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f magnetic microspheres and the
development of new macro–micro hierarchically
porous magnetic framework composites†
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Magnetic framework composites (MFCs) are a highly interesting group of materials that contain both

metal–organic frameworks (MOFs) and magnetic materials. Combining the unique benefits of MOFs

(tuneable natures, high surface areas) with the advantages of magnetism (ease of separation and

detection, release of guests by induction heating), MFCs have become an attractive area of research with

many promising applications. This work describes the rapid, scalable synthesis of highly porous magnetic

microspheres via a flame-spheroidisation method, producing spheres with particle and pore diameters of

206 ± 38 mm and 12.4 ± 13.4 mm, respectively, with a very high intraparticle porosity of 95%. The MFCs

produced contained three main iron/calcium oxide crystal phases and showed strong magnetisation (Ms:

25 emu g−1) and induction heating capabilities (z80 °C rise over 30 s at 120 W). The microspheres were

subsequently surface functionalised with molecular and polymeric coatings (0.7–1.2 wt% loading) to

provide a platform for the growth of MOFs HKUST-1 and SIFSIX-3-Cu (10–11 wt% loading, 36–61 wt%

surface coverage), producing macro–micro hierarchically porous MFCs (pores > 1 mm and <10 nm). To

the best of our knowledge, these are the first example of MFCs using a single-material porous magnetic

scaffold. The adaptability of our synthetic approach to novel MFCs is applicable to a variety of different

MOFs, providing a route to a wide range of possible MOF–microsphere combinations with diverse

properties and subsequent applications.
1 Introduction

Magnetic framework composites (MFCs) are an exciting group
of materials comprising both metal–organic frameworks
(MOFs) and magnetic materials.1 MOFs are porous coordina-
tion polymers containing metal ions or clusters as nodes, and
linkers consisting of organic molecules.2 Their tuneable natures
and high internal surface areas (up to 7800 m2 g−1)3 have
enabled them to be explored for applications across a wide
range of elds, including gas storage and separation,4,5 chem-
ical sensing,6 biomedicine7 and many more.8,9 Sustainability
and circularity considerations for MOFs are also currently
advancing.10–12 By combining these unique benets and
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applications with the advantages of magnetism, the resulting
MFCs have become a highly attractive area of research.13 One
such example is in the development of materials to capture
carbon dioxide from ue gas. Hill et al. showed that attaching
MOFs, such as Mg-MOF-74 or UiO-66, to magnetic nano-
particles provides an energy-efficient method to desorb
captured CO2 from within the saturated MOF using rapid,
localised magnetic induction heating.14 Another example is
from Yan et al. who used MIL-101(Cr) with functionalised
magnetic microparticles for themagnetic solid-phase extraction
of polycyclic aromatic hydrocarbons from environmental water
samples.15 Further applications of MFCs in environmental
remediation, adsorption, sensing, biomedicine and catalysis,
alongside preparation strategies for forming these composites
are discussed at length in the literature.1,16–18

Previous development work with MFCs has almost entirely
been focused on nanosized iron oxides as the magnetic
components,1 likely due to the high magnetisation and abun-
dance of iron, and the ease of manufacture of the nanoparticles.
This work, therefore, also starts with an iron oxide (magnetite),
but describes an investigation into the single-stage synthesis of
micro-sized low and high porosity magnetic microspheres
(ranging from 50 to 300 mm in diameter). These are synthesised
J. Mater. Chem. A, 2023, 11, 14705–14719 | 14705
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via a rapid, cost-effective and scalable ame-spheroidisation
process, building on our recent work.19,20 These microspheres
not only avoid the safety concerns over the use of nano-
particles,21,22 but also offer additional advantages over their
nano-alternatives such as: improved ow properties/no particle
agglomeration, benecial for powder handling and scale-up;
more sustainable synthesis route; increased ease of magnetic
separation due to size;23,24 the potential to avoid the need for
granulation/pelletisation in industrial applications; and the
potential to form hierarchal porosity when combined with other
porous materials such as MOFs, demonstrated to benet many
applications such as adsorption, separation and catalysis.25–27

Apart from their use in MFCs, magnetic micro- and nano-
particles have also found various applications from biomedi-
cine28 and catalysis13,29 to environmental remediation.30 Their
advantages oen come from their ease of detection, efficient
separation by magnetic elds and induction heating capa-
bility.31,32 In addition to the magnetic properties, imparting
porosity into the particles offers additional benets due to the
high surface areas and low densities produced, which can also
enhance performance in applications involving the encapsula-
tion of a substance, such as in drug delivery33 or separation/
removal of molecules or heavy metals.34,35 These magnetic
particles are typically surface functionalised to enhance inter-
actions with other molecules and facilitate the formation of
composite materials.36 One frequent route is using self-
assembled monolayers such as mercaptoacetic acid,37 mercap-
topyridine (MPYR),38 amino alkoxysilanes39 or tetraethyl
orthosilicate.40 These routes affix functional groups such as
–COOH or –NH2 to the surface of the particles, allowing them to
form strong chemical bonds with other molecules during the
formation of composites. Other common functionalisation
agents are polymers, such as polydopamine (PDA),41 poly-
ethylenimine,42 polystyrene sulfonate,43 polyvinylalcohol (PVA)44
Fig. 1 Schematic illustration of synthesis procedure for the macro–mic

14706 | J. Mater. Chem. A, 2023, 11, 14705–14719
and polyvinylpyrrolidone.45 These can adhere to the particles
and act as binders for further composite development.

Alongside synthesis and optimisation studies of the highly
porous magnetic microspheres (PMMs) made from iron and
calcium oxides, we also describe their composition and
morphology, induction heating capabilities and magnetisation,
compared to low porosity counterparts. Surface functionalisa-
tion of the PMMs with PDA and MPYR was then conducted.
Finally, the formation of novel macro–micro hierarchically
porous MFCs (pores > 1 mm and <10 nm) with these PMMs and
archetypal MOF HKUST-1 (ref. 46) and innovative carbon-
capture MOF SIFSIX-3-Cu47 was demonstrated. To the best of
our knowledge, these represent the rst examples of MFCs
using a single-material porous magnetic scaffold. A schematic
representation of this process is shown in Fig. 1. These initial
results with different MOFs highlight the potential suitability of
the MFCs for a range of applications.
2 Experimental section
2.1 Materials

All chemicals and reagents were used as received. Fe3O4 was
obtained from Inoxia; CaCO3 was purchased from Longcliffe.
Dopamine hydrochloride, tris(hydroxymethyl)aminomethane
($99.8%), copper(II) acetate monohydrate (ACS reagent,$98%),
4-mercaptopyridine (95%), pyrazine ($99%) and trimesic acid
(95%) were bought from Sigma-Aldrich, UK. Copper hexa-
uorosilicate hydrate was acquired from Fluorochem Ltd.
Methanol ($99.9%) was purchased from Fisher Scientic.
Acetic acid (glacial) was obtained from VWR Chemicals. Poly-
vinyl alcohol (87.0–89.0% hydrolysed, MW z 13 000–23 000)
was purchased from Acros Organics. Ethanol (absolute, SpS
grade) was purchased from Scientic Laboratory Supplies Ltd.;
all water used was deionised.
ro hierarchically porous magnetic framework composites.

