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Abstract

Magnetic microspheres were fabricated from industrial waste via a single-stage flame spheroidization method using two
ferric oxide precursor powders from steel hot rolling industry. The analysis of all samples was carried out by scanning
electron microscopy (SEM), X-ray diffraction (XRD), Mdssbauer spectroscopy, FTIR and Raman spectroscopy (RS),
thermogravimetric analysis (TGA), and vibrating sample magnetometer (VSM). SEM, XRD, Mdssbauer spectroscopy,
FTIR and RS show the morphology, structure, and phases of the samples studied. The average size for each microsphere
was 45 pum (Sample A2) and 60 um (Sample B2). TGA confirmed the crystallization and phase transition of iron oxides.
The VSM study showed high saturation magnetization (M) for both microsphere samples, with the higher M, being very
close to the reported value for bulk magnetite and exhibiting a very soft magnetic behavior. The flame spheroidization
processing route provides a method for producing microspheres with high uniformity and size control. These factors make

the method promising for biomedical, environmental remediation, and energy device applications.
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1 Introduction

Pollution is a constantly growing global challenge. There-
fore, it is imperative to evaluate this problem and develop
solutions to prevent its negative impacts. For instance, the
deterioration of water quality leads to an increase in dis-
eases and subsequent loss of life worldwide [1]. The release
of sewage and waste into water bodies represents a signifi-
cant threat to the pollution of lakes and rivers, as well as
to the proliferation of garbage and the alteration of natural
purification processes of these water bodies in both urban
and rural areas. In addition, water contamination with
dyes and emerging contaminants originating from various
sources such as homes, hospitals, industries, and agricul-
ture, represents a serious health concern, potentially leading
to toxicity and diseases like cancer [1, 2]. Hence, employing
raw materials and recycling eco-friendly industrial waste at
a low cost could serve as a promising alternative to address
the challenges associated with water treatment technolo-
gies. Furthermore, there is an important need to promote the
recycling of industrial waste and facilitate its sustainable
development, giving added value to it at a micrometric or
nanometric scale employing advanced and environmentally
friendly manufacturing techniques.

Because of this environmental problem and the need
to reuse industrial recycled materials, in the southwest
of Colombia the steel hot rolling industry generates fer-
ric oxide (calamine) with high environmental impact and
production costs. Its recycling is only 7% of the amount
of steel produced and its commercial use is low compared
to the demand of the steel industry [3-5]. Therefore, it is a
solid pollutant that is stored in tons, taking up a large space.
Recent endeavors have been directed towards reclaim-
ing industrial waste and repurposing it to craft innovative
functional materials at either the micrometric or nanomet-
ric scale. These efforts aim to introduce fresh advantages to
both the environment and society.

Given this, in recent years enormous efforts have been
focused on the use of magnetic raw materials for the syn-
thesis and manufacture of micro- and nano-structured iron
oxides [6—10]. These iron oxides are significant technologi-
cally important due to their physical and magnetic prop-
erties. Controlling the synthesis conditions is crucial for
achieving the desired structure, as iron oxides exist in vari-
ous crystalline phases, including magnetite (Fe;O,), hema-
tite (a-Fe,0;), B-Fe,05, maghemite (y-Fe,0;), e-Fe,05, and
wiistite (FeO). Here, magnetite (Fe;O,), hematite (a-Fe,0,),
and maghemite (y-Fe,0O;) are of greatest interest due to their
potential range of applications (water treatment, biomedi-
cal, hyperthermia, drug delivery, magnetic devices, cataly-
sis, etc.,), abundance, biocompatibility, nontoxicity, and
low cost to name some properties [3, 11-22]. Its application

@ Springer |5 coo

arises from the strong magnetism of magnetite (ferromag-
netic, Ms=92-100 emu/g at 300 K) and maghemite (fer-
rimagnetic, Ms=60-80 emu/g at 300 K)), which both phases
can coexist as a solid solution. While hematite is stable at
room temperature, it is weakly ferromagnetic, and its behav-
ior depends on factors such as crystallinity, particle size, and
the extent of cation substitution [11]. Literature suggests
that the combination of iron oxides and phase transforma-
tions can coexist during thermal treatment in the range of
200 °C to 600 °C [8].

