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Abstract: Ferrites have been widely studied for their use in the biomedical area, mostly due to
their magnetic properties, which gives them the potential to be used in diagnostics, drug delivery,
and in treatment with magnetic hyperthermia, for example. In this work, KFeO2 particles were
synthesized with a proteic sol-gel method using powdered coconut water as a precursor; this method
is based on the principles of green chemistry. To improve its properties, the base powder obtained
was subjected to multiple heat treatments at temperatures between 350 and 1300 ◦C. The samples
obtained underwent structural, morphological, biocompatibility, and magnetic characterization.
The results show that upon raising the heat treatment temperature, not only is the wanted phase
detected, but also the secondary phases. To overcome these secondary phases, several different
heat treatments were carried out. Using scanning electron microscopy, grains in the micrometric
range were observed. Saturation magnetizations between 15.5 and 24.1 emu/g were observed for
the samples containing KFeO2 with an applied field of 50 kOe at 300 K. From cellular compatibility
(cytotoxicity) assays, for concentrations up to 5 mg/mL, only the samples treated at 350 ◦C were
cytotoxic. However, the samples containing KFeO2, while being biocompatible, had low specific
absorption rates (1.55–5.76 W/g).

Keywords: ferrites; sol-gel processes; magnetic measurements (VSM and SQUID); specific absorption
rate (SAR); X-ray diffraction; cellular viability

1. Introduction

More than half a century ago, magnetic nanoparticles were used for the first time in
magnetic hyperthermia. The used technique is the same one used today: the particles are
exposed to an alternate magnetic field to transfer heat [1]. This transfer of heat is defined
by the specific absorption rate (SAR). Nanoparticles, particles defined as having a size
between 1 and 100 nm [2], particularly magnetic nanoparticles, have been one of the objects
of study in the biomedical area. These kinds of particles can be used for diagnostics, such as
in imaging, to the treatment of patients, varying from drug delivery to magnetic hyperther-
mia [3,4]. When it comes to eliminating cancer cells, iron oxide-based nanoparticles have
been widely studied [4]. Removing cancer cells through magnetic hyperthermia demands
that the particles have a certain size to prevent them from blocking small capillaries or being
mechanically filtered. Taking this account, they should have an ideal size, which should
be between 5 and 100 nm [5]. Although presenting magnetic properties with potential
application in the biomedical field, ferrites of nickel (Ni), manganese (Mn), cobalt (Co), or
zinc (Zn), have an inherent toxicity that makes them more difficult to apply in this area [6],
which means they need a coating. According to the literature [6], due to their magnetic
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properties, ferrite nanoparticles have the potential to be used in magnetic hyperthermia.
When applied to medicine, this therapy consists of exposing part of the body to higher
temperatures than the normal body temperature, which has a therapeutic effect.

Potassium ferrite is a monocrystalline solid with an orthorhombic crystalline structure;
it is a hygroscopic compound that tends to absorb humidity, making it unstable. For this
reason, it is not extensively reported in the literature [7]. Potassium ferrite is a compound
that is sensitive to ambient conditions. The existence of moisture and carbon dioxide in
ambient air originates from K+ extraction in KFeO2, which will react with the H2O and CO2
in the air, which is where K2CO3·1.5 H2O originates, and in addition, a phase evolution in
KFeO2 originates. This reaction can be reverted by high-temperature calcination, which
gives this material potential to be applied in high-temperature rechargeable batteries [8].

Its magnetic characteristic is a point of conflict in the literature, having been reported as
having an antiferromagnetic [7,9] and a ferromagnetic behaviour [6,10]. This last behaviour,
in a superparamagnetic state, could provide the potential for the application of these
nanoparticles in the biomedical area [6,10]. For this kind of application, the particles must
be subjected to a biocompatibility assay.

The main purposes of this work were the synthesis, physical characterization, and
evaluation of potential in the magnetic hyperthermia of potassium ferrite particles. Since
this ferrite has in its composition a non-toxic metal, we would expect that it would present
bigger biocompatibility than the previously described ferrites, as it is one of the major
reasons for the study of this material. Besides that, potassium ferrite is not vastly studied
in the literature, and it is a study of major interest, as there could be significant applications
that have not been explored yet. Overall, it was the aim of this work to provide insights
into potassium ferrite produced by an eco-friendly method in biomedicine, specifically for
magnetic hyperthermia treatments.

These particles were synthesized with a novel sol-gel method through a proteic route
using metal nitrates as raw materials. Powdered coconut water (PCW) was used as a
precursor, respecting green chemistry principles, such as the prevention of waste, as very
little was created in the synthesis; the use of less hazardous chemicals; and the use of a
renewable precursor (PCW), turning this method into an eco-friendly route [11], as opposed
to other routes that use ethylene glycol and citric acid [12–14]. This method has already
been used in the synthesis of nanoparticles and ceramic materials, such as BaFe12O19 [15]
and SrFe12O19 [16].

