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A B S T R A C T

Magnetic calcium phosphate (CaP) nanoparticles have been explored for a wide range of applications, namely
biodevices for bone regeneration and local cancer treating through hyperthermia therapy. Numerous shaping
techniques to obtain dense and porous ceramic structures are based on colloidal processing principles, in which
parameters such as crystallinity, morphology and particle size play an important role in obtaining high solids
concentration suspensions to guarantee ceramic structures with high particle packing. With these considerations
in mind, this work aims to obtain magnetic and thermo-responsive CaP microparticles, via wet chemical pre-
cipitation with the simultaneous addition of Fe2+ and Fe3+. Magnetic microparticles with the ability to preserve
their magnetic and magneto-thermal properties have been successfully achieved, due to the presence of well-
distributed iron oxide nanocrystallites surrounded by CaP phases. This accomplishment promises great poten-
tial for the development of biodevices based on colloidal processing, as some Additive Manufacturing
technologies.

1. Introduction

Magnetic calcium phosphates (CaP) mainly focused on magnetic
hydroxyapatite (MHA, Ca10(PO4)6(OH)2), have attracted considerable
attention in the last years, due to their promising multifunctional ap-
plications in magnetic hyperthermia treatment, tissue engineering and
bone regeneration [1–5]. Advances in scaffold design, particularly
through additive manufacturing (AM) technologies, have highlighted
the potential for polymer-based bone scaffolds in regenerative applica-
tions, providing context for the development of polymer-based magnetic
composites that could similarly be used in scaffold fabrication or scaf-
fold coating [6,7]. Besides those, controlled drug/gene delivery and
antimicrobial activity, heavy metals and toxic dyes removal, biosensors,
and development of contrast agents for magnetic resonance imaging,

have been mentioned as other functionalities where MHA can have great
potential [8–14].

The synthesis of MHA can be achieved through different techniques,
being chemical precipitation, hydrothermal, sol-gel, mechanochemical
and emulsion synthesis the most commonly explored [5]. The synthesis
route and conditions used considerably influence the structural [9], and
consequently, the magnetic and magnetothermal behaviour – crucial for
their magnetic hyperthermia performance - of the resulting materials.
The magnetic properties in CaP materials are achieved by typically
loading magnetic nanoparticles (MNP) or HA particles with a magnetic
core [8,15] or nanocomposites [7,16–20] as blends of HA. Crystalline
iron oxides such as maghemite (γ-Fe2O3) or magnetite (Fe3O4) are the
most commonly used MNP due to their superparamagnetic properties
[21–23]. Although multiple previous studies have demonstrated
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biocompatibility and non-toxicity of these magnetic nanocomposites in
the short/medium period [16], the long-term effects of MNP remain
controversial [24,25], motivating the search for alternatives [26,27],
particularly for applications in bone tissue engineering.

In this context, doping β-tricalcium phosphate (β-TCP, β-Ca3(PO4)2)
and HA particles with transition metal ions capable of conferring
intrinsic magnetic properties to the resulting materials has been
explored [10,28–34]. Manganese, cobalt, zinc, copper, and iron [35,36],
single or co-doped, are examples of ions used to provide HA or β-TCP
with magnetic properties. In addition to magnetism, the chemical
modification of calcium phosphates induced by these ions can improve
physicochemical, mechanical, and anti-bacterial properties, thereby
enhancing their biological performance [37,38]. In the particular case of
Fe, it plays a key role in several bone metabolic processes like oxygen
transport, deoxyribonucleic acid synthesis and electron transfer (energy
metabolism) at physiological pH [39].

Superparamagnetic behaviour is cited in literature as the most suit-
able magnetic behaviour for achieving magneto-thermal effects [40,41].
However, most of the reported works presented in the literature that
aimed to develop doped β-TCP powders with magnetic behaviour
and/or hyperthermia performance have attained paramagnetic, anti-
ferromagnetic, or diamagnetic-like behaviours instead of super-
paramagnetic [33,36]. For example, in Singh’s work, β-TCP powders
were doped with different concentrations of Fe3+, ranging from 2.52 to
12.55 mol% [33]. The outcomes of this study demonstrated the ability of
β-TCP to host 5.02 mol% of Fe3+ in its lattice leading to the formation of
Ca9Fe(PO4)7 and CaFe3(PO4)3O as crystalline phases when calcined at
900 ◦C. It was also verified that iron-doped β-TCP powders presented
high crystallinity, biocompatibility, and hyperthermia performance,
although the magnetization was not saturated even for high magnetic
fields (10 kOe). Similar results have been reported by the same authors
for Fe and Co co-substituted β-TCP [42]. Recently, Lauryna Sinusaite
and co-authors [36] reported the structural, magnetic, mechanical, and
biological properties of β− TCP co-doped with Fe3+ and Zn2+ ions in the
range of 1–5 mol% by wet precipitation method. The authors concluded
that powders annealed at 800 ◦C presented high crystallinity and
paramagnetic behaviour, verifying that magnetization values were
proportional to the content of dopant ions.

In contrast, when the target is iron doped HA, superparamagnetic-
like behaviour was reported, mostly derived from the formation of
magnetite particles as secondary phases [10,30,43]. Subha Balakrishnan
and co-workers [43] used the hydrothermal method to synthesise iron
doped HA without any further thermal treatment, showing that crys-
tallite size, crystallinity, and lattice parameters decreased as the amount
of Fe in HA samples increased. The saturation magnetizations reported
were not higher than 0.029 emu g− 1 for the maximum amount of iron
studied (0.01 M of the precursor Fe(NO3)3.9H2O)), without the presence
of any magnetic secondary phases. Veerla et al. [10] synthesized hy-
droxyapatite nanoparticles (nHA) co-doped with Ag/Fe with controlled
size. In this case, no thermal treatment was performed after chemical
precipitation synthesis and iron oxides (such as magnetite) were
detected as secondary phases for Ag/Fe doping concentrations. Aiming
to minimize the formation of magnetite, Tampieri et al. [30] studied the
potential to obtain intrinsic magnetism (superparamagnetic-like prop-
erties) and hyperthermia by doping HA with simultaneous addition of
Fe2+ and Fe3+ ions, using a wet chemical precipitation method. The
authors observed that powders calcined at a maximum temperature of
700 ◦C in Ar atmosphere exhibited low crystallinity and low thermal
stability, resulting in the formation of Fe-containing β-TCP as the main
phase, with a decrease of the magnetization values from 0.95 to 0.22 A
m2 Kg− 1. These results highlighted the influence of calcination tem-
perature on the crystallinity and phases formed in the Fe doped CaP
powders, which subsequently can impact their final performance. In
fact, the powders’ crystallinity and composition interfere with its
degradation rate in vitro and in vivo [44], which in turn should influence
the magnetic and magnetothermal performance over time. Moreover,

these features also affect the powders processability, either by powder or
colloidal-based technologies. Therefore, the development of magnetiz-
able devices containing iron-doped CaP-based powders, with proper
composition and crystallinity is crucial for simultaneous bone tissue
regeneration and cancer treatment by a local magnetic hyperthermia
application. To attain that, additional efforts are required to overcome
the current difficulties and further contribute to the progress in this
field.

Although nanometric particles have been extensively studied and
show promising magnetic and magneto-thermal properties for magnetic
hyperthermia treatments [5], micron-sized particles provide a smaller
surface area, favourable for the development of highly concentrated inks
for Direct Ink Writing (DIW) technologies [45,46]. The use of micro-
particles in these inks increases the packing density, facilitating the
production of structurally strong structures with a high material loading
[45,47]. The bigger particle size can also decrease the tendency for
particle agglomeration, thereby tuning the rheological characteristics of
the inks, crucial for ensuring the uniformity and accuracy of the
extrusion-based additive manufacturing processes [45–48].

Given these challenges, there is an increased need for the develop-
ment of biocompatible micron-sized, crystalline, and magnetically sta-
ble CaP-based materials with tuneable magnetic properties for
simultaneous bone regeneration and local hyperthermia treatment. The
present work aims to fill this gap, by exploring the most suitable pro-
cessing conditions through a simple chemical precipitation approach.
For this purpose, the influence of synthesis temperature, Fe content, and
thermal treatment (calcination temperature) on the phase composition,
crystallinity, size, morphology, magnetic and magneto-thermal proper-
ties of iron-doped CaP powders was investigated.

