosity levels could provide
an opportunity for the incorporation and delivery of various payloads (drugs, biologics,

cells, etc.) to specific tissue and/or location.
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6.5 Summary

Highly porous, cytocompatible, glass-ceramic ferromagnetic microspheres have been
manufactured via a facile, rapid, single-stage flame spheroidisation process, using
ground powder mixtures of P40, FesO4 and CaCOs. Complementary SEM, XRD, EDS
and MLA investigations confirmed a distribution of ~10 um sized Fe304 and CazFe20s5
phases embedded within 125 — 212 um sized P40-based microsphere glass-matrices,
with evolution of CO2 from the porogen considered responsible to the development of
interconnected porosity upon solidification. SQUID magnetometry provided evidence
for remanent magnetisation (0.2 Am?/kg) of the P40-FesO4 porous microspheres,
whilst the dispersion of embedded ferromagnetic FesO4 and CazFe20Os phases was
attributed to the effective application of inductive heat, to a constant level of 41.9°C,
making these products highly appropriate for magnetic hyperthermia applications.
Further, human osteoblast-derived cell-culture investigations confirmed
cytocompatibility and hence general suitability of these P40-FesOs porous
microspheres for healthcare applications, with complementary ESEM evidence
showing good conformation of MG-63 cells on the microsphere surfaces. It is
suggested that the demonstration of highly porous, bioactive, glass-ceramic
microspheres, incorporating ferromagnetic expression, opens up new opportunities for
the development of synergistic biomaterials, e.g. for localised magnetic hyperthermia
treatments, combined with the potential to deliver therapeutics incorporated within the
pore structures. Furthermore, the flame spheroidisation of dense P40-Fes3Oa4
microspheres provided understanding related to glass-ceramic interactions, chemical
transformations, and magnetic saturation variations as a function of mass ratio. The
formation of core-shell / ring-shell ferromagnetic microstructures demonstrated the

capability of the flame spheroidisation to develop such products. Nonetheless, there
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is a need for process refinement for the controllable production of these materials.
Finally, the rapid, single-stage, flame spheroidisation process showed relevance
developing unique glass-ceramic combinations, with enhanced magnetic properties

and strong porosity yields suitable for biomedical applications.
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7.0 Conclusions and future work

7.1 Conclusions

The purpose of the present work was to develop novel, porous and dense, magnetic
microspheres via a rapid, single-stage, flame spheroidisation method, for their

application in healthcare.

In Chapter 4, dense (20 - 104 um) Fes3O4 ferrimagnetic microspheres were
produced via a facile, rapid, single-stage, flame spheroidisation process from large
Fes3Oa4 precursors (<45 um). Direct evidence from XRD, SEM, SQUID, Mdssbauer,
EDS and MLA characterisation, along with complementary HT-XRD and HT-SQUID
investigations, demonstrated the formation of FeszOs4 dense microspheres and a
retention of their ferrimagnetic properties post-flame spheroidisation. The combination
of strong levels of magnetic saturation (96.3 Am?/kg) and low remanent magnetisation
(0.8 Am?/kg) opens up new opportunities. For example, it is considered flame
spheroidised Fe3z04 microspheres could be functionalised with appropriate polymers
& chemotherapeutics to achieve cytocompatibility and, hence, be explored e.g., as

chemoembolization agents.

For the case of calcium ferrites, Chapter 4 and Chapter 5 investigated FezOa4 /
CaCOs combinations, using two FesOa4 precursor sizes: small (<5 um) and large (<45
pm). Morphological, structural and compositional investigations provided evidence on
the effects of FesOa precursor size, Fes04:CaCOs mass ratio, and O2/C2H2 gas flow
setting parameters. Further, dense (small, 35 - 80 um) and porous (large, 125 - 180
pm) CazFe20s (srebrodolskite) ferromagnetic microspheres, with very high levels of

compositional uniformity, were manufactured via rapid flame spheroidisation. The data
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obtained from XRD, SEM, EDS and MLA characterisation, along with complementary
HT-XRD and TGA investigations, allowed a mechanism to be established, describing
the morphological development of Ca2Fe20s microspheres from starting 1:1
Fe304:CaCOs feedstock powder (FesOas, <5 um). It is suggested that the evolution of
COz2 gas bubbles (arising from decomposition of the CaCO3s porogen), trapped within
coalescing molten droplets, was responsible for the development of interconnected
porosity during CazFe20s cooling and rapid solidification. Moreover, complementary
SQUID magnetometry confirmed the ferromagnetic properties of the flame-
spheroidised products. The potential use of CazFe20s microspheres (1:1 mass ratio /
2:2 gas flow setting) for magnetic hyperthermia applications was demonstrated via a
simple, but significant, induction heating measurement (43.7°C). The combination of
compositional control, high levels of porosity and functional properties (i.e., magnetic
and thermal) achieved opens up the opportunity to explore the application of magnetic

microspheres for a range of biomedical challenges.