With this work, we intended to evaluate the influence of the heat treatment’s param-
eters (time and temperature) on the formation of the potassium ferrite phase, the grain
size, the magnetic behaviour, their biocompatibility, and the specific absorption rate of the
particles (SAR).

2. Materials and Methods
2.1. Potassium Ferrite Powder Preparation

The potassium ferrite powder was prepared using a proteic sol-gel route. To obtain the
ferrite powder, iron (III) nitrate (Fe(NO3)3·9H2O; Fluka, Buchs, Switzerland; ≥99%) and
potassium nitrate (KNO3; Aldrich, Fallavier, France; ≥95%) were used as raw materials
with a molar ratio of 1 mol K+: 1 mol Fe+2. The precursor of the reaction, PCW, was used
to prepare a solution with a concentration of 0.59 mol/dm3, which is the critical micellar
concentration. The raw materials were mixed with a magnetic stirrer using the following
conditions: (i) T = 80 ◦C, ∆t = 2 h, and (ii) T = 100 ◦C, ∆t = 2.5 h, to obtain a viscous gel.
With the intent of removing all the solvent and to obtain a dry powder, a heat treatment at
350 ◦C was made for an hour. This dried powder shaped into a disk form (13 mm diameter)
was heat treated with temperatures between 350 and 1300 ◦C using a 5 ◦C/min heating rate.
A uniaxial hydraulic press with a stainless steel mould was employed, and a 15 tnf/cm2

was used for 3 min.
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2.2. Structural and Morphological Characterization

The thermal differential and thermogravimetric analyses (DTA/TGA) were made with
Hitachi STA7300 equipment in an oxidative atmosphere (140 mL N2 and 60 mL O2) from
room temperature up to 1300 ◦C using a heating rate of 5 ◦C/min, allowing it to determine
the heat treatment temperatures to apply.

Moving on to the structural characterization, the powder X-ray diffraction (XRD) pat-
tern data were obtained using an Empyrean diffractometer (CuK α radiation, λ ≈ 1.54060 Å)
operating at 45 kV and 40 mA. Intensity data were collected with the step counting method
(step 0.02◦s−1) in the 2θ angle range of 10–60◦. The identification of the crystalline phases
was done using the X’Pert HighScore PANalytical software equipped with the database of
the Joint Committee for Powder Diffraction Standards–International Center for Diffraction
Data (JCPDS).

Micro-Raman spectroscopy was another technique that was performed utilizing a
Jobin–Yvon spectrometer. The measurements were performed at room temperature using a
setup with backscattering geometry. A microscope objective (50×) was used to focus the
laser exciting light (λ = 532 nm) onto the sample (spot diameter < 0.8 µm). A filter was
employed to remove the plasma lines.

To complement the previous analysis, the Fourier Transform Infrared Spectroscopy
(FTIR) technique was performed using a Perkin Elmer FTIR System Spectrum BX Spec-
trometer equipped with a single horizontal Golden Gate ATR cell. All data were recorded
at room temperature in the range of 4000 to 600 cm−1 by accumulating 32 scans with a
resolution of 4 cm−1.

The samples’ morphology was studied with scanning electron microscopy (SEM)
using a Vega 3 TESCAN microscope. Conductivity was assured by carbon deposition on
the samples. Average grain size was obtained using the ImageJ software.

2.3. Cytotoxicity Analysis

The cytotoxicity assays were made according to standard ISO-10993 (Biological eval-
uation of medical devices–Part 5: Tests for in vitro cytotoxicity). The tests were made
using the extract method, and Saos-2 cells line were provided by the American Type
Culture Collection (ATCC HTB-85). The protocols for expansion and maintenance were
followed according to the provider recommendations. This lineage of cells was obtained
from the bone of an 11-year-old white female osteosarcoma patient (ATCC HTB-85). The
extract was produced using, initially, a concentration of 20 mg/mL of each sample with
different heat treatments. Each sample was placed in 1 mL of McCoy-5A medium (Sigma
Aldrich, Fallavier, France) at 37 ◦C for 48 h. The Saos-2 cells were seeded in 96-well plates
at a density of 30,000 cells/cm2, having been grown in McCoy-5A supplemented with
sodium bicarbonate (2.2 g/L), 10% fetal bovine serum (Biowest, Nuaillé, France), and
1% Penicillin-Streptomycin (Life Technologies, Zuid, Holland) at 37 ◦C in a humidified
environment of 5% CO2 for 24 h. The extract was diluted in four concentrations: 10, 5, 2.5,
and 1.125 mg/mL. Each of the concentrations was tested 4 times. A negative control with
cells in a normal environment and a positive control with cells treated with 10% DMSO (a
cytotoxic compound) were set up. After 48 h of incubation, the medium was removed from
each well and replaced with a resazurin solution containing 50% of the complete medium
and 50% of a 0.04 mg/mL resazurin solution in phosphate-buffered saline (PBS). After
3 h of incubation at 37 ◦C and 5% CO2, the absorbance was measured at 570 and 600 nm.
Cell viability is given as a percentage of viable cells in the samples to test relative to the
negative control:

Celular Viability(%) =
Sample′s Absorbance

Control Cells Absorbance
× 100%
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2.4. Magnetic Characterization

The magnetic measurements were made using a vibrating sample magnetometer
(VSM) model Cryofree from Cryogenic. The magnetic curves were obtained for the temper-
atures of 5 and 300 K using a magnetic field (H) of up to 50 kOe [17].