2. Experimental procedure

2.1. Synthesis and thermal treatment of calcium phosphate powders

Calcium phosphate powders doped with equimolar ratios of Fe2+ and
Fe3+, in total Fe ion concentrations of 10.82 mol% and 23.44 mol%
relative to Ca ions, referred to as FeCaP1 and FeCaP2, respectively, were
synthesized using an aqueous chemical precipitation method. Calcium
hydroxide (Ca(OH)2, ≥ 96 %, HoneyWell/FLUKA, Germany), phos-
phoric acid (H3PO4, 85 %, PanReac AppliChem, Barcelona, Spain), iron
(II) chloride tetrahydrate (FeCl2.4H2O, HoneyWell/FLUKA, Germany)
and iron (III) chloride hexahydrate (FeCl3.6H2O, HoneyWell/FLUKA,
Germany) were used as chemical precursors for calcium, phosphorus,
and iron, respectively. The precursors, consisting of a Ca(OH)2 suspen-
sion containing iron ions and an H3PO4 solution were prepared using
deionized water, while maintain a constant (Ca + Fe2++ Fe3+)/P molar
ratio of 2.06. FeCaP1 was synthesised at two different temperatures (40
and 90 ◦C), while FeCaP2 was synthesised only at 40 ◦C. The mixture of
the precursors resulted in a precipitated suspension, which was main-
tained under the following conditions: 1 h at the selected synthesis
temperature under constant stirring (200 rpm) and a target pH of
approximately 11, followed by a maturation period of 24 h at rest,
maintaining the synthesis temperature. An appropriate amount of
ammonium hydroxide (NH4OH, 25 %, PanReac, AppliChem, Barcelona,
Spain) was added to adjust and maintain the constant pH during the first
hour of the synthesis reaction.

Additionally, for comparison purposes, another powder named
RefFeCaP was synthesised using the same chemical precursors
mentioned above, following the experimental procedure described by
Tampieri et al. [30] but varying the (Ca+Fe)/P molar ratio, the total
amount of iron and synthesis conditions, such as stirring and pH. Briefly,
the precursors (Ca(OH)2 suspension containing iron ions + H3PO4 so-
lution) were prepared to have a (Ca+ Fe2++ Fe3+)/P molar ratio of 2.02
and a total Fe ion concentration (Fe2+ and Fe3+ in equimolar ratio) of
19.79 mol% relative to Ca ions. The precipitated suspension was
maintained at 40 ◦C for 3 h under constant stirring (700 rpm) and,

T.S.S. Carvalho et al.



Materials Research Bulletin 185 (2025) 113274

3

controlled pH (target pH≈12), followed by a maturation period of 24 h
at room temperature (RT). The pH of the suspension during the first 3 h
of synthesis was controlled by the addition of the required amount of
NH4OH solution. The resultant precipitates of all synthesis were sepa-
rated through vacuum filtration, washed three times with deionized
water and then dried at 110 ◦C overnight. The obtained powders were
manually deagglomerated in a mortar and sieved through a 200 μm
mesh.

To evaluate the effect of calcination temperature, the resulting syn-
thesised powders were heat-treated in a tubular furnace (Termolab,
Portugal) under an inert argon gas atmosphere (Ar ≥ 99.999 %,
ALPHAGAZ™ 1 Ar, Algés, Portugal) at either 700 ◦C or 1000 ◦C, or only
at 1000 ◦C, with a dwell time of 1 h.

Table 1 presents the sample codes (X-S-T) and (RefFeCaP-T) of the
developed CaP powders, which were adopted to simplify their identifi-
cation. In these codes, X refers to FeCaP1 or FeCaP2 powders with
different planned molar concentrations of Fe (mol%); S stands for syn-
thesis temperature (40 ◦C and 90 ◦C) and T represents the calcination
temperature (700 ◦C and 1000 ◦C) or indicates no calcination (NC).
RefFeCaP refers to the powder used in this work for comparison pur-
poses, synthetised at the same thermal conditions described by Tampieri
et al. [30], as detailed in the legend of Table 1. For example,
FeCaP1–40–1000 denotes the CaP powder doped with 10.82 mol% of
Fe, synthetized at 40 ◦C and calcined at 1000 ◦C.

Fig. 1 presents a schematic representation of the experimental
procedure of the synthesis and thermal treatments of the developed CaP
powders, as described above, along with the techniques used for their
characterization, providing a clear overview of the steps and
methodological sequence employed.

After calcination at 1000 ◦C under an inert atmosphere, the
FeCaP1–40–1000, FeCaP2–40–1000, and RefFeCaP-1000 powders were
subjected to a second heat treatment in air at 600 ◦C for 1 h. These
samples are referred to as FeCaP1–40–1000–600, FeCaP2–40–1000–600
and RefFeCaP-1000–600, respectively. This additional treatment was
performed to evaluate the effect of an oxidising atmosphere on the phase
composition of these powders.

2.2. Characterization methodology

2.2.1. Diffraction and spectroscopic analysis

2.2.1.1. X-ray diffraction. Crystalline phase analysis of all powders was
performed by X-ray powder diffraction (XRD), using a high resolution
X’Pert PRO diffractometer (Malvern PANanalytical, Worcestershire,
United Kingdom) with a CuKα (α=1.54060 Å, 45kV and 40 mA) radia-
tion and a Ni monochromator. The data were acquired in a 2θ range 5-
70◦ with a step size of 0.0260. Rietveld’s refinement method was used to
evaluate quantitative crystalline phase composition and cell parameters
(TOPAS v. 5.0, Bruker AXS, Karlsruhe, Germany) of all samples.

To evaluate the presence and quantification of the amorphous phase,

corundum (NIST SRM 676a) was added as an internal standard to the as-
prepared FeCaP1–40 samples, as well as those calcined at 700 ◦C and
1000 ◦C under an inert atmosphere of Ar gas. The same procedure was
followed for FeCaP1 synthetised at 90 ◦C and for the formulations
containing higher iron content (FeCaP2 and RefFeCaP), but only those
calcined at 1000 ◦C under inert atmosphere. These mixtures were
ground in an agate mortar to homogenize the samples. The phase frac-
tions obtained by Rietveld’s refinements were rescaled based on the
absolute mass of corundum added, and internally renormalised.

2.2.1.2. Infrared spectroscopy. XRD information was complemented
with infrared spectra obtained by Fourier Transform Infrared Spectros-
copy (FTIR) in the region between 4000–400 cm− 1 (Bruker Tensor 27
FT-IR spectrometer, Massachusetts, USA). For this purpose, each powder
was mixed with potassium bromide (KBr) in a mass ratio of 1/150 (m/
m) and pressed into a pellet for 15 min. Each infrared spectrum was
obtained by averaging 128 scans collected at a resolution of 4 cm− 1 at
room temperature.

2.2.1.3. ICP optical emission spectrometry. Inductively Coupled Plasma
Optical Emission Spectrometry analysis (ICP-OES, Jobin Yvon ActivaM.,
USA) was used to determine the overall content of Fe in each sample. For
this purpose, the required amounts of powders were dissolved in nitric
acid (HNO3) prior to ICP analysis. The obtained values were expressed in
weight percent of Fe (wt%).

2.2.2. Thermal analysis
The thermal behaviour of the as-prepared powders was analysed

through the combined thermogravimetry (TG) and differential scanning
calorimetry (DSC) analyses using the Simultaneous Thermal Analyser
STA449 F3 Jupiter® (Netzsch, Germany) equipment. Samples of 31 - 58
mg of each synthesized powder were placed in alumina crucibles. All
measurements were performed under an argon atmosphere, with an
argon flow rate of 50 mL min− 1, from RT (~24 ◦C) to 1000 ◦C at two
distinct heating rates: 5 K min− 1 and 10 K min− 1. The results were
normalized to mass to ensure consistency and eliminate any potential
discrepancies due to variations between sample mass of the different
powders.

2.2.3. Surface area, porosity, and density
Nitrogen adsorption/desorption isotherms measurements at 77 K

have been carried out on a Micromeritics Gemini 2370 V5.00 (Norcross,
USA) device, after degassing the powders overnight at 200 ◦C (Micro-
meritics Flow Prep 060, Norcross, USA). Specific surface areas (SSA) of
the powders were determined by Brunauer-Emmet-Teller (BET) method.
The pore volume and pore size distribution were determined from the
desorption isotherm using the Barrett–Joyner–Halenda (BJH) method.

The true density of the powders was determined by the Anton Paar
Ultrapyc 5000 Micro (Graz, Austria) helium pycnometer using samples
with an approximate weight between 2 and 5 g previously dried

Table 1
Sample codes (X-S-T) and RefFeCaP-T of the studied Fe-doped CaP powders. In these codes, X= FeCaP1 or FeCaP2 depending on the planned total Fe concentrations; S
= synthesis temperature (◦C); T= calcination temperature (◦C) or NC (No Calcination); RefFeCaP= reference powder used for comparison purposes and synthesised* at
40 ◦C during the first 3 h and then at RT.

Sample Code X-S-T/RefFeCaP Planned molar concentration of total Fe (mol%) Synthesis Temperature (◦C) S Calcination Temperature (◦C) under an inert atmosphere T

FeCaP1–40-T

10.82

40 NC
700
1000

FeCaP1–90-T 90 NC
700
1000

FeCaP2–40-T 23.44 40 NC
1000

RefFeCaP-T 19.79 -* NC
1000
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overnight at 110 ◦C. The analyses were performed in a micro cell with a
target pressure of 10 psi, at 25 ◦C, in a pulsed preparation mode.

