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Compositionally uniform magnetic CayFe,Os (srebrodolskite) microspheres created via a rapid, single-stage
flame spheroidisation (FS) process using magnetite and carbonate based porogen (1:1 FezO4:CaCOs)
feedstock powders, are described. Two types of CayFe,Os microsphere are produced: dense (35-80 pum),
and porous (125-180 um). Scanning electron microscopy (SEM) based techniques are used to image and
quantify these. Complementary high-temperature X-ray diffraction (HT-XRD) measurements and
thermogravimetric analysis (TGA) provide insights into the initial process of porogen feedstock
decomposition, prior to the coalescence of molten droplets and spheroidisation, driven by surface
tension. Evolution of CO, gas (from porogen decomposition) is attributed to the development of
interconnected porosity within the porous microspheres. This occurs during Ca,Fe,Os rapid cooling and
solidification. The facile FS-processing route provides a method for the rapid production of both dense
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opportunity for size control. The controllability of these factors make the FS production method useful
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Introduction

Porous microspheres have been studied extensively for a variety
of healthcare and energy applications, ranging from drug-
delivery systems and tissue regeneration scaffolds, to batteries
and supercapacitors."”” Porous microspheres offer advantageous
properties over traditional solid microspheres, with applicability
e.g. in separation sciences.>! Moreover, for biomedical applica-
tions, porous microspheres enable payloads (for drugs, cells,
biologics etc.) to be incorporated on their surfaces or within the
pores. In addition, other physical advantages are recognised,
including large specific surface area and low density, along with
absorption and release kinetics.'”

The manufacture of porous structures is dependent strongly
on the type of material employed. For the case of glass and/or
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for a range of healthcare, energy and environmental remediation applications.

ceramic scaffolds, methods such as the incorporation of a
removable space holder (via sintering),® polymer foam
replication,” sol-gel,® gel-cast foaming,® or solid free-form (3D
printing) approaches® are typically employed. However, these
methods generally involve numerous processing steps which
can be time-prolonged and laborious.” Residual materials, post
thermal dissolution of space holders or sacrificial polymer
templates, not only result in contamination of the porous products,
but also affect their mechanical and physical properties.” In the
case of 3D printing, multiple steps are required, such as data
acquisition, design/modeling, ink preparation, printing and
post-processing treatments (e.g. drying and sintering).'™"?
Manufacturing procedures for porous polymer microspheres
typically involve emulsion-solvent evaporation, spray drying
and phase separation techniques;"*>® whilst ceramic micro-
spheres are processed via gelation,>” emulsification or precipi-
tation methods."> However, when seeking to manufacture
microspheres with high levels of interconnected porosity, these
methods generally present important limitations relating to
scale-up,” along with poor control over particle morphology,
size and pore size.”

Alternatively, the single-stage, flame spheroidisation (FS)
process is a unique, fast, cost-effective® and promising technique
for the large-scale manufacture and simultaneous production
of porous and dense microspheres. Feeding irregular shaped
particles into a high-temperature flame causes them to melt
and form spherical particles upon ejection from the flame,
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mediated by surface tension followed by rapid cooling.'® This
process has recently been developed and reported for glass
porous microspheres.>** However, this is the first report on the
production of porous and dense microsphere from ceramics
(i.e. magnetite) using the FS process.

Magnetic microparticles (MMP) have great potential in
healthcare and pharmaceutical applications, and for environ-
mental remediation. In particular, magnetic microspheres
(MMS) are considered advantageous for biomedical applica-
tions due to their chemical stability,"® biocompatibility*>*® and
ease of transport within blood vessels, if they can be produced
at a size (<3 mm) suitable for flow inside hepatic arteries."”
Magnetite (Fe;O,) microspheres and nanospheres have been
investigated for magnetic-induced hyperthermia treatment of
cancers'® and have been employed successfully as contrast
agents in magnetic resonance imaging (MRI),">"® whilst targeted
magnetic drug-delivery systems are currently at the pre-clinical
stage.'> MMP have also proved beneficial for environmental
remediation, including the removal of heavy metals and radio-
nuclides from contaminated soil and water, and phosphates
from wastewater,">*° along with oils and chemicals/toxins from
the environment.*°

Here, we demonstrate (for the first time) a novel application
of the FS process, using Fe;O, powder/CaCO;z; porogen combi-
nations, to create mixtures of compositionally uniform, porous
and dense, magnetic Ca,Fe,O5; microspheres, with potential for a
range of biomedical and environmental remediation applications.