To further analyse the magnetic properties of the sample with the highest percentage
of potassium ferrite (1000 ◦C 2HT), a Quantum Design MPMS3 SQUID-VSM was used to
perform magnetization measurements as a function of the applied magnetic field up to
70 kOe, at 5, 300, and 380 K. Sample geometry effects were corrected using the methodology
reported in [18]. To have more accurate coercive fields, the remanent fields from the
superconducting coil with calibration measurements were also corrected using a reference
Pd sample from NIST between −2 kOe and +2 kOe.

Magnetic hyperthermia (MHT) measurements were performed to determine the spe-
cific absorption rate (SAR) by using DM100 Series equipment from nB nanoscale Biomag-
netics. The SAR was measured for a concentration of 10 mg/mL of the sample using
an alternating external magnetic field of 24 kA/m with a frequency of 418.5 kHz for
10 min. Before each measurement, samples were immersed in 1 mL of ultrapure water
and ultra-sonicated.

3. Results and Discussion
3.1. Thermal and Structural Analysis

Figure 1 shows the DTA/TG results. It is possible to observe a loss of about 8% of
the mass until a temperature of 200 ◦C, which is related to a loss of water, by the sample.
Endothermic phenomena may be seen at temperatures of 381 and 630 ◦C, accompanied
by a mass loss of 20%, approximately. These phenomena can be related to the removal of
nitrates and the degradation of organic matter of the precursor of the reaction, respectively.
Between 711 and 902 ◦C, another endothermic peak, accompanied by a 30% drop in mass,
is observable. This phenomenon can also be related to the degradation of the organic
matter in the precursor of the reaction since PCW has multiple organic compounds. At
711, 902, 1060, and 1145 ◦C, it is possible to observe exothermic phenomena without mass
changes that might be related to the formation of new crystalline phases. Taking into
account these results, heat treatments were performed at 350, 500, 800, 1000, and 1300 ◦C
for 4 h, and this duration was supported by the literature [19]. Afterward, seeing that a
pure crystalline potassium ferrite sample was not obtained, another heat treatment was
performed by heating the powder at 600 ◦C for 24 h, forming a disk using a mould, and
applying a uniaxial pressure (2.5 × 103 N/mm2) and then heat-treated for 4 h at 1000 ◦C.

Figure 2 shows the powder XRD diffractograms obtained for the samples with differ-
ent heat treatments. Table 1 shows the phase’s composition and the amount present in each
sample after heat treatment. Although their difference in percentages, heat-treated sam-
ples at 350, 500, and 800 ◦C, all have crystallographic phases compatible with maghemite
(γ− Fe2O3) and potassium carbonate (K2CO3·1.5(H2O)). Raising the heat treatment tem-
perature to 800 ◦C, it is possible to observe the existence of potassium carbonate and
the formation of the potassium ferrite (KFeO2) phase. This formation is consistent with
the existence of the exothermic phenomenon at 711 ◦C obtained in the DTA. These two
phases are present in the samples with heat treatments at 800, 1000, and 1000 ◦C with two
heat treatments. The existence of potassium carbonate in these phases is consistent with
what is reported in the literature [8] and is due to the caption of CO2 and H2O from the
surrounding ambient air. This makes it difficult to obtain a pure phase without having
a controlled environment. Increasing the temperature to 1300 ◦C, we see a decline in the
desired phase (KFeO2), as well as the formation of transition phases, which was a reason to
not characterize this sample further.
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Figure 2. XRD diffractograms of the heat-treated samples.

The sample heat treated at 1000 ◦C with two heat treatments has the highest percentage
of KFeO2 (83.3%). In opposition to some literature data on potassium ferrite [6], to obtain
the potassium ferrite, there was a need for a heat treatment at the temperature of 800 ◦C,
at least.

To further investigate the sample with the highest percentage of potassium ferrite,
a Rietveld refinement was performed, as shown in Figure 3. Taking into account the fit,

that Rwp ≥ Rexp, that χ2 =
(

Rwp
Rexp

)2
is higher than 1, and that the goodness of fit (GoF),

defined by GoF =
√

χ2, is close to one, it is revealed that the quality of the refinement is
good [20,21].