The development of fabrication methods of microspheres
(MSs) is an ongoing challenge for many researchers. How-
ever, glass, polymer, and ceramics MSs and nanospheres
(NSs) are commonly manufactured via sol-gel method,
spay drying and flame spheroidization processes [23-25].
Spheroidization of powders by flame processing is a tech-
nique used to modify the shape of feeding powder particles.
This process involves subjecting the powder to a high-tem-
perature flame, causing the particles to melt and form spher-
ical shapes as they solidify. The flame processing method
offers several advantages, including the ability to control the
particle size and shape, improve flowability, enhance pack-
ing density, and reduce porosity. It is commonly used in
industries such as metallurgy, ceramics, and powder metal-
lurgy to produce spherical powders for various applications,
including additive manufacturing, coatings, and thermal
spray.

On the other hand, magnetic MSs are highly used for
biomedical applications [23] due to their chemical stabil-
ity, biocompatibility, and ability to navigate within blood
vessels, especially when produced at a size suitable for
flowing within hepatic arteries. Magnetite (Fe;O,) MSs and
NSs have been extensively studied for magnetic-induced
hyperthermia treatment of cancers and have demonstrated
success as contrast agents in magnetic resonance imaging
(MRI) [24]. Moreover, targeted magnetic drug-delivery
systems are currently undergoing pre-clinical evaluation.
Magnetic MSs have also shown promise in environmental
remediation efforts, including the extraction of heavy metals
from polluted soil and water, removal of phosphates from
wastewater, as well as the absorption of oils, chemicals, and
toxins from the environment [1, 24].

Given the potential applications of iron oxides mentioned
earlier, we have not found any reports to date regarding the
use of iron oxide waste from the steel industry in Colom-
bia as a raw material for producing magnetic iron oxide
MSs. The low-cost flame method employed here is ideal
due to its features, which enable the successful fabrica-
tion of spherical iron oxide powders. This process utilizes
irregular iron oxide particles that exchange heat as they pass
through the high -temperature region (flame). The particles
melt, forming tiny droplets that quickly turn into spheres.
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In the flame, the heat cause nucleation and subsequently
promotes growth. As the spherical droplets exit the flame
and enter a colder region, they rapidly solidify. This study
demonstrates, for the first time, a novel application for the
use of this industrial waste and a low-cost flame method to
produce magnetic iron oxide MSs, which could hold poten-
tial applications in areas such as environmental remediation,
biomedical, drug-delivery, and devices to name some.

Our focus also includes identifying functional, and
cost-effective iron oxide materials as also semiconduct-
ing ceramic materials. Therefore, reusing these industrial
residues is feasible and can yield novel by-products with
increased added value. Furthermore, we have investigated
the morphological, structural, and magnetic characteristics
of the spherical microparticles (also called microspheres).

2 Experimental section
2.1 Reagents and precursor material

Commercial ethanol (C,HsOH, P.A. 96%), acetone (C;H4O,
P.A. 99.8%), nitric acid (HNO;, P.A. 65%), ammonium
hydroxide (NH,OH, P.A. 99%) and thinner as solvent were
purchased from Sigma-Aldrich, Mallinckrodt Pharmaceuti-
cals and Merck S.A. All reagents are used as supplied with-
out further purification. The raw material employed for the
fabrication of microspheres by the flame method originates
from industrial waste generated by two steel industry com-
panies located in southwest of Colombia. This waste, see
Fig. 1(a-c), comprised mainly of iron oxide, underwent a
process of washing and then ground in a ball mill, resulting
in particle sizes on the micron scale. The samples received
are designated as Sample A and Sample B. Sample B con-
tains industrial rolling process oils as contaminants, posing
challenges for the recycling procedure. In addition, a quar-
tering process was carried out on both samples to ensure the
acquisition of representative and uniform samples in terms
of size and shape. Detailed information on this process can

be found in Ref [3]- supporting material, as reported by the
authors.