Experimental
Materials and methods

The starting materials comprised as-supplied powders of
iron(u,m) oxide (Fe304 <5 pm, 95%) (Sigma-Aldrich, UK) and
calcium carbonate porogen (CaCOs, 98%) (Fisher Scientific UK
Ltd). 5 mg of Fe;0, and 5 mg of CaCO; (1:1 ratio), combined
with droplets of 2% aqueous solution poly vinyl alcohol (PVA;
Sigma-Aldrich, UK) to act as binder, were mixed using a mortar
and pestle and dried at 37 °C for 24 h (see ESI{). The powders
prepared were flame-spray processed using a thermal spray
gun (MK74, Metallization Ltd, UK) coupled with oxy-acetylene
(0,/C,H,; 1: 1 gas flow ratio). The microsphere products exiting
the flame were collected using glass trays, positioned a short
distance away from the thermal spray gun, and stored in glass
vials for characterisation.

Materials characterisation

Structural characterisation of the FS products was performed
using X-ray diffraction (XRD) (Bruker D8 Advance with Da Vinci
using a LYNXEYE XE-T detector in 1D mode; Cu Ko radiation
(4=0.15406 nm); 40 kV and 40 mA; step size 0.02°; step time 0.2 s;
total time/step 29.8 s; 21 °C).

Topographic imaging was performed using scanning elec-
tron microscopy (SEM) (FEI XL30; 5kV; spot size 2.5; 13.3 mm
working distance, secondary electron (SE) imaging mode).
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Microsphere and pore size distributions were established using
Image] 1.51h software (National Institutes of Health, USA).
Complementary backscattered electron (BSE) imaging and
chemical analysis of sieved and sectioned microspheres was
performed using SEM-based mineral liberation analysis (MLA)
(FEI Quanta600 MLA, 20 kV; spot size 7) equipped with energy
dispersive X-ray spectroscopy (EDS) and computer software (FEI
Quanta600 MLA, Bruker/JKTech/FEI software), used for elemen-
tal composition analysis and data acquisition for automated
mineralogy. A Test sieve (stainless steel frame; 203 x 50 mmy;
32 um mesh; VWR International) was used to filter out particles
sized below 32 pm. Sectioned samples were obtained by embedding
the sieved microspheres in cold epoxy resin, followed by sequential
mechanical grinding and polishing using silicon carbide discs
and diamond cloths, respectively. Polished samples were
cleaned and dried before being carbon coated.”

Complementary thermogravimetric analysis (TGA) (SDT Q600;
40-1500 °C; heating rate 10 °C min ™ ; air) and high-temperature
XRD (HT-XRD) (Bruker D8 Advance Series 2 with MRI TC-Basic
temperature chamber; Cu Ko radiation (4 = 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~') were used to investigate
Fe;0,:CaCO; mixed powders, as a function of heating. Semi-
quantitative analysis (Bruker DIFFRAC.EVA software) was used
to determine weight fractions of the constituent products.

Results

Structural characterisation

Fig. 1 presents an XRD pattern for 1:1 Fe;O0,:CaCO; FS-
processed products (unsieved), confirming the presence of
Ca,Fe,0;5 (srebrodolskite) (ICDD PDF no. 00-047-1744), Fe;0,
(magnetite) (ICDD PDF no. 01-087-0244), Fe,0; (ICDD PDF 00-
033-0664) and CaCOj; (calcite) (ICDD PDF no. 00-047-1743).

Microsphere morphologies

Fig. 2a presents a low magnification SE image of these FS
Fe;0,:CaCO; products, demonstrating a mixture of large porous
(125-180 pm) and smaller dense (35-80 pm) microspheres, along
with some small irregular-shaped particles. A total of 124 pores
measured from five different porous microspheres showed a
minimum and maximum size of 1.8 and 64.5 um, respectively,
with a mean pore size of 13.1 um (SD of 12.6 um). Fig. 2b shows
a typical spheroidised porous microsphere in detail, whilst with
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Fig. 1 XRD pattern for FS-processed Fez04:CaCOs.
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Fig. 2 SE images of FS-processed Fez0,4:CaCO3z showing: (a) small, dense
and large, porous microspheres; (b) details of a porous microsphere; and
(c) microsphere interconnected porosity (boxed in region (b)).

Fig. 3

View Article Online
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the magnified boxed region of Fig. 2c demonstrates the inter-
connected porous microstructure. Placing a simple bar magnet
next to this FS-processed sample, following sieving, confirmed
that the microsphere products remained magnetic post proces-
sing (see ESIT).