XRD results are corroborated with Raman spectroscopy (Figure 4). When it comes
to the samples containing KFeO2, which are the ones with a heat treatment of at least
800 ◦C, all the samples share a vibrational band that might be attributed to the potassium
ferrite (~508 cm−1) [22]. Moreover, they also all share a vibrational band at ~1056 cm−1

that might be associated with the presence of the carbonate ion [23]. For the samples with
heat treatments at 350 and 500 ◦C, it is possible to observe two vibrational bands already
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reported in a maghemite Raman spectrum [24] at approximately 1360 and 1580 cm−1. The
vibrational bands and respective attribution may be seen in Table 2.

Table 1. Crystalline phases and quantification for the heat-treated samples.

Heat Treatment Temperature (◦C) Crystalline Phase and Composition (%)

350 γ− Fe2O3 (98.5%)
K2CO3·1.5(H2O) (1.5%)

500 γ− Fe2O3 (58.4%)
K2CO3·1.5(H2O) (41.6%)

800
γ− Fe2O3 (36.9%)

KFeO2 (12.9%)
K2CO3·1.5(H2O) (50.2%)

1000 KFeO2 (55.1%)
K2CO3·1.5(H2O) (44.9%)

1000 2HT KFeO2 (83.3%)
K2CO3·1.5(H2O) (16.7%)

1300

KFeO2 (30%)
K1.81Fe10.73O17 (24%)
K1.55Fe10.92O17 (35%)

FeO(OH) (11%)
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Table 2. Raman shift attributions to CO3
2− [23], γ− Fe2O3 [24], and KFeO2 [22].

350 ◦C 500 ◦C 800 ◦C 1000 ◦C 1000 ◦C 2HT Attribution

Vibrational Bands
(
cm−1 )

268 273 KFeO2
395 KFeO2

508 509 508 KFeO2
656 670 682 667 673 CO3

2−, γ− Fe2O3 or KFeO2
1021 Not identified
1059 1056 1056 1058 CO3

2−

1370 1351 1386 1373 1360 CO3
2− or γ− Fe2O3

1578 1596 γ− Fe2O3

Figure 5 presents the FTIR spectra obtained for heat-treated samples. All samples
have a vibration mode between 3205 and 3044 cm−1, and it is attributed to the presence of
the water hydroxide group, which may be free or absorbed by the sample [6]. Apart from
the sample heat-treated at 1000 ◦C, the samples have a vibration mode between 2356 and
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2344 cm−1, attributed to atmospheric carbon dioxide due to the carbon dioxide present in
the room where the assays were performed [25]. Corroborating the XRD results, between
1343 and 1367 cm−1, a vibration mode is observed, which is credited to the C-O bonds in
the carbonate ion [23]. Also corroborating the XRD results and Raman spectroscopy, in the
samples with heat treatment of at least 800 ◦C, it is possible to observe a vibration mode
between 1052 and 1060 cm−1 attributed to the Fe-K bonds that are present in KFeO2. The
observed vibration modes and attribution are summarized in Table 3.
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Table 3. Table with the vibration modes obtained for the heat-treated samples and respec-
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HT Temp.
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1000 (2HT) 3056 2930 2352 1620 1338 1052 980 828 700 548
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3.2. Morphological Analysis

The obtained micrographs for the samples with different heat treatments through
an SEM analysis are presented in Figure 6. For the sample heat-treated at 350 ◦C, the
existence of irregularly shaped grains is observed with an average size of 1.40 µm. The
sample treated at 500 ◦C, which has the same phases as the sample heat-treated at 350 ◦C,
the grain size augmented to 5.44 µm and a rod shape was observed, which is character-
istic of maghemite [27]. In the sample treated at 800 ◦C, in which the KFeO2 phase is
detected, by XRD results (Figure 2), a hexagonal grain habit characteristic of KFeO2 [28]
is shown, corroborating the previous results. In addition, there is present an aggregation
of grains and a decline in average grain size to 2.40 µm. For the other samples, the coa-
lescence phenomenon is detectable, as the average grain size is much bigger than in the
other samples.
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3.3. Biological Analysis

Figure 7 reports the results of the cytotoxicity tests made in accordance to standard
ISO-10993. For these tests to be relevant, they must reproduce, as much as possible, the
operating conditions of a biomedical material [29–31]. The meaningful concentration range
chosen for extract preparation was from 1.125 mg/mL to 20 mg/mL. The results show that
for the highest concentration tested, all heat treatment methods result in cytotoxic materials.
Heat treatment at 350 ◦C results in materials that are either moderately or severely cytotoxic.
Excluding this sample, it is possible to observe that for concentrations until 5 mg/mL, the
other samples are non-cytotoxic.