2.2 Sample washing

100 g of each sample underwent a cleaning procedure,
involving the addition of this amount to 500 mL of a com-
mercial solvent for 20 min with stirring. After the solvent is
removed, the process is repeated again. The samples were
subsequently cleaned twice in 400 mL of acetone for 20
min. Following that, the procedure was repeated twice more
using 500 mL of ethanol for 10 min each. Subsequently, the
excess solvent was removed, and the sample was dried at 60
°C for 24 h. Throughout the process, the washing procedure
was maintained with a constant stirring speed of 350 rpm.
The sample was ground using a ball mill (ratio 4:1 for 12
h) and sieved (mesh 270) to obtain a fine and homogeneous
powder (microparticles, MPs), as seen in Fig. 2(a). The MPs
called Sample Al and Sample B1 were characterized to
evaluate the washing process and determine their properties.

2.3 Fabrication of spherical microparticles and
sphericity measurements

Following the washing procedure, the iron oxide MSs (here
called as Sample A2 and Sample B2) are produced by intro-
ducing the cleaned microparticles into the flame reactor, as
depicted in Fig. 2(b). The MPs were processed by flame
spraying using an oxygen-propane coupled thermal spray
gun. After fabrication, magnetic MSs with a particle size of
less than 53 um were gathered and preserved for subsequent
characterization. The sieved microparticles and micro-
spheres were placed on an aluminum sample holder using
conductive carbon tape to be analyzed by scanning electron
microscopy. The samples morphology was analyzed. The
sphericity of the observed MSs was determined using Image
J software (not shown). Particles at the image peripheries
and those overlapping were excluded from quantification.

Sami)le B

Sample contaminfited with irtdustrial
oils and greases

Samples aft

Fig. 1 As received iron oxide lamination (a) Sample A, (b) Sample B, and (¢) Samples B after the washing process
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(a) Grinding and sieving
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(b) Powders spheroidization by flame processing
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Fig. 2 Schematic representation of the (a) grinding and sieving procedure, and (b) MS formation via flame processing

2.4 Sample characterization

The morphology and sphericity of the MPs and MSs were
obtained using a Phenom Pro X/Scanning electron micro-
scope (SEM). The phases and structure of the samples were
analyzed using a PANalytical X Pert Pro diffractometer in
a 20 angle range of 20—80 degrees (0.01° scan rate, 30 mA,
40 kV). The crystallite sizes (D) of the MSs were calculated
by the Debye-Scherrer’s equation, D =kA/f cos6, where k
is the shape factor (0.95-0.98), 4 is the X-ray wavelength
(~ 0.154 nm), p is the half-width of the diffraction peak
(FWHM) at 20, and 6 is the Bragg-diffraction angle (peak
position) [3, 4, 26]. Mossbauer spectra at room temperature
were recorded using a >’Co/Rh radioactive source of ~ 5
mCi. The spectra were fitted with the MOSFIT program
[27] and the isomeric shift (IS) were referred to a-Fe. The
functional groups present in the MS (prepared as KBr pel-
lets) were determined by infrared spectroscopy, model FTIR
6800 spectrometers from JASCO and using the SPECTRA
Manager Analysis software (Version 2). The measurements
were recorded at room temperature in the range 4000-350
cm . The FTIR spectra obtained were performed at a reso-
lution of 2 cm™!. The Raman spectra were acquired using
a confocal micro-Raman spectrometer, model NRS-4500
from Jasco, and diode laser with excitation wavelength of
785 nm. Here, the fluorescence processes are minimized
with the line at 785 nm and the laser spot size was 1 pm.
However, this small laser spot size produces higher energy,
potentially causing changes in the samples. These changes
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could manifest as a shift or broadening of vibrational bands,
or strong disturbance in the Raman fingerprint [28]. To pre-
vent sample modification during Raman measurements, the
laser power was adjusted to 2.7 mW for the experiments. A
Thermogravimetry-differential thermal analysis (TG-DTA,
TA Instrument) was used to determine the temperatures in
the thermal transition of the MSs, while a nitrogen (N,) gas
flow was used at a heating rate of 10 °C/min from room
temperature to 1300 °C for the analysis. This configuration
should allow accurate measurements of the thermal behavior
of the microspheres within the specified temperature range.
The field dependent magnetization (M-H curves) of MSs
was measured at room temperature using a superconduct-
ing quantum interference device (SQUID) with a Magnetic
Property Measurement System XL from Quantum Design
Inc. M-H curves were performed employing a maximum
applied field of 20 kOe in either direction.