This journal is © The Royal Society of Chemistry 2023
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2.2 Preparation of pristine iron/calcium oxide magnetic
microspheres

Synthesis of pristine highly porous magnetic microspheres
(PMMs). Fe3O4 (10 g, 0.04 mol, particle size: <45 mm) was mixed
with CaCO3 (5 g, 0.05 mol, particle size: <45 mm) in a 2 : 1 mass
ratio. The mixture was ground using a ball mill for 5 minutes at
500 rpm (Retsch PM100) and then granulated with the addition
of PVA (2 wt% solution in deionised water) dropwise in a pestle
and mortar. Once larger granules had formed, the mixture was
sieved and granular particles between 125 and 212 mm were set
aside for ame spheroidisation. Granules above 212 mm were
ground further, whilst particles less than 125 mm were re-
granulated to maximise the yield of particles between 125 and
212 mm. This process was again repeated until most of the
starting material had been utilised. The total quantity of PVA
added throughout was 4.0 mL. The set-aside granular particles
were again sieved one last time, and those >125 mm were
spheroidised using a thermal ame spray gun (MK74, Metal-
lisation Ltd, UK) with an oxy-acetylene gas ow (C2H2 : O2 1 : 1).
The microsphere products were collected, acid washed with
acetic acid (5 M (aq.), 1 minute), ltered (63 mm mesh) and
rinsed extensively with deionised water before drying in an oven
overnight (50 °C). The dry samples were then sieved into two
fractions (>125 mm and <125 mm). Microspheres > 125 mm
(z60% of total microspheres produced) were taken as the nal
product. These microspheres were then stored in glass vials for
analysis and further use.

Synthesis of pristine low porosity magnetic microspheres.
Followed same process as above, without the addition of any
CaCO3 or size fractioning.
2.3 Functionalisation of porous microsphere surfaces

Polydopamine (PDA). Dopamine hydrochloride (200 mg,
1.05 mmol) was dissolved in Tris buffer (100 mL, 10 mM, pH
8.5) in a glass dish. 0.5 g of PMMs were added, and the solution
agitated overnight on a shaker plate (17 h). PDA functionalised
PMMs were collected by magnetic separation with a bar magnet
and washed with water (100 mL × 3) before drying in an oven
(50 °C, >4 h).

Mercaptopyridine (MPYR). 4-Mercaptopyridine (56 mg, 0.50
mmol) was mixed in ethanol (abs., 50 mL) in a glass dish. 0.15 g
PDA functionalised PMMs were added, and the solution
agitated on a shaker plate (5 h). PDA/MPYR functionalised
PMMs were collected by magnetic separation with a bar magnet
and washed with ethanol (25 mL × 2) before drying in an oven
(50 °C, >4 h).
2.4 Synthesis of magnetic framework composites (MFCs)

HKUST-1@PMM (PDA) MFC. Layer-by-layer method:
Cu(OAc)2$H2O in EtOH (2.5 mL, 100 mM) and trimesic acid in
EtOH (2.5 mL, 100 mM) solutions were prepared. 0.05 g of PDA
functionalised PMMs were added to the Cu(II) salt solution for
15 min, separated using a magnet, washed with EtOH (1 mL),
and dried under an N2 stream. The PMMs were then added to
the trimesic acid solution for 30 min, separated using a magnet,
This journal is © The Royal Society of Chemistry 2023
washed with EtOH (1 mL), and dried under an N2 stream. This
process was repeated for 10 cycles before combining the Cu(II)
salt and trimesic acid solutions with the PMMs and heating the
solution to 50 °C for two days. Finally, HKUST-1@PMM (PDA)
MFC product was collected by magnetic separation, washed
with EtOH, dried briey under an N2 stream and then in
a vacuum oven at 100 °C (>2 h).

SIFSIX-3-Cu@PMM (PDA). Layer-by-layer method: CuSiF6-
$H2O in MeOH (2.5 mL, 290 mM) and pyrazine in MeOH (2.5
mL, 750 mM) solutions were prepared. 0.03–0.05 g PDA func-
tionalised PMMs were added to the Cu(II) salt solution for
15 min, separated using a magnet, washed with MeOH (2.5 mL),
and dried under an N2 stream. The PMMs were then added to
the pyrazine solution for 15 min, separated using a magnet,
washed with MeOH (2.5 mL), and dried under an N2 stream.
This process was repeated for 8 cycles then the microspheres
were le in the nal pyrazine solution for 24 h. Finally, SIFSIX-3-
Cu@PMM (PDA) MFC product was collected by magnetic
separation, washed with MeOH and dried in an oven at 50 °C.

SIFSIX-3-Cu@PMM (PDA/MPR). Same process to above,
except using PDA/MPYR functionalised PMMs.
2.5 Characterisation

X-ray diffraction. X-ray diffraction patterns of the micro-
spheres, MOFs, and composites were obtained using a Bruker
D8 Advance DaVinci, Lynxeye 1D detector, motorised air scatter
screen, Cu Ka radiation (l = 0.15406 nm), operating at 40 kV
and 40 mA in Bragg–Brentano geometry. Pattern matching and
semi-quantitative analysis of constituents were performed with
Bruker DIFFRAC.EVA (ver. 6.0.0.7) soware and powder
diffraction les from the databases.

Scanning electron microscopy. SEM images of the micro-
spheres were taken on a JEOL JSM-6490, using an acceleration
voltage of 15 kV, taking secondary electron images with
a working distance of 10 mm. A spot size of 45 was used, and
samples were held on Al stubs and platinum coated. Micro-
sphere size distributions were calculated using Fiji ImageJ
soware.48 Cross sectioned samples were obtained by embed-
ding the microspheres in cold epoxy resin followed by grinding,
polishing and carbon coating. Elemental composition analyses
of microsphere cross sections were performed by mineral
liberation analysis (MLA) (FEI Quanta600 MLA, 20 kV; spot size
7) with energy dispersive X-ray spectroscopy (EDS) and
computer soware (FEI Quanta600 MLA, Bruker/JKTech/FEI
Soware) for data acquisition for automated mineralogy. SEM
images and EDS elemental analyses of the MFCs were taken on
a JEOL 7000F FEG-SEM, acceleration voltage 15 kV, secondary
electron images, working distance 10–11.5 mm, iridium/carbon
coating.