3.4. Magnetic Analysis
3.4.1. VSM

For both temperatures used to measure the hysteresis cycle, 5 and 300 K (Figure 8), it
is possible to see that all curves are close to saturation; hence, it is considered that within
an uncertainty < 10%, the values of magnetization at 50 kOe are a good estimate for the
saturation magnetization. In the samples heat-treated at 350, 500, and 800 ◦C, at 5 K, the
estimated saturation magnetizations were 33.3, 33.9, and 42.8 emu/g, respectively. At
300 K, they were 25.2, 28.2, and 23.74 emu/g, respectively. For these three samples, XRD
characterization suggests the presence of a γ− Fe2O3 phase. According to the literature,
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this phase presents a saturation magnetization of 74 emu/g [32] at 300 K, and this is a
way to explain the high magnetization of these samples compared to others, considering
the diamagnetic behaviour of potassium carbonate (χ = −59.0 × 10−6 cm3/mol) [33].
The samples heat treated at 1000 ◦C also presents a high magnetization, suggesting that
potassium ferrite will also have a high magnetization.
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Figure 7. Relative cellular viability as a function of the heat treatment temperature for the samples
heat treated at 350 ◦C, 500 ◦C, 800 ◦C, 1000 ◦C, and 600 ◦C + 1000 ◦C. The negative control is cells
that are cultured in a non-cytotoxic environment, which is the reference for the relative populations
calculation. When a relative population drops below 90%, that sample begins to display a varying
degree of cytotoxicity.
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Using the SQUID equipment, it was possible to more precisely assess the hysteresis
cycle area, focusing on the region of H = 0 Oe.

3.4.2. SQUID

To further analyze the magnetization curve of the sample that had the biggest percent-
age of potassium ferrite, meaning the sample heat-treated at 1000 ◦C with 2 heat treatments,
a SQUID was used. Hysteresis cycles were obtained at the temperatures of 5, 300, and
380 K, as observed in Figure 9. From this figure, it is clear that the area of the hysteresis
cycles is not null. In this manner, this can be one of the heat dissipation mechanisms of
these particles. This shows, as expected, that the particles are not superparamagnetic once
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the grain size is micrometric, not agreeing with the suggestions of some of the literature for
this crystal phase [5].
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3.4.3. MHT

The obtained results from MHT measurements are listed in Table 4.

Table 4. Table with the temperature variation and SAR obtained for the heat-treated samples.

Heat Treatment (◦C) ∆T (◦C);
[0; 650] s SAR (W/g)

350 16.8 ± 1.01 24.2 ± 3.58
500 18.0 ± 0.15 21.8 ± 4.29
800 2.67 ± 0.68 2.65 ± 1.21

1000 3.93 ± 0.29 5.76 ± 0.96
1000 (2HT) 1.97 ± 0.46 1.55 ± 0.06

As it is possible to observe, the samples with heat treatments at 350 and 500 ◦C do
not show evidence of having potassium ferrite in their composition with X-Ray diffraction
and Raman spectroscopy and have a bigger SAR when compared with the other samples.
This may have happened since these two samples have maghemite in their composition. If
these particles had a size between 5 and 100 nm, they would have an adequate profile for
application in magnetic hyperthermia [5]. Using this method of synthesis, microparticles
were obtained, and, due to their size, they cannot be applied in magnetic hyperthermia.

Heat may be dissipated by hysteresis, Brownian and Néel relaxation, and by eddy
currents caused by friction and viscous suspensions [19]. Since the particles have micro-
metric size, as they are too big to exist with influenceable Brownian and Néel relaxation, it
is predicted that the heat dissipation is due to magnetic hysteresis. For the samples heat
treated at 350 and 500 ◦C, it is possible to observe that they have a bigger SAR than the
other samples. These two samples will achieve a much higher magnetization than other
samples for small applied fields. In this way, it is possible to obtain a bigger induced
electromotive force with a low-intensity external magnetic field applied [19], translating
into higher SAR values.

The use of potassium ferrite for magnetic hyperthermia should not yet be discarded,
as SAR is dependent on particle size, meaning that smaller-sized particles could have a
bigger SAR, appropriate for magnetic hyperthermia [34].
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4. Conclusions

Using powdered coconut water as a precursor for a sol-gel reaction, the synthesis
of potassium ferrite (KFeO2) was achieved for temperatures above 800 ◦C, although the
highest percentages were observed in the samples with heat treatments at 1000 ◦C. The
sample with two heat treatment plateaus (600 ◦C for 24 h and 1000 ◦C for 4 h) presented
the highest percentage of KFeO2, portraying 83.3% of the sample. In this work, a controlled
atmosphere was not used, meaning that a pure phase sample is difficult to obtain since
the exposure to ambient air will produce K2CO3·1.5H2O. Through SEM, it was possible
to observe that microparticles were obtained. This size is incompatible with employment
in cancer treatment through magnetic hyperthermia. The samples containing potassium
ferrite were non-cytotoxic for extract concentrations up to 5 mg/mL and can, therefore, be
safely used in biomedical applications—insofar as a cytotoxicity test can assess, in a limited
way, material biocompatibility. The fact that the obtained microparticles were non-cytotoxic
for high concentrations, suggests that if nanoparticles were synthesized they would be
even less cytotoxic.