2.2.4. Morphological and microstructural characterization
Transmission electron microscopy (TEM) analysis was performed

with a HR-(EF) TEM JEOL 2200FS, operating at 200 kV. Samples were
prepared by placing a drop of the particles suspended in ethanol onto a
carbon-coated copper grid and allowing it to dry at room temperature.

The high-resolution images obtained from the selected samples were
analysed in detail. The interatomic distances of the selected zones were

measured to obtain the d-spacing values of crystalline structures, using
the public domain DigitalMicrograph Software and by correspondence
with (hkl) atomic planes obtained with XRD refinements and literature
CIF files data. SEM imaging and EDX spectroscopy analysis were per-
formed in a FEI Quanta 650 FEG scanning electron microscope operated
at an accelerating voltage of 30 kV and a spot size of 3. Everhart-
Thornley secondary electron detector was used for imaging and INCA
X-Act X-Ray detector (Oxford Instruments) for EDX spectroscopy. Iron,
Calcium and Phosphorus elemental maps were acquired for 15 min by
using the corresponding Kα lines, 6.4, 3.7 and 2.0 keV, respectively.

Fig. 1. Schematic representation of the synthesis method used to obtain the FeCaP powders and their respective characterization techniques. Created in BioRender.
Carvalho, T. S. S. (2024).

T.S.S. Carvalho et al.
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Samples for SEMwere prepared by depositing a small amount of powder
on double-sided carbon tape attached to the aluminium SEM stub. No
conductive coating was applied to the samples.

2.2.5. Magnetic characterization and hyperthermia capacity
Magnetic measurements were performed using a Quantum Design

MPMS3 SQUID-VSM Magnetometer in the temperature range from 5 K
up to 370 K and under magnetic fields up to ± 55 kOe. In this work, the
magnetic moment of approximately 45 mg of powder was measured as a
function of the magnetic field between -40 and 40 kOe at 300 K.

Measurements of magnetically induced heating were performed
using a commercial magnetic hyperthermia equipment (Nanoscale
Biomagnetics, Spain). Specifically, 0.100 g of each FeCaP powder
specimen was suspended in 300 μL of deionized water. The measure-
ments were conducted under alternating magnetic field (AMF) at fre-
quencies of 268 kHz, 554 kHz, and 869 kHz, while subjected to a
magnetic field intensity of 200 Oersted (Oe). An optical fibre-based
thermometer was used to measure the temperature of the sample. Spe-
cific Absorption Rate (SAR) of FeCaP powders was calculated using the
following equation:

SAR = ((ρ⋅Cw) /mFe)⋅(dT /dt) (1)

where ρ is the density of the measured suspension (FeCaP powder +

water), Cw is the specific heat capacity of water (Cw = 4.185 J g− 1 K− 1)
and mFe is the sample’s mass used in the test normalised to the Fe
contents of the analysed samples. The term dT/dt is the slope of tem-
perature curve versus time at the initial time interval, obtained in the
region where the SAR is considered adiabatic for a heterogeneous
material.

3. Results and discussion

3.1. Influence of synthesis conditions and thermal treatment on phase
composition and crystallinity

The effect of synthesis temperature (40 ◦C and 90 ◦C) on the XRD
patterns of the FeCaP1 powders is presented in Fig. 2a, while the in-
fluence of calcination temperature under an inert atmosphere (NC, 700
◦C and 1000 ◦C) on the powders synthesised at 40 ◦C (FeCaP1–40) is
shown in the XRD patterns of Fig. 2b. Additionally, Fig. 2c and
d compare the XRD patterns of powders with two different iron contents
synthesised at 40 ◦C (FeCaP1 and FeCaP2) against the reference powder
RefFeCaP (which has an iron content closer to FeCaP2), both non-
calcined and after calcination at 1000 ◦C under an inert atmosphere,
respectively. Fig. 2e summarises the quantitative crystalline phase
composition of FeCaP1–40-NC, FeCaP1–40–700, and all different pow-
ders calcined at 1000 ◦C before and after post-thermal treatment in air at
600 ◦C, as obtained by Rietveld refinements. Additionally, Fig. 2f pre-
sents the quantitative phase composition including the amorphous
phase of FeCaP1–40-NC, FeCaP1–40–700, and FeCaP1–40–1000, as well
as FeCaP1–90, FeCaP2–40 and RefFeCaP calcined at 1000 ◦C.

The XRD patterns of the non-calcined FeCaP1 powders synthesised at
the two different temperatures (40 and 90 ◦C, Fig. 2a) are very similar
and show broadened peaks, denoting low crystallinity. HA phase can be
detected as the main phase when compared with the standard Powder
Diffraction Files (PDF) of HA (number 04–015–5048). Concurrently,
there is evidence of a minor and relatively broad peak corresponding to
the presence of magnetite (Fe3O4, Fe2+Fe3+2 O4) in the powder syn-
thesised at 40 ◦C (FeCaP1–40-NC) consistent with the most intense peak
presented by PDF of Fe3O4 (number 04–011–5952). No other peaks from
other iron oxide phases as secondary phases were observed in the XRD
patterns of these uncalcined powders.

The quantitative phase analysis obtained by Rietveld refinement for
these powders’ precipitates (Fig. 2e and f) corroborate the presence of
small quantities of Fe3O4 in FeCaP1 obtained at 40 ◦C (FeCaP1–40-NC)

and the apparent absence of this phase at 90 ◦C (FeCaP1–90-NC).
However, the identification of magnetite peaks brings with it some un-
certainty. Differentiating magnetite and maghemite from each other is
very difficult by XRD because both phases have the same cubic crystal
structure and almost identical lattice parameters, leading to coincident
XRD characteristic peaks [49–51]. Thus, it was not possible to specify
with certainty whether the phase present is magnetite or maghemite, or
a mixture of both. However, the Rietveld refinements point to the
presence of magnetite, and due to that, this phase was assumed in the
XRD diffractograms analyses.

Previous studies have shown that in the syntheses of powdered cal-
cium phosphates by aqueous chemical precipitation method, the Ca/P
molar ratio in the precipitate did not depend directly on the Ca/P molar
ratio of the initial reagents [52–56]. In fact, the composition of the
precipitate strongly depends on the synthesis parameters, being pH and
temperature the most important parameters to control, without dis-
regarding the rate and time of stirring, as well as the ripening time and
temperature. Throughout the synthesis of FeCaP1, the experimental
fluctuations of pH values recorded at 40 ◦C were closest to the planned
value (pH = 11), ranging from 11 (initial pH) to 10.8 (final pH). At the
increased synthesis temperature of 90 ◦C, pH control by addition of
ammonia solution was less effective, ranging from 10.6 (initial pH) to
10.3 (final pH). Thus, a slight pH deviation to higher values and a lower
synthesis temperature favoured the precipitation of a tiny fraction of
magnetite in the FeCaP1–40-NC. Furthermore, the diffractograms of the
FeCaP1-NC powders synthesised at 40 and 90 ◦C (Fig. 2a) suggest that
the iron ions have preferentially entered the HA structure [30].

Upon calcination at 700 ◦C and 1000 ◦C under an inert atmosphere,
an increased intensity and sharpness of the XRD peaks is observed,
indicating an improvement in the powder crystallinity with tempera-
ture, as expected (Fig. 2b; Fig. 2c when compared with Fig. 2d).
Furthermore, the calcination temperature plays a key role in the final
powders’ composition, as can be proved by the XRD diffractograms
(Fig. 2b) of the FeCaP1–40 powder complemented with the results
presented in Fig. 2e and f. As the calcination temperature increases
under an inert atmosphere, the characteristic peaks of the magnetite
phase (one peak visible at 700 ◦C and two peaks at 1000 ◦C) become
more intense, revealing an increase of the fraction of this phase in the
crystalline composition of FeCaP1–40. When calcined at 1000 ◦C, in
addition to the characteristic peaks of HA and magnetite, which appear,
respectively, as predominant and secondary (though minority) phases,
characteristic peaks of the β-TCP phase emerge as a new secondary
phase. β-TCP phase only appears at 1000 ◦C, since its crystallisation
temperature is above 700 ◦C [52,57–59].

It is to be noted that the crystalline phase composition of all powders
follows a similar trend as calcination temperature increases, regardless
of the synthesis temperature used to produce them: the magnetite con-
tent increases, accompanied by a decrease of HA and the concomitant
appearance of the β-TCP phase at 1000 ◦C (Fig. 2e). The FeCaP1 powders
(FeCaP1–40 and FeCaP1–90) calcined at 1000 ◦C contain a similar
amount of magnetite. However, the quantity of β-TCP present in their
composition increases with higher synthesis temperatures, reaching
around 40 wt% in the powder synthesised at 90 ◦C (FeCaP1–90–1000)
(Fig. 2f), or almost 50 wt% considering only the crystalline fraction of
the powder (Fig. 2e).