X-ray photoelectron spectroscopy. XPS analyses were per-
formed using a VG Scientic EscaLab Mark II with an Al Ka

monochromatic X-ray source. Scans were collected at: 20 mA
and 12 kV emissions; angle of incidence ca. 30°; step size 1 eV
(survey), 0.2 eV (high-res); replicate scans = 2 (survey), 5 (high-
res); dwell time 0.2 s per step (survey), 0.4 s per step (high-res).
Charge correction calibration was conducted at 284.8 eV for the
J. Mater. Chem. A, 2023, 11, 14705–14719 | 14707
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C 1s peak. Spectra analyses and peak tting were performed
using CasaXPS soware,49 using a Shirley background subtrac-
tion. The Full Width at Half Maximum (FWHM) was con-
strained for all convolutions of the same element.

Infra-red spectroscopy. FT-IR spectra were recorded on
a Bruker IFS66 with KBr beamsplitter, Globar light source,
DTGS room temperature detector and Specac “Golden Gate
Bridge” diamond ATR attachment. The instrument was air
purged using a Parker Balston 75-52 FT-IR Purge Gas Generator.

Confocal Raman microscopy. Raman spectra and images
were collected using a HORIBA LabRAMHR Ramanmicroscope
equipped with a 532 nm laser (∼5 mW power). To simulta-
neously scan a range of Raman shis, a 300 lines per mm
rotatable diffraction grating along a path length of 800 mm was
employed. Spectra were detected using a Synapse CCD detector
(1024 pixels) thermoelectrically cooled to−60 °C. Before spectra
collection, the instrument was calibrated using the zero-order
line and a standard Si (100) reference band at 520.7 cm−1.
The spectral resolution in this conguration is ∼3.7 cm−1. For
single point measurements, spectra were acquired over the
range 100–3100 cm−1 with an acquisition time of 120–150
seconds and 4 accumulations, to automatically remove the
spikes due to cosmic rays and improve the signal to noise ratio,
and using a 100× objective and a 50 mm confocal pinhole to
enhance confocality. Spectra were collected from at least three
locations and averaged to give a mean spectrum. For Raman
imaging, spectra were acquired at 5 mm intervals from an area
400 × 400 mm (6561 spectra), using a 50× objective and 300 mm
confocal pinhole. Autofocussing at each position was per-
formed using the Mosaic and ViewSharp™ imaging modules
within Labspec 6.5 soware. As each individual spectrum was
collected for 5 seconds, repeated once, each map required
approximately 20 hours of acquisition time. The intensity (as
height) of bands diagnostic of either HKUST-1 (960–1060 cm−1,
blue) or SIFSIX-3-Cu (990–1100 cm−1, green) and polydopamine
(1100–1800 cm−1, red) was evaluated within the respective maps
of PMM@HKUST-1 and PMM@SIFSIX-3-Cu using univariate
analysis.

Kr gas sorption. Krypton (Kr) gas sorption isotherms were
carried out using a Micromeritics ASAP 2420 (Micromeritics,
Norcross, GA, USA) at −196 °C. Approximately 50 mg samples
were degassed under vacuum at 105 °C for 15 hours before
analysis to remove moisture and other adsorbed gases. Kr gas,
99.995%, was further puried by sublimation under reduced
pressure at −196 °C before analysis. Due to the solidication of
krypton at higher pressures at−196 °C, sorption isotherms were
carried out from 0.10 to 0.65 relative pressure. The microsphere
isotherms were subtracted from the microsphere + MOF
isotherms, and the weight was corrected to give an accurate
sample weight of the deposited MOF, generating an isotherm
solely for the MOF. The specic surface area was acquired from
0.05 to 0.30 relative pressure using the BET model, and pore
volume/size distribution (1.75–20 nm) from an extension of the
BJH model by Chao et al.50 using Microactive V5.0 (Micro-
meritics, Norcross, GA, USA).

Thermogravimetric analysis (TGA). TGA was carried out
using a TGA550 Discovery (TA Instruments) with an automated
14708 | J. Mater. Chem. A, 2023, 11, 14705–14719
vertical overhead thermobalance. 5–20 mg of sample was
heated at a rate of 10 °C min−1 under an N2 atmosphere (1 bar,
60 mL min−1).

Vibrating-sample magnetometry. Magnetometry measure-
ments were taken using 50–125 mg of sample on a SQUID
MPMS3 (Quantum Design) at the University of Sheffield via the
Royce Institute. Measurements were taken at room temperature
with a eld strength up to 10 kOe.

Mercury intrusion porosimetry. The porosity and pore
diameters of the high and low porosity microspheres were
determined via mercury intrusion porosimetry using a Quan-
tachrome Poremaster Porosimeter at the SAXS/CNIE Facility in
the Chemical Engineering Department at UCL. Samples were
placed in a 0.5 cm3 penetrometer with 2mm inner diameter and
placed under vacuum. Mercury was initially intruded into the
cell under pressure ranging from 0.85 to 50 psia. Samples were
then transferred to a high-pressure station where mercury
intrusion took place at pressures ranging from 20 to 30 000 psia.
The corresponding pore diameter range (210 mm to 6 nm) was
calculated using the Washburn equation51 with a mercury
surface tension of 480 mN m−1 and a contact angle of 130°
(intrusion and extrusion). Bulk sample density was calculated at
9.39 psi for the low porosity microspheres and 2.21 psi for the
high porosity microspheres, corresponding to the size of the
largest pores by SEM (28 and 80 mm, respectively). Skeletal
density was measured using a Quantachrome Pentapyc 5200e
gas pycnometer, using helium as the intrusion gas at a pressure
of 19.0 psig. Porosity (%) was calculated using the bulk and
skeletal densities.
2.6 Induction heating

Induction heating measurements were undertaken using a 2
kW induction heater (204 kHz, Cheltenham Induction Heating
Ltd.) and the temperature measured with a bre optic ther-
mocouple (Neoptix Reex). The thermocouple was placed in
a borosilicate glass tube (internal diameter: 11mm) with 2.4 g of
sample powder. The tube was then placed in a water-cooled
copper coil (internal diameter: 27 mm, height: 38 mm) and
various voltage settings were used to apply power to the sample.
All measurements were recorded in triplicate, plotting averages
with error bars showing ±1 standard deviation.
3 Results and discussion
3.1 Synthesis and characterisation of magnetic
microspheres

Highly porous magnetic microspheres (PMMs) were syn-
thesised using a rapid and scalable ame spheroidisation
process, expanding on previous work.20 PMMs have potential
use in a variety of applications as previously discussed,
including herein as scaffolds for further surface growth of MOFs
in the production of MFCs with hierarchical porosity. During
the optimisation process, parameters such as ame collection
distance, starting material ratios, particle sizes, grinding dura-
tions and methods (puck and ring mill, ball mill) were investi-
gated. The variable with the largest effect on porosity was found
This journal is © The Royal Society of Chemistry 2023
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to be grinding of Fe3O4 with CaCO3 prior to ame processing,
which was optimised at 5 min in a ball mill, as detailed in the
Experimental section. Grinding has a signicant effect as
CaCO3 must be well mixed within the starting Fe3O4 granules
during melting and decomposition to allow CO2 to form pores
as it escapes while the microspheres cool and solidify. Without
this level of mixing, CO2 can escape without leaving pores
behind in the cooling microspheres. Less vigorous mixing
techniques resulted in a decreased porosity (Fig. S1, ESI†). Low
porosity solid microspheres were also produced using a similar
process without porogen, with potential for use in applications
where porosity is not required (e.g. in the production of core–
shell composites for biocatalysis52), as well as for property
comparisons with the high porosity microspheres.