Compositional analysis

Fig. 3a presents a BSE image of a sieved, resin embedded and
sectioned sample, comprising a mixture of the porous and dense
microsphere products. A variety of developed porosities and very
high levels of interconnected porosity for the larger microspheres
is evident. Interestingly, mineral mapping analysis (Fig. 3b)
provided evidence for the highly homogenous distribution of
Ca,Fe,05 throughout both dense and porous microspheres. A
total of 1501 particles (99.75 wt% of the sample) were classified as
srebrodolskite by the MLA software whilst using a standard 70%
matching threshold (see ESIt). In addition, EDS analysis showed
the elemental composition to be consistent with srebrodolskite,
L.e. Ca - 19.1%, Fe - 57%, O — 23.9%.

Thermal analysis and structural transformation

Complementary TGA was used to profile the wt% change of the
starting Fe;0,:CaCO; powder mix (non-spheroidised starting
powders), as a function of increasing temperature. The TGA
curve of Fig. 4 demonstrated an initial 2.5 wt% increment from
40 °C to 611 °C, consistent with the oxidation of Fe;O, to
Fe,0;,>" followed by a drop of 11 wt%, from 611 °C to 712 °C,
attributable to the decomposition of CaCO,** porogen within
the sample.

"‘3 ..‘.o 5’ 6.‘

e Compound 2

0o

® CazFez0s
e Compound 3

Compound 1

e Compound 4 Unknown

(a) BSE image and (b) MLA compositional analysis of FS-processed FezO4:CaCOs, following sieving and sectioning, illustrating microsphere

porosity and demonstrating very high levels of CasFe,Os (blue) compositional homogeneity. Phases definitions are in the ESI.{
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Fig. 4 T-wt% curve for Fez0,4:CaCOs.

Further, HT-XRD investigations were performed to profile the
structural transformation of the powder mix as a function of
slowly increasing temperature (10 °C min "), providing insight
into the chemical reaction pathway. Overall, the evidence
demonstrated a progressive transformation of Fe;0,:CaCO; to
a mixture of CaCOj;, Fe,0; and Ca,Fe,O5 (Fig. 5), distinct from
the CaCO;, Fe;0, and Ca,Fe,O5 products for the case of rapidly-
processed FS samples (Fig. 1). Fig. 5a confirmed the starting
powder to be a mixture of magnetite and calcite (CaCOj3), whilst
their defining crystalline peaks progressively diminished with
increasing temperature up to 550 °C (Fig. 5c, black arrows). A
small peak attributable to the onset of Fe,O; formation emerged
at 450 °C (Fig. 5b, pink arrow). At 650 °C and 750 °C more intense
and sharper peaks indicative of the development of Ca,Fe,O5
became evident (Fig. 5d and e blue arrows). A summary of the
constituent products, as a function of temperature, is given in
Table 1 (whilst noting the possibility of systematic error affecting
the absolute values).

1050°C
[ ] = g

h " f) 950°C
N e) 750°C

]

E. 1\ d) 650°C
BAWW%@WWM
B

g ’ ‘1'0 \],0 ¢ \l’C) 550°C

H n b) 450°C
H | ﬂ . a)30°C
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¢ Fes0s CaCOs Fez03

Fig. 5 XRD patterns illustrating Fes0,4:CaCOs structural transformation as
a function of increasing temperature.

M Ca; Fe2 Os
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Table1l Wt% constituents of mixed Fes0,4:CaCOs powder with increasing
temperature

30 °C 450 °C 550 °C 650°C 750 °C 950 °C 1050 °C
Fe;0, 30.2 119 11 6.1 — — —
CaCoO; 69.8 61.5 74.6 41.1 43.7 41.2 14.4
Fe, O3 — 26.6 14.4 20.4 21.7 26.2 38.1
Ca,Fe,05 — — — 32.5 34.6 32.6 47.4
Discussion

This first report of the application of the rapid, single-stage,
FS-processing method to magnetite demonstrates the transforma-
tion of Fe;0,:CaCO; to a mixture of dense and highly porous
Ca,Fe,05 magnetic microspheres (with smaller, unreacted particles
of Fe;0,, CaCO; and reacted Fe,O; removed simply by sieving).
Fig. 6 schematically presents the key stages of dynamic evolution
proposed for these FS-processed powders.

The prepared Fe;0,:CaCO; particles were fed into the high-
temperature flame (~3100 °C) where rapid melting and some
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
Ca,Fe,05 microspheres, upon rapid cooling and solidification,
is consistent with the CaO:Fe,0; (2:1 molar ratio) section of
Ca-Fe-O phase diagram.? It is considered that CO,, produced
during CaCO; decomposition and trapped in the form of gas
bubbles within the molten droplets, rapidly escaped at the point
of solidification and hence was responsible for the production of
the larger Ca,Fe,Os; microspheres exhibiting high levels of
interconnected porosity (Fig. 2b and c). The high compositional
uniformity of the microspheres (Fig. 3b) confirmed that product
composition was established before porosity development.