Doubling the iron amount in FeCaP1 and maintaining a synthesis
temperature at 40 ◦C leads to obtaining the FeCaP2–40 powder that, in
the uncalcined form, presents an XRD diffractogram with broader and
less intense peaks (FeCaP2–40-NC, Fig. 2c) than the FeCaP1–40-NC. In
addition, when calcined at 1000 ◦C, FeCaP2–40–1000 exhibits a similar
magnetite content to FeCaP1–40–1000, but with β-TCP becoming the
main phase instead of HA (around 63 wt% in Fig. 2f or 83 wt%
considering only the crystalline fraction of the powder in Fig. 2e). The
lower pH values recorded during the synthesis of FeCaP2–40 (initial pH
= 10.3 and final pH = 9) and the higher concentration of iron contrib-
uted to the difference in composition between these two powders

T.S.S. Carvalho et al.



Materials Research Bulletin 185 (2025) 113274

6

Fig. 2. X-ray diffractograms of: (a) FeCaP1-NC (Non-Calcined) synthetised at two different temperatures (40 ◦C and 90 ◦C); (b) FeCaP1 synthetised at 40 ◦C
(FeCaP1–40) at different calcination temperatures (NC, 700 ◦C, 1000 ◦C) under an inert atmosphere, with zoomed area in the 2 theta range of 27–37◦; (c) non-
calcined FeCaP1–40-NC, FeCaP2–40-NC and RefFeCaP-NC, with different Fe content (lower in FeCaP1, see Table 1), and (d) these powders calcined at 1000 ◦C
under an inert atmosphere, with zoomed area in the 2 theta range of 27–37◦. The standard diffractograms of pure Fe3O4 (ICDD PDF number 04–011–5952), pure
β-TCP (ICDD PDF number 04–006–9376) and pure HA (ICDD PDF number 04-015-7245) are also represented for comparison purposes. Quantitative analysis data
obtained by Rietveld refinement of (e) crystalline phases compositions (wt%) of FeCaP1–40-NC, FeCaP1–40–700, and all the different powders calcined at 1000 ◦C
under an inert atmosphere, before and after thermal treatment in air at 600 ◦C, and (f) phase composition of these powders including their amorphous phase.
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calcined at 1000 ◦C, since the other synthesis parameters remained
constant. The diffractograms of RefFeCaP at 1000 ◦C (Fig. 2c and d)
show the same trend as FeCaP2–40–1000, but with slightly higher
magnetite and β-TCP contents (Fig. 2e) and lower HA phase, exhibiting
the characteristic peaks of the magnetite and β-TCP phases slightly more
intense. The origin of the differences in the compositions of these
powders with identical Fe molar concentration (Table 1) can be found in
the variation of the synthesis parameters. Comparing the synthesis of
FeCaP2–40 and RefFeCaP, the latter showed a greater fluctuation in pH
values (initial pH = 12.0 and final pH = 7.23), a higher rate and time of
stirring, and the maturation period was carried out at room temperature.
In both syntheses with higher Fe content (FeCaP2–40 and RefFeCaP),
there is a more noticeable decrease in pH values throughout the process,
reaching final pH values lower than those measured for FeCaP1. This
more pronounced pH decrease could lead to a higher oxidation of the
magnetite, forming maghemite and/or the coexistence of both magne-
tite and maghemite [60].

In the Fig. 2d, a small peak at 32.2◦ is noted in FeCaP2–40–1000 and
RefFeCaP-1000, less intense for RefFeCaP-1000, which corresponds to
the third most intense characteristic peak of the XRD pattern of pure HA
(ICDD number 04–015–7245). If this peak corresponds to the charac-
teristic XRD peak of the HA phase, the XRD peak at 32.2◦ becomes the
most intense instead of the peak at 31.78◦ (211), indicating the existence
of a preferential orientation in the (112) plane and the presence of a
small quantity of this phase (Fig. 2d and e). A slight shift of β-TCP peaks
to higher 2θ angles in XRD patterns of FeCaP2–40–1000 and RefFeCaP-
1000 (zoomed area in Fig. 2d), was also observed, indicating that the
lattice parameters of β-TCP tend to decrease with the incorporation of
iron ions into its crystal lattice.

When analysing the composition of the crystalline fraction of the
powders, together with their overall composition (Fig. 2f), including the
existing amorphous fraction, RefFeCaP-1000 still contains a slightly
higher β-TCP content, with similar quantities of HA (~ 7 wt%), and a
slightly lower content of amorphous phase and magnetite compared to
the FeCaP2-40-1000 powder composition. Interestingly, these powders
with higher iron content (RefFeCaP-1000 and FeCaP2-40-1000) appear
to have a higher amount of amorphous phase and, consequently, show a
lower fraction of crystalline phases than FeCaP1 powders, as well as
slightly lower magnetite contents (Fig. 2f).

The HA and β-TCP mixture achieved at 1000 ◦C and the increasing
magnetite fraction with higher calcination temperatures indicate that
the precipitated amorphous hydroxyapatites (uncalcined powders) from
the different syntheses are calcium-deficient hydroxyapatites with
(Ca+Fe)/P < 1.67. Thus, small variations in the (Ca+Fe)/P ratio of the
precipitate resulting from synthesis conditions can lead to high vari-
abilities in the powders’ composition after calcination [52,53,55,56,58,
59].

To evaluate if iron-doped phases and/or iron oxide species are stable
when subjected to an oxidizing atmosphere, the FeCaP-1000 powders
post-treated at 600 ◦C in air (FeCaP1-40-1000-600,

FeCaP2–40–1000–600, and RefFeCaP-1000–600) were characterized by
XRD (Figure S1), with the respective quantification of crystalline phases
performed by Rietveld refinement (Fig. 2e). As stated in the literature,
under oxidizing conditions, magnetite transforms into maghemite
(γ-Fe2O3) at ≥ 200 ◦C, which in turn transforms into hematite (α-Fe2O3)
within the temperature range of 350 to 600 ◦C [61–64]. These trans-
formations occur because of the gradual oxidation of iron ions and the
rearranging of the crystal lattice from an inverse spinel-like arrangement
to a rhombohedral one [64]. Therefore, the subsequent thermal treat-
ment of the powders in an oxidizing atmosphere at 600 ◦C reveals the
presence of hematite (Fig. 2e), specifically in powders with higher iron
content (FeCaP2–40–1000–600 and RefFeCaP-1000–600), in good
agreement with the above considerations. Notably, this transition was
very limited in the case of FeCaP1–90–1000–600 (around 1 wt% of the
hematite phase) and not observed in the case of FeCaP1–40–1000–600,
which exhibited a sustained presence of magnetite content, as well as
HA and β-TCP phases. This result indicates that, in these powders, the
magnetite might be embedded into the CaP matrix, protecting it from
being converted into hematite.

From the results of the Rietveld refinement on the quantification of
magnetite (phase composition including amorphous phase, Fig. 2f) and
the total quantity of iron in each powder obtained by ICP (Table 2), it
was possible to estimate the iron content present in the crystal structures
of the CaP phases (HA or HA + β-TCP) as doping ion.

From ICP analysis, RefFeCaP-1000 and FeCaP2–40–1000 have the
same Fe content (9.8 ± 0.03 wt%), which is incorporated in the crys-
talline structure of CaP phases, with the remainder in the form of
magnetite. However, the RefFeCaP-1000 powder has a lower magnetite
content than FeCaP2–40–1000 powder, suggesting a higher incorpora-
tion of Fe (~70 % of the total Fe amount) into the structure of CaP for
RefFeCaP-1000. For FeCaP1–40, an increase in calcination temperature
results in decreased Fe incorporation within the crystalline structure of
the CaP phase and a corresponding increase in the magnetite content.
This trend is consistent across all the other powders synthesised under
various temperature conditions and Fe contents (data not shown). The
results for all the FeCaP1 powders (FeCaP1–40 and FeCaP1–90) calcined
at 1000 ◦C indicate a very low incorporation of Fe ions in the crystal
structure of the CaP phases, with almost all Fe existing in the form of
magnetite (Table 2). This is supported by the absence of β-TCP peak
shifts to higher 2θ angles in the XRD pattern of these powders, which
contrasts with the shifts observed in FeCaP2–40–1000 and RefFeCaP
powders (zoom in Fig. 2d).

The refined lattice parameters of the HA and β-TCP structures of all
powders (synthesised at 40 ◦C and 90 ◦C, and subsequently calcined at
700 ◦C and/or 1000 ◦C under an inert atmosphere Table 1) are displayed
in Table 3. Cell parameters of the β-TCP structure were only refined in
powders calcined at 1000 ◦C, since this phase is only detected in all
powders at this calcination temperature.

Table 3 shows an increase in the unit cell volume of HA as calcination
temperature increases for all powders, regardless of the synthesis

Table 2
Quantity of magnetite Fe3O4 in weight percent (wt%) was quantified by Rietveld refinement for each sample, including the phase composition with the amorphous
phase (Fig. 2f), along with the respective Fe content (Fe in Fe3O4). The repeatability limits (95 %) of the phase composition were assumed to be close to 1 % [65]. The
total Fe content of each sample in wt% obtained from elemental ICP analysis. The quantity of Fe present in CaP (HA or β-TCP) as a substitution ion in the crystalline
lattice was also determined.