SEMmicrographs of the high and low porosity microspheres
and their cross-sections are shown in Fig. 2. The low porosity
microspheres (Fig. 2A) show a high degree of shape and size
uniformity, with solid llings shown in the cross-sections
(Fig. 2B). The high porosity microspheres (Fig. 2C) also show
reasonable uniformity, with external pores opening to internal
cavities. As shown in the cross-sectional image of the high
porosity microspheres (Fig. 2D), some microspheres have pores
which are large enough that the viscous resin used for embed-
ding has entered the spheres (labelled ‘R’), and others where the
pores are too small for the resin to enter (labelled ‘E’). It is
considered that the microspheres are formed by the melting of
the starting material granules in the ame (z3100 °C),53

leading to droplet formation, followed by rapid cooling and
solidication as they are ejected from the ame.20 The spherical
shape is the result of minimising surface tension, and porosity
is suggested to arise from the decomposition of the porogen
material releasing CO2 gas, which is trapped in the molten
Fig. 2 SEM micrographs of: (A) low porosity microspheres; (B) cross sec
cross section of high porosity microspheres, showing both resin filled (
image of a high porosity microsphere at higher magnification.

This journal is © The Royal Society of Chemistry 2023
particles and escapes during the cooling and solidication
stage. The pore size distribution of the high porosity micro-
spheres was rst determined using ImageJ soware measuring
268 pores (see Fig. S2, ESI†). The average microsphere was
found to have approximately 45 pores, with a mean pore
diameter of 12.4 mm and a standard deviation of 13.4 mm,
demonstrating macro-porosity. Porosity was further quantied
through mercury intrusion porosimetry analysis on both the
high and low porosity microspheres.51 Fig. 3C shows the
decreasing pore diameters (from increasing mercury pressure)
plotted against the cumulative volume of mercury intrusion
(pore volume). The initial increase in gradient for both samples
(point ‘X’) is from the lling of the interparticulate gaps/voids
between the microspheres.54 The high porosity microspheres
also exhibit a change in gradient (point ‘Y’) as a new size range
of intraparticulate pores are lled.54 Fig. 3D plots the pore
diameter against the negative log differential volume intrusion
for the high and low porosity microspheres up to the interpar-
ticle lling limits. These data correspond well to pore size
distributions measured by analyses of SEM images (Fig. S2,
ESI†). Intraparticle porosity was calculated as follows (eqn (1)):55

Intraparticle porosityð%Þ ¼ 100

�
1� rHg

rHe

�
(1)

where rHg is the bulk density by low-pressure mercury intrusion,
and rHe is the skeletal density by helium intrusion. The low
porosity microspheres demonstrated an intraparticle porosity
of 52%, and the high porosity microspheres an intraparticle
porosity of 95%, thus quantifying the increase in porosity
caused by the inclusion of CaCO3 with the Fe3O4 in the ame
spheroidisation process. Similar low porosities (35–47%) have
been observed by mercury intrusion in the formation of porous
tion of low porosity microspheres; (C) high porosity microspheres; (D)
R) and empty (E) examples; (E) singular high porosity microsphere; (F)
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Fig. 3 (A) Powder X-ray diffraction patterns for high (top) and low (bottom) porosity microspheres. (B) MLA images showing mineral mapping
cross-sections of high (left) and low (right) porosity microspheres. Mineral phases are colour coded and their elemental compositions are shown
in the figure legend (far right). (C) Mercury intrusion porosimetry data showing pore diameter against cumulative volume intrusion (pore volume)
for the high and low porosity microspheres. Point ‘X’ shows the filling of interparticle voids, and point ‘Y’ shows a change in gradient as a new
range of pore sizes are filled. (D) Mercury intrusion porosimetry data showing pore diameter against the−log differential volume intrusion for the
high and low porosity microspheres up to the interparticle filling limits.
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hydroxyapatite biomaterials for other applications (using
CaCO3).56 Porous magnetic microspheres reported by Tai et al.
demonstrated porosities of 4–24%57 by mercury intrusion, syn-
thesised via a 5 h suspension polymerisation with a magnetic
uid, requiring multiple reaction steps with inert atmospheres
and organic solvents.57 These highlight the benets of our
procedure, able to produce magnetic microspheres with very
high intraparticle porosities in a rapid and solvent-free
synthesis.

The production yields of the spheroidisation and acid
washing steps for the high and low porosity microspheres syn-
thesised herein are shown in Table 1. Spheroidisation yield was
calculated as the mass of microspheres produced (prior to
Table 1 Particle sizing from image analysis and yields of the spher-
oidization and acid washing steps for high and low porosity micro-
spheres. Spheroidization yield was calculated as the mass of
microspheres produced over the mass of the granulated starting
materials

High porosity
microspheres

Low porosity
microspheres

Spheroidization yield (%) 76 84
Acid washing yield (%) 98 100
Size range (mm) 120–285 73–194
Average size (mm) 206 134
Standard deviation (mm) 38 24

14710 | J. Mater. Chem. A, 2023, 11, 14705–14719
sieving for the high porosity microspheres) divided by the mass
of the granulated starting materials. Higher spheroidisation
yields were observed with the low porosity microspheres, likely
due to the mass loss of CO2 from the CaCO3 porogen used to
generate pores in the high porosity microspheres.20 Other mass
losses include particles missing the centre of the ame or
falling outside of the collection trays. It was also observed that
acid washing caused no mass loss for the low porosity micro-
spheres, and a negligible loss for the high porosity micro-
spheres, likely from the dissolution of any unreacted CaCO3

porogen. Image particle size analyses of the high and low
porosity microspheres (N = 114 and 143, respectively) are also
shown in Table 1. The larger sizes of the high porosity micro-
spheres are evidence of the expanding process of the particles in
the ame during synthesis, where porogen decomposition leads
to CO2 gas release (generating pores). The higher size range and
standard deviation of the high compared to the low porosity
microspheres likely arises from slight variation in the exact
amount of porogen present in each particle due to the granu-
lation method.