The evidence from HT-XRD and TGA investigations, both
acquired under conditions of slow heating rate (10 °C min™ 1),
provided complementary information relating to particle
decomposition and reaction pathways. The HT-XRD data
(Fig. 5 and Table 1) showed a transition of magnetite to
hematite between 30 °C and 650 °C, whilst TGA data (Fig. 4)
showing 2.5% weight increment between 40-611 °C was also
consistent with an initial stage of Fe;0, oxidation (eqn (1)). The
TGA curve also showed substantial weight loss of 11% between
611-712 °C, consistent with the decomposition of CaCO; poro-
gen to CaO and CO, evolution (eqn (2)). Indeed, it is noted that
Ca,Fe,05 brownmillerite-type phase (srebrodolskite) formation
can occur as a consequence of Fe,0; and CaO reaction (eqn (3)),
whilst the formation of mineral srebrodolskite is in agreement
with previous work on CaO:Fe,O; thermal processing.”>** In
particular, Boyanov,>* reporting on the formation of calcium
ferrites (Ca,Fe,Os and CaFe,0,) in the range of 900-1200 °C,
investigated by HT-XRD, noted complete consumption of
CaO:Fe,0; by 1200 °C. This balance helps to explain the
presence of residual Fe,O; peaks at 1050 °C in Fig. 5g. The
absence of CaO peaks in Fig. 5 is attributed to the immediate
reaction occurring between Fe,O; and CaO once CaCOj; is
decomposed (eqn (3)). Fig. 5 also showed that from 750 °C,

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Schematic representation of dense and porous Ca,Fe,Os microsphere formation, via oxy-acetylene FS processing.

Ca,Fe,05 peaks gradually become more intense, evidencing
srebrodolskite formation, whereas CaCO; peaks become less
intense. Table 1 records a significant 26.8% loss of weight of
CaCO; from 950 °C (41.2%) to 1050 °C (14.4%).

4Fe;0, + O, — 6Fe,04 (1)
CaCO; — CaO + CO, (2)
2Ca0 + Fe,0; — Ca,Fe,05 (3)

Conversely, XRD peaks attributable to Fe;0, and CaCO; in Fig. 1
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 (Fig. 6), or due to collision with other
particles. Similarly, Fe,O; XRD peaks identified within the FS
reaction products (Fig. 1) reflect a reacted portion of Fe;O, that
was also pushed to the periphery of the flame. It is suggested
that the temperature at the periphery of the flame was sufficient
to oxidise small particles of magnetite. An FS generated melt
composed of CaO: Fe,O3 (2:1 molar ratio) is consistent with the
formation of Ca,Fe,Os upon rapid droplet cooling.

The magnetic expression of the FS-processed Ca,Fe,O5 micro-
sphere products was attributed to their structural arrangements,
comprising ordered oxygen vacancies with alternating layers of
corner-sharing FeO, tetrahedra and FeOg octahedra.>®® This
structure provides for two types of magnetic moment, arising
from FeO, and FeQg,>” corresponding to antiferromagnetic and
weak ferromagnetic behaviour, respectively.***’

It is noted that manufactured, uniform Ca,Fe,O; micro-
spheres have relevance in a number of different fields, includ-
ing biomedical, energy and environmental remediation.
Further, developed porous microspheres provide the opportu-
nity to incorporate and deliver active species to a specific
location or environment, with potential applications ranging
from environmental remediation, and industrial waste-water
purification agents in particular, to energy stores and
supercapacitors.”® Alternatively, given their spherical-shape,
porous morphology and ferromagnetic expression, Ca,Fe,Os

This journal is © The Royal Society of Chemistry 2020

microspheres could also be exploited for healthcare applica-
tions, e.g. MRI'>*® and drug-delivery systems.>*

Conclusions

Dense (small, 35-80 um) and porous (large, 125-180 pm)
Ca,Fe,05 (srebrodolskite) magnetic microspheres, with very
high levels of compositional uniformity, have been produced
via a facile, rapid, single-stage, flame spheroidisation process.
Direct evidence from XRD, SEM and MLA characterisation,
along with complementary HT-XRD and TGA investigations,
have allowed a mechanism to be established, describing the
morphological development of Ca,Fe,Os microspheres from
starting 1:1 Fe;zO,:CaCO; feedstock powder. It is proposed
that the evolution of CO, gas bubbles (arising from decomposi-
tion of the CaCO; porogen), trapped within coalescing molten
droplets, was responsible for the development of intercon-
nected porosity during Ca,Fe,Os cooling and rapid solidifica-
tion. The combination of compositional control and high levels
of porosity achieved opens up new opportunities, to explore the
application of magnetic microspheres for a range of biomedi-
cal, energy and environmental remediation challenges.
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