The heat dissipation mechanism for these samples was credited to hysteresis loss
effects (magnetic domain creation and destruction). The obtained SAR for the potas-
sium ferrite samples was low, but this material should not yet be discarded for magnetic
hyperthermia, as its SAR can be quite different if one explores its performance in a super-
paramagnetic regime. In order to explore the full potential of this material, nanoparticles
should be obtained and studied. Some possible routes for this objective include the modifi-
cation or change of the used synthesis method or the use of ball milling to reduce the size
of the particles obtained in this work.

Author Contributions: Conceptualization, M.P.F.G. and S.S.T.; methodology, J.P.F.C., M.P.F.G. and
S.S.T.; validation, J.P.F.C., T.V., J.C.S., P.I.P.S., N.M.F., C.O.A., M.P.F.G. and S.S.T.; formal analysis
J.P.F.C., T.V., J.C.S., P.I.P.S. and C.O.A.; investigation, J.P.F.C., T.V., J.C.S., P.I.P.S., N.M.F., C.O.A.,
M.P.F.G. and S.S.T.; resources, M.P.F.G. and S.S.T.; writing—original draft preparation, J.P.F.C.;
writing—review and editing, J.P.F.C., T.V., J.C.S., P.I.P.S., N.M.F., C.O.A., M.P.F.G. and S.S.T.; re-
sources, M.P.F.G., P.I.P.S. and J.C.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by national funds (OE), through FCT—Fundação para a Ciência e
a Tecnologia, I.P., in the scope of the framework contract foreseen in the numbers 4, 5 and 6 of the
article 23, of the Decree-Law 57/2016, of 29 August, changed by Law 57/2017, of 19 July.

Data Availability Statement: Not applicable.

Acknowledgments: This work was developed within the scope of the projects LA/P/0037/2020,
UIDB/50025/2020 & UIDP/50025/2020, of the Associate Laboratory Institute of Nanostructures,
Nanomodelling and Nanofabrication-i3N financed by national funds through the FCT/MEC; COM-
PETE 2020 Program and National Funds through FCT—Portuguese Foundation for Science and
Technology under the projects UID/CTM/50025/2019 from UEFISCDI; UIDB/50011/2020 and
UIDP/50011/2020 from CICECO-Aveiro Institute of Materials under the projects UIDB/50011/2020,
UIDP/50011/2020 & LA/P/0006/2020.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mahmoudi, K.; Bouras, A.; Bozec, D.; Ivkov, R.; Hadjipanayis, C. Magnetic hyperthermia therapy for the treatment of glioblastoma:

A review of the therapy’s history, efficacy and application in humans. Int. J. Hyperth. 2018, 34, 1316–1328. [CrossRef]
2. Kumar, P.; Burman, U.; Kaul, R.K. Ecological Risks of Nanoparticles. In Nanomaterials in Plants, Algae, and Microorganisms; Elsevier:

Amsterdam, The Netherlands, 2018; pp. 429–452. [CrossRef]
3. Hussain, M.I.; Xia, M.; Na Ren, X.; Akhtar, K.; Nawaz, A.; Sharma, S.K.; Javed, Y. Ferrite Nanoparticles for Biomedical Applications.

In Magnetic Nanoheterostructures: Diagnostic, Imaging and Treatment; Springer: Cham, Switzerland, 2020; pp. 243–265. [CrossRef]
4. Bañobre-López, M.; Teijeiro, A.; Rivas, J. Magnetic nanoparticle-based hyperthermia for cancer treatment. Rep. Pract. Oncol.

Radiother. 2013, 18, 397–400. [CrossRef]

https://doi.org/10.1080/02656736.2018.1430867
https://doi.org/10.1016/B978-0-12-811487-2.00019-0
https://doi.org/10.1007/978-3-030-39923-8_7
https://doi.org/10.1016/j.rpor.2013.09.011


Materials 2023, 16, 3880 12 of 13

5. Khanna, L.; Verma, N.K. Study on novel, superparamagnetic and biocompatible PEG/KFeO2 nanocomposite. J. Appl. Biomed.
2015, 13, 23–32. [CrossRef]

6. Khanna, L.; Verma, N. Synthesis, Characterization and Biocompatibility of Potassium Ferrite Nanoparticles. J. Mater. Sci. Technol.
2014, 30, 30–36. [CrossRef]

7. Moon, S.; Shim, I.; Kim, C. Crystallographic and Magnetic Properties of KFeO2. In Proceedings of the 2006 IEEE International
Magnetics Conference (INTERMAG), San Diego, CA, USA, 8–12 May 2006; p. 991. [CrossRef]