To determine the crystalline mineral phases present, the
high and low porosity microspheres were analysed using
powder X-ray diffraction. As shown in Fig. 3A, the low porosity
microspheres exhibited a peak pattern corresponding to a cubic
magnetite phase (Fe3O4: PDF 00-019-0629), as identied from
the DIFFRAC.EVA powder diffraction le database. The high
porosity microspheres exhibited a pattern containing peaks
This journal is © The Royal Society of Chemistry 2023
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corresponding to a cubic magnetite phase and two main
calcium–iron oxide phases, identied from the database and
marked in Fig. 3A as Fe–Ca oxide A and B (A: PDF-01-071-2108;
B: PDF-00-013-0395). ‘Oxide A’ corresponds to the known
orthorhombic structure srebrodolskite (Ca2Fe2O5), whereas
‘oxide B’ is a more complex calcium–iron oxide with a rhom-
bohedral lattice. In order to quantify the mineral compositions
present and obtain a better understanding of the chemical
properties of the materials, a detailed compositional analysis of
both the high and low porosity microspheres was undertaken
using mineral liberation analysis (MLA). Fig. 3B shows a break-
down of the minerals present in the samples. Different minerals
are colour-coded and their elemental compositions were
determined via EDS analysis, as shown in the formulae on the
right-hand side of the gure. The low porosity microspheres are
composed entirely of Fe3O4, suggesting that no oxidation to
Fe2O3 or higher oxides takes place during the ame process,
corroborating the PXRD data. The high porosity microspheres
are mainly composed of two calcium–iron oxide mineral
compositions with Fe to Ca ratios of 2 : 1 and 3 : 1, though some
other mineral compositions with higher ratios of Fe are also
present. Table 2 shows the percentage by weight of the different
mineral compositions present in the high porosity micro-
spheres. EDS analyses show bands of locally averaged compo-
sitions, likely from multiple mineral phases. Assessment using
the three-phase diagram for Ca–Fe–O on the highest wt%
mineral compositions (Fe2.98Ca1.02O4 and Fe2.73Ca1.27O4)
showed that the Ca2Fe2O5 phase (Fe–Ca oxide A) was thermo-
dynamically favoured, consistent with the PXRD pattern.58 The
other expected thermodynamic phase was a wustite–lime solid
solution containing iron and calcium oxides. This phase may
represent the Fe–Ca oxide B shown in the PXRD pattern
(Fig. 3A), or the rapid cooling of the ame process could have
resulted in the formation of a complex metastable calcium–iron
oxide phase.

3.2 Magnetisation and induction heating of microspheres

The magnetic properties of the microspheres at room temper-
ature were measured and compared to the pure magnetite
starting material by vibrating sample magnetometry (VSM), see
Fig. 4A. All samples showed ferrimagnetic behaviour with low
remnant magnetisation (<1.1 emu g−1) and intrinsic coercivity
(<50 Oe), resulting in high permeability and low energy required
to switch the spin directions. This result is benecial for
Table 2 Mineral phases present in the high porosity microspheres,
alongside their Fe/Ca molar ratios and weight percentages as deter-
mined by MLA and EDS

Mineral Fe/Ca molar ratio
High porosity
microspheres (wt%)

Fe3O4 — 4.2
Fe3.75Ca0.25O4 15 4.4
Fe3.34Ca0.66O4 5 9.7
Fe2.98Ca1.02O4 3 35.3
Fe2.73Ca1.27O4 2 44.4
CaCO3 — 0.7

This journal is © The Royal Society of Chemistry 2023
applications involving magnetic separation such as in envi-
ronmental remediation, where only low energies would be
required to magnetise the microspheres for collection, and they
could also be easily demagnetised and re-dispersed by the
removal of the magnetic eld. The saturation magnetisation
(Ms) values for the pure magnetite starting material, and the low
and high porosity microspheres were 94, 91 and 25 emu g−1,
respectively (Fig. 4A). The similarity of the magnetisation curve
of low porosity microspheres to pure magnetite showed that
there were no signicant structural changes induced during
ame spheroidization that would result in a decrease ofMs. The
low porosity microspheres high Ms value of 91 emu g−1 is
signicant, with values between 75 and 90 emu g−1 for pro-
cessed magnetite commonly noted for being “high” in the
literature.59–61 The drop in Ms for high porosity magnetite was
expected due to the introduction of non-magnetic calcite,
resulting in the production of less magnetic mineral phases
such as Ca2Fe2O5,62 as shown in the XRD andMLA data in Fig. 3.
However, an Ms value of 25 emu g−1 was still sufficiently high
for the microspheres to exhibit strong magnetic behaviour and
benets, as shown by the induction heating study below.

Induction heating is the process of energy deposition from
an H-eld applicator to a material placed in the magnetic eld
node. In conductive materials, heating occurs through ohmic
losses from the resistance to induced eddy currents. In ferro-
magnetic materials, heating is additionally caused by magnetic
hysteresis, an effect associated with losses from the magneti-
zation–demagnetization cycle in magnetic domains.63 As dis-
cussed in the Introduction, the ability of magnetic
microspheres to undergo induction heating is benecial to
many applications; for example, in the release of adsorbed or
encapsulated guests or in medical treatments such as hyper-
thermia.64 Therefore, the induction heating ability of the high
and low porosity magnetic microspheres were investigated and
compared to the magnetite and calcite starting materials. Rapid
heating was indeed observed for the microspheres, conrming
their potential usefulness in such applications. Fig. 4B shows
the change in temperature over 30 seconds at 120 W (applied
magnetic eld of 100 A m−1) for the high and low porosity
microspheres, alongside the magnetite and porogen starting
materials. As expected, calcite showed negligible heating under
a magnetic eld (0.4 ± 0.7 °C rise over 30 seconds), whilst pure
magnetite powder heated very rapidly (116 ± 25 °C rise over 20
seconds). Interestingly, the high and low porosity microspheres
exhibited similar heating proles (81 ± 3 °C cf. 80 ± 7 °C rise
over 30 seconds, respectively) (Fig. 4B), despite their differences
in composition and magnetic susceptibility (Fig. 4A). We
hypothesise that this effect could be due to the size and shape of
the high and low porosity processed microspheres compared to
the magnetite starting material. Both sets of microspheres have
large spherical morphologies, resulting in low contact areas
between particles and with the thermocouple in the sample
tube. This low contact may limit the transfer of heat between
neighbouring particles and to the bre-optic thermocouple.
This limit may be similar for both high and low porosity
microspheres as both show similar spherical morphologies
compared to the ne and dense powder magnetite starting
J. Mater. Chem. A, 2023, 11, 14705–14719 | 14711
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Fig. 4 Plots showing: (A) room-temperature magnetisation curves of high (blue) and low (red) porosity microspheres alongside the pure
magnetite starting material (yellow); (B) induction heating rate of high (blue) and low (red) porosity microspheres alongside magnetite (yellow)
and calcite (pink) starting materials at 120 W; (C) induction heating rate of high porosity microspheres at 30 W, 120 W and 250 W. Measurements
in (B) and (C) were taken in triplicate and the averages plotted, the error bars show ±1 standard deviation.
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material (<45 mm). For industrial applications, both energy and
time must be balanced to achieve efficient heating. As such, we
also briey explored the effect of varying the power from the
induction heater, where the high porosity microspheres were
subjected to three different power levels from 30 W (applied
magnetic eld of 75 A m−1) to 250 W (applied magnetic eld of
125 A m−1), each for 30 seconds. The results are shown in
Fig. 4C. As anticipated, increasing the power resulted in a faster
heating rate. However, the increase was not directly propor-
tional to the input power due to the complex nature of the many
factors affecting the heating mechanisms, including applicator
efficiency.63 Fig. 4C shows that reasonable heating rates can be
achieved with even very low power (31 ± 2 °C rise over 30
seconds at 30 W), whereas increasing the power by over a factor
of two from 120 to 250 W only increased the heating rate from
an 81 ± 3 °C to a 102 ± 3 °C rise over 30 s.