Sample code Fe3O4 (wt%) (± 1) Fe in Fe3O4
a (wt%) (± 1) Total Feb (wt%) (± 0.3) Fe in CaPc (wt%) (± 1.3)

FeCaP1–40-NC 0.2 0.1 ​ 4.7
FeCaP1–40–700 3.3 2.4 4.8 2.4
FeCaP1–40–1000 5.7 4.1 ​ 0.7
FeCaP1–90–1000 5.5 4.0 4.8 0.8
FeCaP2–40–1000 5.0 3.6 9.8 6.2
RefFeCaP-1000 4.0 2.9 9.8 6.9

a Fe percentage in Fe3O4 by Rietveld’s quantification (%Fe in Fe3O4 = (3⋅Mw (Fe) / Mw (Fe3O4)) ⋅ %Fe3O4 (Rietveld))
b Fe percentage calculated by ICP analysis
c Fe percentage in CaP (%Fe in CaP = %Fe (ICP) - %Fe in Fe3O4)
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temperature conditions (40 or 90 ◦C) and the total Fe content (Table 2),
but more evident for the FeCaP2–40 and RefFeCaP powders. For the
FeCaP1 compositions, both lattice parameters along a-axis and c-axis of
HA structure tend to increase with increasing calcination temperature.
In the compositions with double of iron content (FeCaP2–40 and
RefFeCaP), the lattice parameters along the a-axis and c-axis do not
follow the same trend, being observed a clear increase along the a-axis
and a decrease along the c-axis. In addition, these powders calcined at
1000 ◦C present higher a-axis and lower c-axis values of the HA structure
comparatively to respective lattice parameter values of the standard HA
(ICDD number 04–015–7245) and the FeCaP1 powders calcinated at
1000 ◦C (Table 3). Concerning the β-TCP lattice, the a-axis and c-axis
parameters appear to be similar for the FeCaP1 compositions calcined at
1000 ◦C, irrespective of the synthesis temperature conditions (40 or 90
◦C). For FeCaP2–40–1000 and RefFeCaP-1000, both the lattice param-
eters along the a-axis and c-axis of this structure (and consequently the
volume of its unit cell) are lower than FeCaP1-40–1000 and FeCaP1-
90–1000. In agreement with previous works [30,68] and consistent with
the lower ionic radii of Fe2+ (0.78 Å) or Fe3+ (0.64 Å) in comparison to
Ca2+ (1.00 Å), these results indicate that these powders incorporated
more Fe into CaP lattice than FeCaP1–40–1000 and FeCaP1–90–1000,

and their highest values of a-axis in HA lattice suggest the presence of
oxyhydroxyapatite [64].

Fig. 3 shows the FT-IR results of the FeCaP powders synthesised at 40
◦C at different calcination temperatures (non-calcined, 700 ◦C and 1000
◦C). Wavenumbers and the assignments of the bands and peaks are
summarised in Table 4.

Vibration modes in the range of 600–1120 cm− 1 are assigned to
phosphate groups from calcium phosphate-based crystalline phases [57,
69–72], while IR bands at ~630 cm− 1 can be ascribed to OH− groups
resulting from deformation vibrations in HA [8,20,73,74]. The broad
band around 3440–3570 cm− 1 could be attributed to the water mole-
cules adsorbed in the surface of FeCaP powders during samples’ prep-
aration [20,71,75,76].

According to the literature [8,10,20], the noticeable peaks at 1383
cm− 1, 1421 cm− 1 and 1453 cm-1 could be assigned to the vibrational
mode of carbonate (CO3

2− ) ions adsorbed from the atmosphere. The
appearance of these bands, especially at high calcination temperatures,
suggests the potential substitution of phosphate ions with carbonate ions
in the crystal lattice of HA. Moreover, the presence of peaks corre-
sponding to the CO3

2- vibrational modes at lower wavenumbers, e.g., 673,
741, 873 cm− 1, indicates that the carbonate ions are substituting OH

Table 3
Refined lattice a- and c- axis parameters, and unit cell volume of HA and β-TCP crystalline phases of Fe-doped calcium phosphate powders, are presented for different
synthesis and calcination temperatures. For comparison, the standard values from ICDD 04–015–7245 for pure HA [66] and ICDD 04–006–9376 for pure β-TCP [67]
are also included.

Refined structural parameters

HA (Ca10(PO4)6(OH)2) β-TCP (Ca3(PO4)2)

Sample a-axis (Å) c-axis (Å) Cell Vol. (Å3) a-axis (Å) c-axis (Å) Cell Vol. (Å3)

ICDD 04–015–7245 9.418 6.884 528.83 - - -
ICDD 04–006–9376 - - - 10.420 37.400 3516.720
FeCaP1–40-NC 9.424 6.868 528.240 - - -
FeCaP1–40–700 9.434 6.870 529.516 - - -
FeCaP1–40–1000 9.430 6.892 530.761 10.413 37.328 3505.235
FeCaP1–90-NC 9.427 6.864 528.253 - - -
FeCaP1–90–1000 9.464 6.870 532.889 10.414 37.327 3505.814
FeCaP2–40-NC 9.428 6.835 526.133 - - -
FeCaP2–40–1000 9.614 6.785 543.111 10.356 37.176 3452.847
RefFeCaP-NC 9.409 6.830 523.631 - - -
RefFeCaP-1000 9.605 6.791 542.574 10.392 37.304 3488.866

Fig. 3. FTIR spectra of FeCaP1–40 within the wavenumber range 4000–3000 cm− 1 and 2000–400 cm− 1 as a function of thermal treatment.
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groups within HA lattice (A-type HA) [70,81], contributing, together
with the influence of iron incorporation, to the shifts in the lattice pa-
rameters determined by Rietveld analysis (Table 3). Consequently, the
substitution of -OH group by CO3

2− creates vacancies, thereby facilitating
the introduction of Fe3+ into the apatite structure [68,69,82].

In the non-calcined and 700 ◦C calcined powders, a small peak
around 873 cm− 1 is visible, with its intensity noticeably less pronounced
in the latter. This can be ascribed to HPO4

2− group, indicative of the
existence of calcium-deficient apatite phases [57]. The increase in the
calcination temperature resulted also in a decrease in the vibrational
modes of the OH groups, confirming a decrease in HA phases. These
observations are all similar for the powders synthesised at 90 ◦C as can
be seen in Figure S2 in Supplementary Information.

The presence of iron oxide phases, like Fe3O4, is confirmed by the Fe-
O vibrations that can be identified by the IR bands between 600 cm− 1

and 360 cm− 1. For the FeCaP1–40 powder, as the thermal treatment
temperature increases, the PO4

3− band becomes broader with a small
peak around 570 cm-1, corresponding to the Fe-O stretching mode of
tetrahedral and octahedral sites of the magnetite phase [77,83,84], as
seen in the zoomed region in Fig. 4.

Moreover, maghemite phase can be identified in the same region,
with two characteristic bands at 630 cm− 1 and 430 cm− 1 [8,61,77–79,
84]. In fact, the possibility of having a coexistence of magnetite and
maghemite as secondary phases [85] increases with the calcination
temperature, as aforementioned. According to S. Nasrazadani et al. [77],
magnetite tends to get quickly oxidized to a defective spinel close to

maghemite at high temperatures. For the powders with a planned
doubled iron molar concentration (FeCaP2–40–1000 and
RefFeCaP-1000), the most intense peak of maghemite is shown as a
small shoulder at 630 cm− 1, leading to a strong indication of the pres-
ence of this phase in both powders. Additionally, small bands can be
detected around 430 cm-1 for all FeCaP powders, which leads us to
believe that either maghemite or a defective spinel structure of
magnetite is also formed [77]. In addition, a small shoulder around
~667 cm− 1 is observed only in FeCaP1–1000 powders, suggesting a
coordination effect of Fe3+ with PO4

3− , according to Singh et al. [33].
These FTIR results thus appear to indicative the coexistence of Fe3O4 and
γ-Fe2O3, since it is not possible to clearly differentiate these iron oxides
from each other by XRD due to their very similar crystal structures.

Fig. 5 depicts the TG and DSC results of the FeCaP1–40, FeCaP1–90
and FeCaP2–40 powders, supporting the influence of the synthesis
temperature and Fe molar concentration on the thermal behaviour of
calcium phosphates. Consistent with the literature [86,87], synthesis
conditions, including the method itself, reagents, temperature, pH and
rinsing, significantly affect the thermal behaviour of HA/CaPs during
heat treatment.

The TG results (Fig. 5a) show a continuous mass loss upon heating to
1000 ◦C for all FeCaP powders, with the most significant loss occurring
between 24 and 400 ◦C. This mass loss is attributed to the release of
thermally labile species such as water and hydrogen phosphate (HPO4),
as reported in prior studies [86–88]. Since the powders were synthesized
via wet chemical precipitation using FeCl2⋅4H2O and FeCl3⋅6H2O as

Table 4
FTIR assignments of functional groups of FeCaP1–40 powders as function of thermal treatment.