8. Zhang, S.; Sun, J.; Gao, J.; Jiang, W.; Cheng, L.; Wang, H.; Lin, J.; Peng, C.; Wang, J. K+ extraction induced phase evolution of
KFeO2. Phys. Chem. Chem. Phys. 2022, 24, 4620–4625. [CrossRef]

9. Tomkowicz, Z.; Szytuła, A. Crystal and magnetic structure of KFeO2. J. Phys. Chem. Solids 1977, 38, 1117–1123. [CrossRef]
10. Tangra, A.K.; Singh, G. Investigation of cytotoxicity of superparamagnetic KFeO2 nanoparticles on MCF-7 cell lines for biomedical

applications. J. Mater. Sci. Mater. Electron. 2021, 32, 11232–11242. [CrossRef]
11. Anastas, P.; Eghbali, N. Green Chemistry: Principles and Practice. Chem. Soc. Rev. 2010, 39, 301–312. [CrossRef]
12. Graça, M.P.F.; Prezas, P.; Costa, M.M.; Valente, M. Structural and dielectric characterization of LiNbO3 nano-size powders

obtained by Pechini method. J. Sol-Gel Sci. Tech. 2012, 64, 78–85. [CrossRef]
13. Lucas, J.M.F.; Teixeira, S.S.; Gavinho, S.R.; Prezas, P.R.; Silva, C.C.; Sales, A.J.M.; Valente, M.A.; Almeida, A.F.; Freire, F.N.;

Salgueiro, C.C.M.; et al. Niobium oxide prepared by sol–gel using powder coconut water. J. Mat. Sci. Mater. Electron. 2019, 30,
11346–11353. [CrossRef]

14. de Paiva, J.; Graça, M.; Monteiro, J.; Macedo, M.; Valente, M. Spectroscopy studies of NiFe2O4 nanosized powders obtained using
coconut water. J. Alloys Compds. 2009, 485, 637–641. [CrossRef]

15. Fortes, S.; Duque, J.; Macêdo, M. Nanocrystals of BaFe12O19 obtained by the proteic sol–gel process. Phys. B Condens. Matter 2006,
384, 88–90. [CrossRef]

16. Brito, P.; Gomes, R.; Duque, J.; Macêdo, M. SrFe12O19 prepared by the proteic sol–gel process. Phys. B Condens. Matter 2006, 384,
91–93. [CrossRef]

17. Benali, A.; Bejar, M.; Dhahri, E.; Sajieddine, M.; Graça, M.; Valente, M. Magnetic, Raman and Mössbauer properties of double-
doping LaFeO3 perovskite oxides. Mat. Chem. Phys. 2015, 149–150, 467–472. [CrossRef]

18. Amorim, C.O.; Mohseni, F.; Dumas, R.K.; Amaral, V.S. A geometry-independent moment correction method for the MPMS3
SQUID-based magnetometer. Meas. Sci. Technol. 2021, 32, 105602. [CrossRef]

19. Teixeira, S.S.; Graça, M.P.F.; Lucas, J.; Valente, M.A.; Soares, P.I.P.; Lança, M.C.; Vieira, T.; Silva, J.C.; Borges, J.P.; Jinga, L.-I.; et al.
Nanostructured LiFe5O8 by a Biogenic Method for Applications from Electronics to Medicine. Nanomaterials 2021, 11, 193.
[CrossRef]

20. Toby, B.H. R factors in Rietveld analysis: How good is good enough? Powder Diffr. 2006, 21, 67–70. [CrossRef]
21. Devesa, S.; Rooney, A.; Graça, M.; Cooper, D.; Costa, L. Williamson-hall analysis in estimation of crystallite size and lattice strain

in Bi1.34Fe0.66Nb1.34O6.35 prepared by the sol-gel method. Mater. Sci. Eng. B Solid State Mater. Adv. Technol. 2021, 263, 114830.
[CrossRef]

22. Tangra, A.K.; Singh, S.; Sun, N.X.; Lotey, G.S. Investigation of structural, Raman and photoluminescence properties of novel
material: KFeO2 nanoparticles. J. Alloys Compd. 2019, 778, 47–52. [CrossRef]

23. Ma, Y.; Yan, W.; Sun, Q.; Liu, X. Raman and infrared spectroscopic quantification of the carbonate concentration in K2CO3
aqueous solutions with water as an internal standard. Geosci. Front. 2021, 12, 1018–1030. [CrossRef]

24. De Faria, D.L.A.; Venâncio Silva, S.; De Oliveira, M.T. Raman microspectroscopy of some iron oxides and oxyhydroxides. J. Raman
Spectrosc. 1997, 28, 873–878. [CrossRef]

25. Hui, B.H.; Salimi, M.N. Production of Iron Oxide Nanoparticles by Co-Precipitation method with Optimization Studies of
Processing Temperature, pH and Stirring Rate. IOP Conf. Ser. Mater. Sci. Eng. 2020, 743, 012036. [CrossRef]