3.3 Functionalisation of highly porous magnetic
microspheres

Having compared the properties of high and low porosity
magnetic microspheres, subsequent efforts focused on the
highly porous magnetic microspheres (PMMs) due to the
potential benets of porosity such as high surface areas, low
densities, and guest encapsulation capabilities as described in
the Introduction. Firstly PDA was used as a surface functional-
isation agent to coat the PMMs prior to MOF growth, due to
14712 | J. Mater. Chem. A, 2023, 11, 14705–14719
literature precedent.65,66 PDA contains a mixture of catechol,
quinone, amine and imine functional groups, which can
provide good binding sites for composite formation. We further
trialled MPYR on PDA65 for SIFSIX-3-Cu MFC, as the pendant
pyridine functional group of MPYR was expected to have good
compatibility with the MOF (which contains pyrazine linkers).

The presence of PDA and MPYR on the PMMs was investi-
gated using detailed XPS analyses. Fig. 5 shows the high-
resolution spectra for the pristine PMMs alongside the surface
functionalised PMMs. More detailed classications and anal-
yses can be found alongside the XPS survey spectra in Fig. S4,
ESI.† XPS data of the pristine PMMs evidence metallic-bound
oxygen in the O 1s spectrum at 530.2 eV and the expected
Fe(III) and Ca(II) peaks in the Fe 2p and Ca 2p spectra, at 710.8 eV
and 346.5 eV, respectively for the 3/2 peaks. The PDA and PDA/
MYPR functionalised PMMs both show the anticipated nitrogen
peak in the N 1s spectrum at 399.5 eV, corresponding to the
polydopamine layer.67,68 Evidence of C–N is also seen in the C 1s
deconvolution at 285.7 eV, and the O 1s spectrum shows the
C]O and C–O peaks expected from the quinone and catechol
moieties in polydopamine, at 288.8 eV and 286.9 eV respec-
tively.69 Both the iron and calcium peaks are missing in these
samples, indicating that the polydopamine layer must be
thicker than the penetration depth of the XPS analysis tech-
nique, around 10 nm.70 Finally, a low intensity S 2p peak at
163.3 eV in the PDA/MPYR functionalised sample conrms the
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 XPS high-resolution spectra of unfunctionalized, PDA and PDA/MPYR functionalised high porosity magnetic microspheres.
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presence of the MPYR on the PDA layer on the PMMs. MPYR is
possibly attached by a reaction between the terminal thiol on
MPYR and the catechol/quinone groups of the polydopamine,
through a thiol-nucleophile Michael addition type
reaction.65,71,72

Quantities of the functionalisation agents on the surfaces of
the PMMs were determined by thermal gravimetric analyses,
analysing the weight loss from decomposition of the organic
agents on the inorganic PMMs (Fig. S3, ESI†). PDA functional-
ised PMMs showed a weight loss of around 0.7% at 500 °C, with
an additional 0.5% loss seen for the PDA functionalised PMMs
further functionalised with MPYR. These data support XPS
analyses, evidencing successful functionalisation of the PMMs.
3.4 Preparation, structure, and particle attributes of
magnetic framework composites (MFCs)

To assess the prospect of using functionalised PMMs to form
MFCs, the archetypal MOF HKUST-1 was selected for initial
This journal is © The Royal Society of Chemistry 2023
experiments. Further trials were then conducted with a novel
carbon-capture MOF, SIFSIX-3-Cu. HKUST-1 (ref. 46) is
a copper-based MOF containing trimesic acid linkers and has
been extensively studied for applications spanning the adsorp-
tion and separation of gases, organics and ions; to catalysis,
sensing, and composites for wastewater treatment.73–75 SIFSIX-3-
Cu has been more recently discovered and identied as
a promising material for carbon capture and storage due to its
high capacity and selectivity for CO2.47,76

A layer-by-layer method (sequentially moving the function-
alised PMMs between two solutions, one containing the MOF
linker and another containing the metal salt precursor) was
selected to prepare the MFCs due to the high level of control it
offers for heterogeneous MOF growth on the PMM surfaces.
PDA was selected since it has been reported to attach HKUST-1
owing to functional group binding sites.65 TGA results conrm
successful loading of HKUST-1 on the PDA functionalised
PMMs and enabled quantication of MOF loading from the
J. Mater. Chem. A, 2023, 11, 14705–14719 | 14713
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Fig. 6 TGA data of: (A) PDA functionalised PMMs (orange) and HKUST-1@PMM (PDA) MFC (dark blue); (B) PDA (orange) and PDA/MPYR (purple)
functionalised PMMs and SIFSIX-3-Cu@PMM (PDA) (light green) SIFSIX-3-Cu@PMM (PDA/MPYR) (dark green) MFCs.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

11
:0

5:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
percent weight loss of the sample upon thermal decomposition
of the MOF (Fig. 6). A HKUST-1 loading of (10 ± 2) wt%, was
calculated using a moisture normalised pure MOF decomposi-
tion as 45% between 280 and 400 °C.77 For the SIFSIX-3-Cu
MOF, we rst prepared PDA functionalised PMMs, and then
employed a novel strategy which involved further reacting the
PDA functionalised PMMs with MPYR to affix pyridine func-
tional groups to the PMM surfaces.65 Pyridine functional groups
provide nitrogen coordination sites for SIFSIX-3-Cu (which itself
contains pyrazine linkers). Fig. 6B shows thermograms for PDA
and PDA/MPYR functionalised PMMs and the resulting SIFSIX-
3-Cu MFCs. A higher SIFSIX-3-Cu loading can clearly be iden-
tied for the PDA/MPYR functionalised PMMs (11 ± 1) wt%
compared to PMMs functionalised solely with PDA (8 ± 1) wt%,
calculated using a moisture normalised pure SIFSIX-3-Cu
decomposition as 70.3 wt% between 125 and 250 °C
(measured herein, Fig. S5, ESI†). This difference in SIFSIX-3-Cu
loading leads us to conclude that the secondary functionalisa-
tion of PDA with MPYR is benecial in promoting SIFSIX-3-Cu
MOF nucleation and growth on the PMM surfaces, likely due
Fig. 7 SEM images (left) and EDS elemental mapping (right) of HKUST-1
oxygen (blue) and copper (green) in the MFC.