Assignments Wavenumber (cm¡1) Ref.

FeCaP1–40-NC FeCaP1–40–700 FeCaP1–40–1000

Fe-O * * 434 [61,76–79]
PO4

3¡ 473 (ν2); 565 (ν4); 603 (ν4); 960 (ν1); 1033
(ν3); 1095 (ν3)

473 (ν2); 568 (ν4); 602 (ν4); 962 (ν1); 1039
(ν3); 1091 (ν3)

476 (ν2); 567 (ν4); 605 (ν4); 1045 (ν3); 1088
(ν3); 1120 (ν3)

[8,10,20,57,69–73,
80]

OH¡ 635 (νL); 1640 (ν2); 3570 (νS) 631 (νL); 1640 (ν2); 3570 (νS) 1640 (ν2); 3449 (νS) [8,10,20,57,69,71,
73,76,80]

HPO4
2¡ 873 878 - [57]

CO3
2¡ 673 (ν4); 741 (ν4); 873 (ν2); 1383; 1421

(ν3); 1453 (ν3)
673 (ν4); 878 (ν2); 1383; 1410 (ν3); 1458

(ν3); 1546 (ν3)
679 (ν4); 1383 [20,70–72,74,80,81]

*no defined bands or peaks

Fig. 4. FTIR spectra of FeCaP powders calcined at 1000 ◦C within the wavenumber range 4000–3000 cm− 1, 2000–400 cm− 1 and zoomed region between 650–530
cm− 1. Red circles emphasize small shoulders in the region of the most intense IR maghemite peak [8,77–79,84].
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Fe2+ and Fe3+ sources and subsequently rinsed, the incorporation of
water into their structure is somewhat expected [88,89]. Notably,
FeCaP2–40 undergoes a higher weight loss of approximately 10.97 wt%,
compared to 8.61 wt% for FeCaP1–40 and 8.95 wt% for FeCaP1–90.
This pronounced weight loss could be related to a higher hydration state
in FeCaP2–40, as the increased Fe content could promote water reten-
tion within the structure. Further insight is provided by the DTG curves
(see Supplementary Information S3), which clarify the mass loss
trends observed in the TG analysis.

The DSC analysis (Fig. 5b) complements the TG results by elucidating
the thermal phenomena associated with weight changes. For all FeCaP
powders, two distinct areas with endothermic processes are observed up
to ~400 ◦C. The first, occurring around 70–80 ◦C and 200–300 ◦C, can
be attributed to the evaporation of physiosorbed water molecules. The

second, between 300 and 400 ◦C, corresponds to the release of chem-
isorbed or lattice-bound water. These processes align with the mass loss
trends observed in the TG analysis. Similarly, the deeper endothermic
peak observed for FeCaP2–40 compared to FeCaP1–40 underscores its
higher hydration state and greater weight loss.

In the 400–700 ◦C range, several endothermic events can be
observed for all powders, some of them occurring at different temper-
atures for each powder. Previous studies [86–89] in synthetic apatites
attribute the weight loss and the endothermic events in this temperature
range to the condensation of HPO4²⁻ groups, detected in FeCaP1–40 and
FeCaP1–90 powders by FTIR analysis (Fig. 3, Table 4 and Figure S2),
forming pyrophosphate (P2O7⁴⁻) and releasing water. This phenomenon
is indicative of the presence of a Ca-deficient HA structure, likely
resulting from Fe incorporation into the lattice. Thermal

Fig. 5. (a) TG and (b) DSC curves for the FeCaP1–40, FeCaP1–90 and FeCaP2–40 powders under a heating rate of 5 K.min− 1 in an inert Argon atmosphere.
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dehydroxylation further stabilizes P–O–P surface groups. Above 700 ◦C,
the lack of sufficient Ca ions within the HA structure induces a phase
transformation to β-TCP, stabilizing the material as a biphasic composite
[89]. This transition is evidenced by exothermic events between
700–800 ◦C for FeCaP1–90 and FeCaP2–40 powders for both 5 K min− 1

and 10 K min− 1 heating rates, and only in 10 K min− 1 for FeCaP1–40
(see Supplementary Information S4). The higher β-TCP content calcu-
lated via Rietveld refinement (Fig. 2) for these powders is corroborated
by the observed exothermic reactions, and specifically a mass increase
for FeCaP2–40, in TG measurements conducted at a higher heating rate
of 10 K min⁻¹ (see Supplementary Information S4).

The thermal analysis results reveal that both synthesis temperature
and the introduced Fe molar concentration significantly influence the
thermal behaviour of FeCaP powders. For a fixed Fe molar concentration
and different synthesis temperatures, 40 ◦C and 90 ◦C in FeCaP1–40 and
FeCaP1–90, respectively, similar weight loss percentages (~8.61 wt%
and ~8.95 wt%, respectively) and comparable DSC profiles were
observed. However, FeCaP1–40 seems to be more stable with thermal
events less pronounced in DSC. This suggests that higher synthesis
temperatures do not drastically affect the thermal stability of the FeCaP.
In contrast, FeCaP2–40, synthesised at 40 ◦C but with higher Fe molar
concentration, shows a higher weight loss (~10.97 wt%) and more
pronounced endothermic and exothermic processes in the DSC results,
indicating greater water retention and structural hydration due to
increased Fe content. These findings demonstrate that Fe molar con-
centration plays a dominant role in influencing structural hydration and
subsequent thermal behaviour, with higher Fe levels promoting water
incorporation into the powder structure and more decomposition of HA
phase into a biphasic composite with β-TCP.

Complementary techniques as 57Mössbauer spectroscopy, Raman
spectroscopy, X-ray Photoelectron Spectroscopy (XPS), wet chemical
analysis, TEM were successfully employed in literature for the identifi-
cation of their iron oxides especially when samples with a single phase
are involved (magnetite or maghemite) [49,51,75,82]. Although
57Mössbauer spectroscopy can provide more reliable quantitative data,
the distinction between non-stoichiometric magnetite and the
magnetite-maghemite mixture has been considered difficult [90].
Therefore, the results obtained in this work were analysed with these
considerations in mind, leaving open the nature of the iron oxide frac-
tion (magnetite, non-stoichiometric magnetite, maghemite or
magnetite-maghemite mixture) detected by XRD and FTIR spectroscopy.

3.2. The role of processing conditions in structural and morphological
features of FeCaP powders

Specific surface area, pore size, pore volume and density variation in
FeCaP1 powders synthesised at different temperatures (40 and 90 ◦C),
non-calcined (NC) and calcined at 700 ◦C and 1000 ◦C, as well as the
powders containing higher amounts of iron calcined at 1000 ◦C
(FeCaP2-40–1000 and RefFeCaP-1000), are presented in Table 5.

As expected, specific surface area decreases as calcination tempera-
ture increases for both FeCaP1 powders synthesised at 40 ◦C and 90 ◦C.
Similarly, the average pore size and pore volume decrease with a

concomitant increase in density values. Comparing the
FeCaP1–40–1000 with FeCaP1–90–1000, values in the same order of
magnitude were attained for SSA, average pore size and pore volume,
demonstrating that this difference in synthesis temperature is not
expressively influencing the size of resultant particles, although it was
slightly smaller in the powders synthesised at 40 ◦C. The SSA decreases
when the Fe amount increases for powders synthesised and calcined at
the same temperature (FeCaP1–40–1000 < RefFeCaP-1000 <

FeCaP2–40–1000), although the pore volume has not undergone sig-
nificant changes.

Fig. 6a shows the TEM images of FeCaP1–40 and FeCaP1–90, non-
calcined (NC) and after calcination at 700 ◦C and 1000 ◦C, while
Fig. 6b presents the TEM images of FeCaP2–40 and RefFeCaP, both
calcined at 1000 ◦C.

Non-calcined samples (FeCaP1–40-NC and FeCaP1–90-NC) seem to
present nanometric particles with a non-uniform elongated shape, more
perceptible for FeCaP1–40-NC sample (Fig. 6a top-left corner). Calci-
nation temperature confers to the particles a more pronounced spherical
shape and an increase of interfacial bonding among particles, resulting
in particle agglomerates with higher sizes, in good agreement with SSA
values presented in Table 5. Particles’ morphology is similar for powders
containing higher amounts of iron (RefFeCaP-1000 and
FeCaP2–40–1000) after the calcination at 1000 ◦C, presenting bigger
and rounder particles when compared to FeCaP1–40–1000 powder.