26. Rana, S.; Philip, J.; Raj, B. Micelle based synthesis of cobalt ferrite nanoparticles and its characterization using Fourier Transform
Infrared Transmission Spectrometry and Thermogravimetry. Mater. Chem. Phys. 2010, 124, 264–269. [CrossRef]

27. Kargin, D.B.; Konyukhov, Y.V.; Biseken, A.B.; Lileev, A.S.; Karpenkov, D.Y. Structure, Morphology and Magnetic Properties of
Hematite and Maghemite Nanopowders Produced from Rolling Mill Scale. Steel Transl. 2020, 50, 151–158. [CrossRef]

28. Han, S.C.; Park, W.B.; Sohn, K.-S.; Pyo, M. KFeO2 with corner-shared FeO4 frameworks as a new type of cathode material in
potassium-ion batteries. J. Solid State Electrochem. 2019, 23, 3135–3143. [CrossRef]

29. Gavinho, S.R.; Pádua, A.S.; Sá-Nogueira, I.; Silva, J.C.; Borges, J.P.; Costa, L.C.; Graça, M.P.F. Biocompatibility, Bioactivity, and
Antibacterial Behaviour of Cerium-Containing Bioglass®. Nanomaterials 2022, 12, 4479. [CrossRef]

30. Gavinho, S.R.; Prezas, P.R.; Graça, M.P.F. Synthesis, Structural and electrical properties of the 45S5 Bioglass®. In Electrical
Measurements: Introduction, Concepts and Applications; Nova Science Publishers Inc.: Hauppauge, NY, USA, 2017; ISBN 978-1-
53612-973-1.

31. Gavinho, S.R.; Prezas, P.R.; Ramos, D.J.; Sá-Nogueira, I.; Borges, J.P.; Lança, M.C.; Silva, J.C.; Henriques, C.M.R.; Pires, E.;
Kumar, J.S.; et al. Nontoxic glasses: Preparation, structural, electrical and biological properties. Int. J. App. Ceram. Tech. 2019, 16,
1885–1894. [CrossRef]

https://doi.org/10.1016/j.jab.2014.05.003
https://doi.org/10.1016/j.jmst.2013.10.008
https://doi.org/10.1109/INTMAG.2006.375457
https://doi.org/10.1039/D1CP05171G
https://doi.org/10.1016/0022-3697(77)90037-3
https://doi.org/10.1007/s10854-021-05793-x
https://doi.org/10.1039/B918763B
https://doi.org/10.1007/s10971-012-2829-0
https://doi.org/10.1007/s10854-019-01482-y
https://doi.org/10.1016/j.jallcom.2009.06.052
https://doi.org/10.1016/j.physb.2006.05.158
https://doi.org/10.1016/j.physb.2006.05.159
https://doi.org/10.1016/j.matchemphys.2014.10.047
https://doi.org/10.1088/1361-6501/ac0d23
https://doi.org/10.3390/nano11010193
https://doi.org/10.1154/1.2179804
https://doi.org/10.1016/j.mseb.2020.114830
https://doi.org/10.1016/j.jallcom.2018.11.059
https://doi.org/10.1016/j.gsf.2020.03.002
https://doi.org/10.1002/(SICI)1097-4555(199711)28:11&lt;873::AID-JRS177&gt;3.0.CO;2-B
https://doi.org/10.1088/1757-899X/743/1/012036
https://doi.org/10.1016/j.matchemphys.2010.06.029
https://doi.org/10.3103/S0967091220030055
https://doi.org/10.1007/s10008-019-04407-1
https://doi.org/10.3390/nano12244479
https://doi.org/10.1111/ijac.13243


Materials 2023, 16, 3880 13 of 13

32. Cao, D.; Li, H.; Pan, L.; Li, J.; Wang, X.; Jing, P.; Cheng, X.; Wang, W.; Wang, J.; Liu, Q. High saturation magnetization of γ-Fe2O3
nano-particles by a facile one-step synthesis approach. Sci. Rep. 2016, 6, 2. [CrossRef]

33. Haynes, W.M.; Lide, D.R.; Bruno, T.J. CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2016. [CrossRef]
34. Hergt, R.; Dutz, S.; Müller, R.; Zeisberger, M. Magnetic particle hyperthermia: Nanoparticle magnetism and materials development

for cancer therapy. J. Phys. Condens. Matter 2006, 18, S2919–S2934. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/srep32360
https://doi.org/10.1201/9781315380476
https://doi.org/10.1088/0953-8984/18/38/S26

	Introduction 
	Materials and Methods 
	Potassium Ferrite Powder Preparation 
	Structural and Morphological Characterization 
	Cytotoxicity Analysis 
	Magnetic Characterization 

	Results and Discussion 
	Thermal and Structural Analysis 
	Morphological Analysis 
	Biological Analysis 
	Magnetic Analysis 
	VSM 
	SQUID 
	MHT 


	Conclusions 
	References