14714 | J. Mater. Chem. A, 2023, 11, 14705–14719
to the enhanced interaction between the pyridine functional
groups on the PMM surface and Cu(II) in the MOF.

SEM and EDS analyses were used to examine the
morphology, surface coverage and placement of MOF crystals
on the MFCs with the highest MOF loadings. Images of HKUST-
1@PMM (PDA) MFC are displayed in Fig. 7. These images show
that the PMMs are coated in a discontinuous layer of irregular
shaped HKUST-1 nano-crystals, which can also be seen inside
some of the microsphere pores. The copper signal in the EDS
analysis provides compelling evidence for the presence of
HKUST-1 MOF on the surface of the PMMs, giving an approxi-
mately 36 wt% coverage of the MOF. Fig. 8 shows SIFSIX-3-
Cu@PMM (PDA/MPYR), also showing MOF nano-crystals on
the surfaces and in some of the pores of the PMMs. EDS
mapping of SIFSIX-3-Cu@PMM (PDA/MPYR) MFC exhibits
signals for copper, silicon, and uoride ions present in SIFSIX-
3-Cu. The red circles in Fig. 8 highlight an area of high MOF
concentration. Using the copper EDS signal, the SIFSIX-3-Cu
coverage on the surface of the PDA/MPYR functionalised
PMM was determined as approximately 61 wt%. EDS elemental
@PMM (PDA) MFC. EDS mapping shows the presence of iron (yellow),

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 SEM images (top left) and EDS elemental mapping of SIFSIX-3-Cu@PMM (PDA/MPYR) MFC. EDS mapping shows the presence of iron
(yellow), fluorine (turquoise), silicon (pink), oxygen (blue) and copper (green) in the MFC. Red circles highlight areas of high SIFSIX-3-Cu MOF
concentration.
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analyses of HKUST-1@PMM (PDA) and SIFSIX-3-Cu@PMM
(PDA/MPYR) MFCs, show that MOFs can be loaded on func-
tionalised PMMs. The substantially higher surface coverage of
MOF on SIFSIX-3-Cu@PMM (PDA/MPYR) MFC compared to
MOF on the HKUST-1@PMM (PDA) MFC (61% and 36%) with
similar total weight loadings (11% and 10%) implies that the
Fig. 9 Structural characterisation of SIFSIX-3-Cu@PMM (PDA/MPYR), an
spectra; (B) confocal Raman microscopy analysis obtained from MOF
depicting the distribution of SIFSIX-3-Cu (green, top) or HKUST-1 (blue
details), scale bars are 10 microns; (C) and (D), powder X-ray diffraction

This journal is © The Royal Society of Chemistry 2023
SIFSIX-3-Cu is more evenly spread over the functionalised PMM
surface compared to HKUST-1. This observation is indicative of
more concentrated areas of HKUST-1 where the MOF prefer-
entially builds on itself, as in secondary growth type methods.78

This result is also supported by the copper EDS signals (green)
in Fig. 7 and 8, which show more intensely bright areas in
d HKUST-1@PMM (PDA) MFCs and pristine PMMs. (A) FTIR absorbance
-rich regions of the respective MFCs, insets are false colour images
, bottom) and PDA (red) in representative MFCs (see ESI† for further
patterns.
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HKUST-1@PMM (PDA) MFC compared to SIFSIX-3-Cu@PMM
(PDA/MPYR) MFC. These brighter areas in both MFCs show
where more MOF has gathered/grown, possibly due to more
protected anchoring points in the porous magnetic micro-
sphere, or conceivably owing to initial MOF attachment and
subsequent preferential growth.

FTIR and Raman spectroscopic analyses were used to
conrm the chemical composition of the MOFs on/in the MFCs.
Fig. 9A and B show the vibrational spectra of HKUST-1@PMM
(PDA) and SIFSIX-3-Cu@PMM (PDA/MPYR). FTIR spectra for
both MFCs show the expected absorbances for the MOFs as
reported in the literature,47,79 including intense diagnostic
peaks at 1371 cm−1 (assigned as a nip(COO) vibrational mode of
the carboxylate linker in HKUST-1)79 and 1435 cm−1 (tentatively
assigned as a ring bending mode of pyrazine47) in the FTIR
spectra of HKUST-1@PMM (PDA) and SIFSIX-3-Cu@PMM (PDA/
MPYR), respectively. Optical and Raman imaging (inset in
Fig. 9B) conrmed the discontinuous surface coverage of MOFs
on the MFCs, with higher, more uniform coverage observed on
the SIFSIX-3-Cu@PMM (PDA/MPYR) MFC, relative to HKUST-
1@PMM (PDA) MFC, consistent with EDS mapping. The
Raman spectra collected from sky blue areas in the optical
images of HKUST-1@PMM (PDA) match that expected for the
HKUST-1 MOF.79 Interestingly, the intensity of the band at
1705 cm−1 (assigned as a nip(COOH) in benzene-1,3,5-
tricarboxylic acid) is more intense in many of the Raman
spectra captured from different sky blue domains on the MFCs
than that observed in the reported pristine HKUST-1 MOF
Fig. 10 Kr adsorption–desorption isotherms and cumulative pore volu
1@PMM (PDA) MFCs (C and D). Data labelled ‘total’ represents the MFCs,
MFC, determined by subtracting the contribution of Kr sorption for PMM
MFCs. Data collected at −196 °C. Pore volume/size distribution (1.75–20

14716 | J. Mater. Chem. A, 2023, 11, 14705–14719
spectrum. This suggests a high density of structural defects
where Cu–Cu moieties are not always included in the frame-
work thus resulting in the transformation of carboxylates to
carboxylic acids.79 However, hydrogen bonding between adja-
cent couples of COOH groups likely preserve continuity of the
MOF network. Spectra obtained from white areas of the SIFSIX-
3-Cu@PMM (PDA/MPYR) MFC are consistent with that ob-
tained from the pristine SIFSIX-3-Cu MOF (Fig. S6, ESI†) and
with the vibrational modes of the pyrazine linker (1044, 1519
and 1627 cm−1) and SiF6 structural motifs (677 and 705 cm−1),
as reported previously in the Raman spectra of structural
analogues.80 It is interesting to note the majority of MOF peaks
in FTIR spectra of the MFCs are downshied relative to those
reported in the literature for the respective MOFs. This shi
likely indicates that the MOF networks are subject to tensile
strain, reecting the complex surface topography and local
curvature of the microsphere upon which the MOF is grown/
attached. Raman maps of the MFCs with further analyses are
detailed in Fig. S7 and S8 in the ESI.†