In Chapter 6, phosphate-based glass (denoted as P40) / FesOas interactions in
isolation (no CaCOs porogen) were studied. In particular, a formation of FesOa4 / P40
glass melt pools was considered a key aspect for materials evolution and the formation
of core-shell structures (1:1 P40:Fes30a4). Hence, no PVA was used for the flame
spheroidisation of P40-FesOs4 porous microspheres (contrary to Fes304:CaCOs
products); noting that a low glass melting point and low viscosity enabled rapid melting
of the P40 glass and facilitated coalescence with FesOa4 particles. In Chapters 4 and
5, increasing porogen concentration was associated with higher levels of porosity.
Accordingly, highly porous microspheres 1:1 P40:Fe3Os4 were flame spheroidised
using elevated concentrations of porogen, i.e., glass-ceramic precursors / porogen

(1:3 mass ratio). In this context, highly porous, cytocompatible, glass-ceramic

243



ferromagnetic microspheres were manufactured via flame spheroidisation, using
ground powder mixtures of P40, FesO4 and CaCOs. Complementary SEM, XRD, EDS
and MLA investigations confirmed a distribution of ~10 pm sized Fe304 and CazFe20s5
phases embedded within 125 — 212 um sized P40-based microsphere glass-matrices,
with evolution of CO2 from the porogen considered responsible to the development of
interconnected porosity upon rapid solidification. SQUID magnetometry provided
evidence for remanent magnetisation (0.2 Am?/kg) of the P40-FesOs4 porous
microspheres, whilst dispersions of embedded ferromagnetic FesOs4 and CazFe20s
phases were attributed to the effective application of inductive heat, to a constant level
of 41.9°C, making these products highly appropriate for magnetic hyperthermia

applications.

Further, human osteoblast-derived cell-culture studies confirmed
cytocompatibility and hence general suitability of P40-FesO4 porous microspheres for
healthcare applications. Complementary ESEM evidence showing good conformation
of MG-63 cells on P40-Fes04 porous microsphere surfaces. It is suggested that the
demonstration of highly porous, bioactive, glass-ceramic microspheres, incorporating
ferromagnetic expression, opens up new opportunities for the development of
synergistic biomaterials, e.g. for localised magnetic hyperthermia treatments,
combined with the potential to deliver chemotherapeutics incorporated within the pore

structures.
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7.2 Contributions

Development of cytocompatible, P40-Fe3z04 ferromagnetic microspheres with
high levels of interconnected porosity.

Development of compositionally uniform, CazFe20s porous and dense
ferromagnetic microspheres.

Development of FesOs4 dense microspheres with enhanced ferrimagnetic
properties.

The optimisation of the flame-spheroidisation process for the controllable
production of magnetic microspheres and a comprehensive description of
material dynamic evolution whilst flame-spheroidised.

Demonstrated suitability of P40-FesOs highly porous microspheres and
CazFe20s porous and dense microspheres for magnetic hyperthermia

applications.

7.3 Future work

Formal magnetic hyperthermia investigations. As detailed in Chapters 5
and 6, formal validation of microsphere product magnetic hyperthermia would
be required in a controlled environment using an alternating magnetic field
(AFM) system. An in vitro evaluation of the heating performance of P40-Fe30a4
and CazFe20s microspheres applied in tumour cells is proposed for future work.
For example, Mamani et al [349] evaluated in vitro magnetic hyperthermia of
magnetic nanoparticles in glioblastoma tumour cells using a commercial AFM

system DM100 (nB nanoscale Biomagnetics, 305 - 557 kHz).
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Cytocompatibility investigations for prolonged periods, e.g., day 14, day 21,
etc. Accordingly, degradation studies on P40-Fes30O4 porous microspheres are
proposed, to evaluate material bioactivity. Further, it is suggested to study the
effect of CazFe20s microspheres on different cell types, e.g. T-cells [36].
Flame spheroidisation & process conditions. Refinement of the flame
spheroidisation technique is proposed for the controlled production of core-shell
P40-Fes04 microspheres. Additionally, it is suggested to use laser and optical
diagnostic techniques [308] for the measurement and analysis of physical
parameters (e.g. particle velocity, flame pressure and temperature) associated
with microsphere formation mechanisms within the flame.

Materials. In order to develop related bioactive magnetic microspheres with
tailored properties, it is suggested to explore additional phosphorous
concentrations (e.g., P30, P45) and/or alternative porogens, e.g., sodium
carbonate (Na2COs) or combinations of porogens (e.g., CaCO3s and Na2CO3).
Additional biomedical investigations, such as absorption and release
studies of P40-Fe304 highly porous microspheres for drug delivery applications;
T1/T2 relaxation measurements on magnetic microspheres developed in the
present investigation, for their application in MRI; and bone cements and/or

hydrogels incorporating P40-FesO4 microspheres.
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