3 Results and discussion

3.1 Analysis of precursor Raw materials (Sample A1
and sample B1)

3.1.1 Morphological, phase and structural studies
Figure 3 shows the morphological and structural study of

Sample Al and Sample B1 after the washing process. The
morphological study of each sample reveals a granulometry
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Fig. 3 SEM, XRD, and Méssbauer analysis of the precursor raw materials. (a-¢) Sample Al and (d-f) Sample B1. The experimental data in the
Mossbauer analysis is presented as open circles and the calculated fit as a line

Table 1 Mdssbauer parameters of fitted spectra of all the samples. of less than 53 pm. Nevertheless, it was observed that Sam-

Isomeric shift (IS), quadrupole shift (QS), hyperfine magnetic field le Al exhibits irrecular morphology compared to Sample

(BHF), and relative area (RA) of the line p L g P gy p X P
B1 which is more homogeneous, as shown in Figs. 3(a) and

Sample IS (mm/s) QS BHF RA Phase
(mm/s)  (kOe) (%) 3(d). In addition, for both samples the XRD patterns was
Sample Al  0.305 0.009 492 9.7  Magnetite carried out to determine the structure and phases presents.
A site Here, it was observed that three mixed phases of iron oxides
0.779 0.003 456 194 Magnetite coexist, which correspond to magnetite (Fe;O0,, ICOD
B site . 01-076-1849/ICOD 01-088-0315), hematite (a-Fe,0O;,
‘1)332 823; 493 62:2 xi‘iﬂzmte ICOD 01-087-116/1COD 01-084-0307) and wiistite (FeO,
Sample Bl 0279 0041 488 108 Magnetite I(?OD 00-001-1223/ICOD 01-84-0302), respectively (see
A site Figs. 3(b) and 3(e)). The structure of the samples was deter-
0.653 0.017 456 21.7  Magnetite mined using the X'Pert HighScore Plus software (V3.0,
B site database code 2021) provided by Malvern Panalytical. In
0.344 —0.016 509 10.1  Hematite addition, room-temperature Mdssbauer spectra were con-
0.918 0.641 0 574 Wistite ducted to confirm the phases present in the XRD for both
Sample A2 0.316 —0.136 484 208 Magnetite samples, see Figs. 3(c) and 3(f). The spectra of the samples
0,633 _0049 457 46 &Z;eme were fitted witb three sextets and one doublet. Two of the
B site sextets are attributed to the magnetite (Fe;O,) phase, one
0.293 —0015 496 347  Maghemite corresponding to tetrahedral sites (A site; Fe>") and the other
0.630 2.351 0 29  Fe*' to octahedral sites (B site; Fe** and Fe?") [29]. Another sex-
Sample B2 0.331 -0.176 482 19.9  Magnetite tet was associated with the Fe** ions in hematite (a-Fe,O;,
A site Sample B1), and with the Fe** ions in maghemite (y-Fe,O5,
0.665  -0.046 453 39.7  Magnetite Sample A1). For both samples, there is a doublet that can
286 _ooll 492 374 f/{:;emite be attributed to a non—stoicl'liom.etric wiistite (FeO) phgse
0.608 2340 0 30 Fett [30]. The results are summarized in Table 1. After analyzing

the composition, structure of the precursor materials A1 and
A2, our focus has now shifted solely to investigating the
final synthesized microspheres, A2 and B2.

@ Springer
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3.2 Analysis of microspheres materials (Sample A2
and sample B2)

3.2.1 Morphological, phase and structural analysis

Unlike the samples Al and Bl, the synthesized micro-
spheres A2 and B2 exhibit a homogeneous morphology.
Figures 4(a)—(f) show the typical SEM images of the syn-
thesized samples. The samples exhibit the formation of MSs
with average sizes around 45 um (Sample A2) and 60 um
(Sample B2), as shown in Figs. 4(b), (c), (e) and (f), and
histogram inset. Furthermore, in Figs. 4(c), (e), and (f) MSs
with superficial porosity, hollow, and with evident grains
with heterogeneous sizes can be observed. For each sam-
ple, the average size distributions of the microspheres were
determined by measuring the diameter of 400 particles,
ensuring a measurement confidence greater than 95%.