Looking in higher detail at crystalline particles of FeCaP1–40–1000
(Fig. 7), it is possible to observe that magnetite nanocrystals with di-
ameters approximately 2–3 nm are incorporated in the bigger FeCaP
particles. The atomic interplanar distances of these nanocrystals can be
estimated to be ~ 2.10 Å, which are associated with the (2 0 -2 4) Miller
indices of the Fd-3 m Fe3O4 structure – whose diffracted peak is also
observed in the XRD patterns (Fig. 2). These small particles are
embedded in larger (100–200 nm) particles, whose atomic interplanar
distances of 2.42 and 2.52 Å can be attributed to crystalline β-TCP,
diffracted at 2 Theta angles of 37.17◦ and 35.59◦ with Miller indices of
(1 3 4) and (2 1 10), respectively. Alternatively, these distances could
correspond to HA phases with a diffraction angle of 35.47◦ and Miller
indices of (3 0 1).

The SEM micrographs with the EDS mappings regarding the distri-
bution of Ca, Fe, and P ions in the samples with 4.8 and 9.8 wt% Fe
content are presented in Fig. 8. In both samples, a homogeneous dis-
tribution of Fe, Ca and P ions throughout the particles is observed. It can
be also notice from the images that primary particle sizes slightly in-
crease as iron content increases, in good agreement with the SSA pre-
viously presented (Table 5). Regarding Fe elemental mapping, although
it is not clearly perceptible that iron ions are present in higher overall
concentration for the sample with 9.8 wt%, the dots corresponding to
the iron ions seems to be bigger, indicating higher localised element
content.

3.3. Influence of processing conditions on the magnetic behaviour of
FeCaP powders

The room-temperature isothermal magnetization versus magnetic

Table 5
Specific surface area (SSA), pore size, pore volume and density of FeCaP powders attained in different synthesis and calcination conditions, as well as, in the presence of
different amounts of iron.

Sample code SSA (m2 g¡1)
(± 0.5 %)

Pore size (Avg.) (Å) Pore volume (cm3 g¡1) Density (g cm¡3)
(± 0.1 %)

FeCaP1–40-NC 119.05 ± 0.39 257.90 0.53 2.99
FeCaP1–40–700 36.24 ± 0.09 99.77 0.08 3.29
FeCaP1–40–1000 8.61 ± 0.02 65.60 0.01 3.38
FeCaP1–90-NC 110.82 ± 0.37 165.82 0.47 3.03

FeCaP1–90–1000 7.29 ± 0.04 56.00 0.01 3.34
FeCaP2–40–1000 1.97 ± 0.01 61.23 0.003 3.33
RefFeCaP-1000 3.55 ± 0.01 56.77 0.01 3.55
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field curves of FeCaP powders calcined at 1000 ◦C are presented in
Fig. 9. The total magnetic susceptibility (χpowder) of a material or com-
posite is the sum of the magnetic susceptibilities (χpowder) of the different
elements or structures present in the material or composite (Eq. 2). In
the case of these powders, two major contributions are expected: 1) a
ferro (χferro) or superparamagnetic behaviour (χsuperpara) of magnetite
particles, which is dependent on their size; 2) a paramagnetic compo-
nent (χpara) of the iron ions that are located as a substitution ion in HA or
β-TCP crystalline lattices.

χpowder = χferro + χsuperpara + χpara (2)

Overall, the magnetization curves display a predominant of a ferro-
magnetic contribution, as evidenced by the clear magnetic hysteresis
and magnetization reaching a saturation at magnetic fields above 10
kOe. Additionally, a small paramagnetic contribution is also observable
in all curves, characterized by a constant M(H) linear slope across the
entire magnetic field range studied.

Two trends are worth highlighting for FeCaP1–40 powders (Fig. 9a)

as the annealing temperature increases, (i) the saturation magnetization
increases; (ii) the coercive field (Hc), remanent magnetization (Mrem)
and consequently the hysteretic area increase. Remarkably, the non-
calcined FeCaP1 (FeCaP1–40-NC) shows a superparamagnetic-like
behaviour, with nearly null hysteresis.

For all FeCaP series subjected to calcination at 1000 ◦C (Fig. 9b),
consistent trends are observed. The saturation magnetization increases
proportionally with both the synthesis temperature (evidenced by the
slightly higher Ms value of FeCaP1–90–1000 compared to FeCaP1-
40–1000) and the Fe molar concentration (as indicated by Ms value:
FeCaP1-40-1000 < RefFeCaP-1000 < FeCaP2–40–1000). Regarding the
coercive field and remanent magnetization, FeCaP2–40–1000 powder
exhibits trends similar to FeCaP1-40–1000. However, the reference
powder (RefFeCaP-1000) shows a notably larger hysteretic area, along
with elevated coercive field, and remanent magnetization values.

These two monotonous trends can be attributed to the increased
presence of a ferromagnetic component in these samples, such as
ferromagnetic magnetite. Annealing thermal treatments induce the
sintering and growth of nanoparticles, resulting in the formation of

Fig. 6. TEM micrographs: (a) FeCaP1 powders synthesised at 40 and 90 ◦C, showing the influence of thermal treatment. (b) influence of Fe molar concentration in
FeCaP-40 and RefFeCaP powders calcined at 1000 ◦C.
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larger multidomain and ferromagnetic magnetite nanostructures.
Additionally, the increase in Hc, Mrem (and hysteretic area) with
increasing calcination temperature (for both synthesis temperatures of
40 and 90 ◦C) also suggests that the amount of magnetite particles might
be increasing, in accordance with theoretical models [91] and experi-
mental studies [33,91–93] and further confirming the phase composi-
tion analysis derived from the Rietveld analysis (Fig. 2a-f).

3.4. Thermo-responsiveness of FeCaP powders: magnetically induced
heating

Fig. 10 presents the temperature increase (ΔT) as a function of
exposure time to alternatingmagnetic field (268 kHz and 200 Oe) for the
FeCaP powders. The effects evaluated are: (i) calcination temperature
while maintaining the synthesis temperature (Fig. 10a) and (ii) synthesis
temperature (40 and 90 ◦C) and total Fe content (4.8 wt% and 9.8 wt%)

for the powders calcined at the same temperature (1000 ◦C) (Fig. 10b).
SAR evolution (normalised to Fe mass) versus β-TCP content in FeCaP
powders calcined at 1000 ◦C is shown in Fig. 10c, to help clarify the
trend observed on the magnetically induced heating curves (Fig. 10b).

According to the hyperthermia curves from Fig. 10a, FeCaP1–40-NC
is the powder whose temperature increased the least, exhibiting a ΔT (t
= 5min) ~3.5 ◦C. Higher temperatures were achieved for calcined
samples, consistent with the enhanced ferromagnetic behaviour
observed in Fig. 10a. However, a surprising behaviour was noted in the
magnetically induced heating curves for FeCaP1–40 calcined at 700 ◦C
and 1000 ◦C. FeCaP1–40–1000 exhibits a smaller temperature increase
(~5 ◦C in 5 min) than the FeCaP1–40–700 (~7 ◦C in 5 min), despite the
higher saturation magnetization of FeCaP1–40–1000. Similarly, when
evaluating the impact of the synthesis temperature for FeCaP1 (Fig. 10b)
on the hyperthermia capacity of the powders, it can be seen that
increasing the synthesis temperature from 40 to 90 ◦C in the samples

Fig. 7. TEM micrograph of FeCaP1–40–1000 powder. The red dots indicate the presence of small Fe3O4 nanoparticles, verified by the interplanar distance of 2.10 Å,
corresponding to hkl plane 2 0 2 -4. White arrows indicate a well-defined crystalline region of β-TCP, verified by the interplanar distance of 2.52 Å, corresponding to
hkl plane 2 1 10.

Fig. 8. SEM micrographs of the samples with EDS elemental mapping showing the distribution of Ca (blue), Fe (red) and P (green), in a magnification of x5K, for the
samples with (a) 4.8 wt% and (b) 9.8 wt% of iron content.
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calcined at 1000 ◦C, leads to a decrease in ΔT, although the saturation
magnetization followed an opposite trend (Fig. 10b). Increasing the total
Fe content from FeCaP1–40–1000 to FeCaP2–40–1000 also results in
lower ΔT (Fig. 10b), while the saturation magnetization again presents
an opposite trend (Fig. 9b).

SAR quantifies the rate at which electromagnetic energy is absorbed
by a material and converted into heat within a given volume or mass and
generally, higher SAR values imply greater heat generation potential
[94–100]. Heating curves at 554 kHz and 869 kHz, together with SAR
values of the powders, regarding the different tested frequencies (268,
554, and 869 kHz), are presented in Supplementary Information
(Figure S5 and Table S5, respectively). For the estimation of this

parameter, the water heating capacity was considered as the medium for
the measurements. An overall linear increase in SAR values for all
powders as frequency increases is observed, in line with previous studies
[98,101]. This emphasizes the relation between the frequency of the
applied AC magnetic field and the resulting heat generation, which is
fundamental for hyperthermia treatment optimization [94,98,
100–102]. These results clearly exemplify the complex correlation be-
tween SAR and magnetic properties – in particular, the saturation
magnetization. The different induction heating mechanisms in magnetic
nanoparticles immersed in different media and how heat propagates
within such media is still the object of many studies [94]. In particular,
the fact that SAR performance does not necessarily evolve

Fig. 9. Isothermal magnetization versus magnetic field curves measured at room temperature of (a) FeCaP1–40 powders heat-treated at different temperatures (NC,
700, 1000 ◦C) zoomed in an applied field interval of [-2,2] kOe and (b) FeCaP1 powders calcined 1000 ◦C, including powders with double amount of iron calcined at
the same temperature (FeCaP2–10–1000 and RefFeCaP-1000) zoomed in an applied field interval of [-2,2] kOe.
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monotonically with saturation magnetization, as reported in recent
literature underscores the complex interplay of these phenomena [95].