PXRD was used to examine the crystal structures present in
the MFCs. Fig. 9C shows the diffractogram of HKUST-1@PMM
(PDA) MFC, appearing as an approximate superposition of the
patterns of the pristine PMM (experimental) and pristine
HKUST-1 MOF (calculated). The sharp peak at 6° 2q can be seen
in both the MOF and the MFC evidencing crystallinity, though
many of the other peaks for HKUST-1 are not observed due to
the low MOF concentration present in the MFC. The high
relative intensity of the 6° 2q peak compared to the other peaks
me plots for SIFSIX-3-Cu@PMM (PDA/MPYR) (A and B) and HKUST-
and labelled ‘PMM subtracted’ represents the respective MOFs for each
s from the MFCs, and accounting for the mass of MOF present in the
nm) was acquired from an extension of the BJH model by Chao et al.50

This journal is © The Royal Society of Chemistry 2023
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for HKUST-1 at higher ° 2q could result from a highly ordered
and preferentially oriented crystalline material, which has been
observed elsewhere with HKUST-1 when using the layer-by-layer
synthesis method.81 The small crystals produced by the layer-by-
layer process and the slow crystal growth from the low synthesis
temperature (room temperature then 50 °C) used herein could
also result in some peak broadening, lowering the intensities of
the HKUST-1 peaks in the HKUST-1@PMM (PDA) MFC
diffraction pattern.82 This XRD result supports the stronger IR
and Raman evidence for the HKUST-1 structure on the PMM
surface. Fig. 9D shows the diffractogram of SIFSIX-3-Cu@PMM
(PDA/MPYR) MFC against the pristine PMM and pristine
SIFSIX-3-CuMOF. Peaks corresponding to both SIFSIX-3-Cu and
PMMs can be seen in the PXRD pattern of the MFC, conrming
the presence and crystallinity of SIFSIX-3-Cu MOF on the PDA/
MPYR functionalised PMMs. The relative intensities of peaks
corresponding to SIFSIX-3-Cu (e.g. at 13 and 17° 2q) change
slightly in the MFC diffraction pattern, possibly owing to
hydration of the MOF or slight changes in the crystal structure
of the MOF when grown on the surface of the PMMs.76

The micro-porosity of the MFCs was evidenced by Kr gas
sorption analyses. Mercury intrusion was not used on the MFCs
as it cannot measure smaller pore sizes (<6 nm), it requires
gram-scale quantities and is destructive. It is assumed that the
macro-porosity of the PMMs is retained aer MOF growth as the
small (nm-scale) MOF crystals are seen to coat the PMM
surfaces rather than block the large micron-scale pores (see
Fig. 7). Kr was used as the gas sorbate (rather than N2 or CO2)
owing to the thin coating of MOF present in the MFCs.83 Fig. 10
shows the Kr sorption isotherms and the cumulative pore
volume plots for HKUST-1@PMM (PDA) and SIFSIX-3-
Cu@PMM (PDA/MPYR) MFCs for pore widths between 1.75
and 20 nm. Data labelled ‘total’ represents the MFCs, and data
labelled ‘PMM subtracted’ correspond solely to the respective
MOFs for each MFC, determined by subtracting the contribu-
tion of Kr sorption for PMMs from the MFCs, and accounting
for the mass of MOF present in the MFCs. Both MFCs exhibit
micro-porosity owing to the MOF pores, however the total pore
volumes for the MOFs in the MFCs are lower than reported for
their corresponding pristine MOF powders by N2/CO2 adsorp-
tion. This is possibly as pore widths less than 1.75 nm could not
be mapped using the Kr sorption method as the instrument
cannot start at <0.01P/P0. Nevertheless, micro-porosity is
demonstrated in both samples due to the MOF attachment.

Overall, we have demonstrated a new route to producing
MFCs with PMMs and MOFs HKUST-1 and SIFSIX-3-Cu,
showing attachment and growth of the MOFs on the PMM
surfaces. These demonstrate macro–micro hierarchical porosity
from the iron/calcium oxidemicrosphere andMOF components
respectively, and contain strong magnetic properties which
could benet many applications, as previously highlighted.

4 Conclusions

In this study a novel rapid, scalable and solvent-free ame-
spheroidisation process was optimised for the sustainable
production of both high porosity (iron/calcium oxides) and low
This journal is © The Royal Society of Chemistry 2023
porosity (magnetite) magnetic microspheres in the size range of
50 to 300 mm. The high porosity microspheres exhibited strong
magnetisation (Ms: 25 emu g−1) alongside a very high intra-
particle porosity of 95% (pore diameter: 12.4 ± 13.4 mm). The
low porosity microspheres demonstrated extremely high mag-
netisation (Ms: 91 emu g−1) with an intraparticle porosity of
52%. Both materials showed ferrimagnetic behaviour with low
remnant magnetisations. The crystalline and mineral compo-
sitions of the magnetic microspheres were elucidated through
detailed XRD and MLA studies, followed by an investigation
into their rapid induction heating capabilities, with both the
high and low porosity microspheres showing an z80 °C rise
over 30 s at only 120 W. These products represent a substantial
advancement in the eld of magnetic microspheres due to their
simple and cost-effective manufacture and the high porosities
and room-temperature magnetisations that can be obtained.
The microspheres would be suitable to a range of applications,
beneting from ease of detection, magnetic eld separation and
efficient induction heating.

An in-depth XPS analysis revealed the successful surface
functionalisation of the PMMs with 0.7–1.2 wt% PDA and
MPYR. A controlled layer-by-layer heterogeneous MOF growth
strategy was used on the functionalised PMMs to form inno-
vative magnetic framework composites with archetypal MOF
HKUST-1 (10 wt% loading, 36 wt% surface coverage) and the
advanced carbon-capture MOF SIFSIX-3-Cu (11 wt% loading,
61 wt% surface coverage). The tailored technique of further
functionalising the PDA surface with MPYR was found to
improve MOF loading for SIFSIX-3-Cu from 8 to 11 wt%. EDS
and Raman mapping revealed the distribution of the MOFs on
the PMM surfaces, while FTIR and XRD conrmed the MOF
chemical compositions and crystallinities. These materials are
the rst example of MFCs using a single-material porous
magnetic scaffold, in addition demonstrating macro–micro
hierarchical porosity (pores > 1 mm and <10 nm) by Kr adsorp-
tion and mercury intrusion porosimetry. The MFCs have
potential to be used in various applications from catalysis to the
adsorption and separation of gases, organics and ions for
environmental remediation. Our adaptable synthetic approach
is applicable to a variety of different MOFs, opening the possi-
bility of diverse properties and consequent applications.
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E. Ploetz, C. S. Diercks and S. Wuttke, Angew. Chem., Int.
Ed., 2021, 60, 23975–24001.
14718 | J. Mater. Chem. A, 2023, 11, 14705–14719
10 P. A. Julien, C. Mottillo and T. Frǐsčić, Green Chem., 2017, 19,
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