This intriguing decoupling between saturation magnetization and
magnetic hyperthermia properties can be hypothesized to originate from
the complex phase composition resulting from the various synthesis and
calcination conditions. In general, increasing the calcination temperature,
synthesis temperature and Fe content in the FeCaP powders leads to an
increase in the relative amount of magnetite in the samples. However, this
increase in the amount of magnetite is accompanied in all the cases by a
significant relative increase of the β-TCP phase. Despite the higher amount
of magnetite in the samples, which perfectly correlates with an increasing
saturationmagnetization, the remarkable growth of the β-TCP phase could
be responsible for a lower-than-expected magnetic heating efficiency. On
theonehand,magneticnanoparticles are embedded toa certain extent into
the β-TCP matrix, limiting their heat transfer through the material to the
solution. On the other hand, the thermal properties of this phase could
make the heating capacity of magnetite nanoparticles more inefficient.
Similar to the effect of the increasing calcination temperature, the phase
composition analysis of the samples revealed that the increase of the syn-
thesis temperature from 40 to 90 ◦C in the samples calcined at 1000 ◦C
induced an increase of ~12 % of the crystalline β-TCP phase (Table S6 in
Supplementary Information S6). Additionally, there is an increase in the
amorphous phase as the synthesis temperature and the Fe content of the
samples increase, moving from FeCaP1–40–1000 to FeCaP1–90–1000,
and from FeCaP1–40–1000 to FeCaP2–40–1000, respectively (Fig. 2f and
Table S6). This increase in the amorphous phase could also play a role in
the heating performance of the powders. The presence of elevated β-TCP
and amorphous phases can reduce heat transfer efficiency because of their
relatively low thermal conductivity compared to metals and certain ce-
ramics. Their electrical insulating properties and porous structures hinder
thermal conductivity, significantly impacting material’s heat dissipation
performance. Further analysis including thermal diffusion and conduc-
tivity, along with numerical simulations, would help elucidate the impact
of the β-TCPphase on the overall heating properties of FeCaPpowders. The
effects of specific surface area and particle size and morphology on the
magnetic heating efficiency of the FeCaP powders, as well as the presence
of intrinsic Fe phases in the CaP lattice, cannot be disregarded. Further-
more, it is particularly important to emphasise that the isothermal
magnetization versus applied field curves presented in Fig. 9were obtained
by DC (static fields) measurements in contrast with the intrinsically dy-
namic nature of the hyperthermia measurements (AC fields with fre-
quencies ranging up to 869kHz and amplitudes of 200Oe; see Figure S5 in
Supplementary Information). This distinction is particularly relevant as,
for nearly all measured samples a -200 to +200 Oe field cycle falls well
within the measured DC hysteretic area (Fig. 9).

A linear-like decrease of SAR is observed with increasing β-TCP

content (w%) for the FeCaP powders calcined at 1000 ◦C (Fig. 10c).
Notably, FeCaP1–40–1000 exhibits the highest SAR and heating ca-
pacity, even when compared to the RefFeCaP-1000 and
FeCaP2–40–1000 powders, which contain almost double the total iron
content (Table 2). These results, combined with the fact that the
magnetite content in FeCaP1–40–1000 does not significantly differ from
that of RefFeCaP-1000 and FeCaP2–40–1000 (Table 2), suggest the
presence of other species besides magnetite that contribute to the total
iron amount but weaken the magnetically induced heating. Moreover,
these Fe-based phases coexist with the increase of the β-TCP amount in
both FeCaP2-40–1000 and RefFeCaP-1000 samples, which hinders heat
transfer through the material compared to FeCaP1–40–1000. Further-
more, although the Fe content measured by ICP is the same for
RefFeCaP-1000 and FeCaP2–40–1000 powders (9.8 wt%), the magnetite
content quantified by the Rietveld method differs by 1 wt% (Table 2).
This difference could account for the lower SAR and hyperthermia
performance observed for the RefFeCaP-1000 powder.

These results highlight the complexity of the phase composition –
property relationship in FeCaP powders. This study underscores the
importance of carefully optimizing synthesis and calcination parameters
to achieve desired magnetic properties and effective hyperthermia
performance, contributing valuable insights for future applications in
magnetic materials and the biomedical field.

Furthermore, for a better comprehension of the work here discussed,
the synthesis conditions and the resulting properties of the studied
FeCaP powders are summarised in a table format in Supplementary In-
formation S6. This table reflects how small variations in synthesis con-
ditions, as the synthesis temperature, pH or the Fe content can affect the
final properties of the powders, providing a clear overview of the trends
observed in this study.

4. Conclusions

This study elucidates the intricate interplay between synthesis con-
ditions, phase composition, and particle characteristics in determining
the magnetic and hyperthermia performance of CaP-based powders.
Significant advancements have been demonstrated in the synthesis and
characterization of highly crystalline magnetic CaP-based powders
through calcination at 1000 ◦C.

The synthesis of FeCaP1 at 40 ◦C and further calcination at 1000 ◦C
results in CaP particles with magnetite phase distributed and embedded
within the CaP matrix. These distinctive structural characteristics play a
key role in the material’s behaviour under oxidative conditions. When
exposed to an oxidizing atmosphere at 600 ◦C, no significant trans-
formation to hematite is observed. The absence of this transformation
suggests that the magnetite embedded within the CaP matrix remains

Fig. 10. Magnetic hyperthermia curves - Temperature increase as a function of exposure time to alternating magnetic field (268 kHz and 200 Oe) of (a) FeCaP1–40
non-calcined (NC) and calcined at different temperatures (700 and 1000 ◦C); (b) FeCaP powders synthesised at different synthesis temperatures (40 and 90 ◦C) and
different total Fe content (4.8 wt% and 9.8 wt%) calcined at 1000 ◦C. The magnetic hyperthermia curve of a water control (straight line in light blue) is included for
comparison purposes; (c) SAR (W gFe− 1) dependence on the β-TCP content (wt%) for FeCaP powders calcined at 1000 C.
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stable under these conditions, maintaining its structure. This behaviour
contrasts with that of the other powders, particularly in those with
higher iron concentrations (FeCaP2 and RefFeCaP), where the trans-
formation to hematite is more noticeable.

The enhanced stability of magnetite in FeCaP1–40–1000 can be
attributed to the distribution and embedding of magnetite within the
CaP matrix, which likely protects it from oxidation and transformation
into hematite. Furthermore, the smaller particle size and the higher
presence of hydroxyapatite in FeCaP1–40–1000 contribute to the sta-
bility of the magnetite phase during heat treatment. This stability makes
FeCaP1–40–1000 a promising candidate for applications, where main-
taining the magnetic phase stable under high-temperature or oxidative
conditions is essential.

For biomedical applications, such as drug delivery or hyperthermia
treatments, the stability of magnetite in FeCaP1–40–1000 is particularly
relevant. Although biological environment conditions at 37 ◦C are much
less extreme when compared to those at 600 ◦C, the magnetite
embedded within the CaP matrix may provide protection from imme-
diate oxidation into hematite, reducing the direct exposure of magnetite
to oxidative agents, such as oxygen in body fluids. This structural pro-
tection may extend the magneto-thermal properties of magnetite,
further enhancing the potential use of FeCaP1–40–1000 powder in the
biomedical field, including bone regeneration and local magnetic hy-
perthermia therapy.

Moreover, CaP materials are widely recognized for their potential in
bone regeneration, and incorporating iron ions could further enhance
their bioactivity, as iron plays essential roles in enzymatic processes,
oxygen transport, and collagen synthesis. Given the influence of mag-
netic fields on these processes, the development of intrinsically magnetic
calcium phosphate materials—without requiring the addition of mag-
netic nanoparticles—emerges as a promising path for multifunctional
magnetic bone substitutes. Therefore, these findings highlight the ne-
cessity of carefully optimizing synthesis and calcination parameters to
achieve the desired magneto-thermal properties. The insights gained
from this study provide valuable knowledge for the fabrication of
magnetic components with future potential applications in the
biomedical field, including bone regeneration and local magnetic hy-
perthermia therapy.
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Z. Homonnay, G. Tolnai, The effect of preparation conditions on magnetite
nanoparticles obtained via chemical co-precipitation, Mater. Chem. Phys. 223
(2019) 122–132, https://doi.org/10.1016/j.matchemphys.2018.10.049.
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