On the other hand, Figs. 5(g) and (h) show the XRD
patterns of the fabricated MSs, which were analyzed the
crystal structure and confirmed the presence of the magne-
tite, maghemite, or both mixed iron oxides similar to their
precursor materials. However, complementary analyses are
required to determine the phases present because the mag-
netite and maghemite present similar crystal structures and
lattice parameters. Furthermore, the results indicate that
both samples exhibit a magnetite structure. The patterns are
in good agreement with previously reported data, and no
other phases are observed [29, 31]. Given that both crystal-
lize in the same cubic structure, their respective diffracted
peaks exhibit similar characteristics, making it challenging
to distinguish between these oxides using XRD analysis.
Therefore, Mdssbauer measurements (vide infra) were car-
ried out to discern between the phases in the samples and
corroborate the Raman analysis.

From the X-ray patterns, the average crystallite size of
the fabricated microspheres was calculated using Debye-
Scherrer equation reported in the sample characterization
section. A crystallite size distribution ranging from 40 to
101 nm was observed with an average value of 77.5 and
59.9 nm for Sample A2 and Sample B2, respectively. These
results indicates that the MSs are composed with nanocrys-
tals with dimensions on the order of tens of nanometers.
Furthermore, it is noted that all XRD peaks exhibit sharp-
ness and intensity, indicative of high crystallinity within the
samples.

3.2.2 Mossbauer, FTIR and Raman spectral analysis

Room-temperature Mossbauer spectra of the synthesized
MSs are shown in Fig. 4(i) and (j). Each spectrum exhibits a
well-developed magnetic hyperfine splitting, which is char-
acteristic of bulk materials. Furthermore, it was noted from
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Fig. 4 (a)-(f) SEM, (g)-(h) XRD, and (i)-(j) Mossbauer analysis for}
Sample A2 and Sample B2. Inset in (a) and (d) histograms with the
particle size distribution of the MSs. The experimental data in the
Massbauer analysis is presented as open circles and the calculated fit
as a line

the spectral shape that the sample composition does not
consist of a single phase. Here, each spectrum is fitted con-
sidering three sextets and one doublet. Two of the sextets
can be attributed to the magnetite (Fe;O,) phase, one cor-
responding to tetrahedral sites (A site; Fe*") and the other
one is attributed to octahedral sites (B site; Fe?") [29, 32].
Another sextet is associated to maghemite (y-Fe,O5) phase,
while the doublet is attributed to Fe?* ions. The Mdssbauer
parameters determined from the spectrum fitting are sum-
marized in Table 1. It was also observed for the as-received
samples (Sample A1 (Figs. 3(c)) and Sample B1 (Figs. 3(f)))
the predominance of wiistite phase, followed by magnetite
(Fe;0,), and a small presence of hematite (a-Fe,05, 10.1%
in Sample B1) and maghemite (y-Fe,O;, 4.4% in Sample
Al). Regarding the magnetite (Fe;O,) phase, the relative
area in all fits indicates that site B has double the area of site
A, consistent with stoichiometric magnetite. This adjust-
ment was made to facilitate the accurate identification of the
other iron sites in the spectra.

The FTIR spectroscopic analysis of the Sample A2 and
Sample B2 revealed significant structural differences in
phase distribution and Fe—O bonding interactions, offer-
ing valuable insights into the oxidation states and crystal-
line structures of the iron oxides in both samples (Fig. 5).
In the fingerprint region of the spectrum, between 400 and
800 cm™!, characteristic bands were observed, which have
previously been linked to Fe—O stretching vibrations in the
tetrahedral and octahedral sites of the Fe;O, spinel structure
[33, 34]. The presence of these bands in both samples con-
firms that magnetite is the dominant phase. However, the
band at 684 cm™ also suggests a distortion in Fe—O bond
symmetry, implying partial transformation into maghemite
(v-Fe,05) [35].

Additionally, the infrared spectra reveal distinct struc-
tural differences between Sample A2 and Sample B2, par-
ticularly in the Fe—O bonding environment. A well-defined
absorption band at 566 cm™ (with a slight shift in sample
A?2) appears in both spectra, corresponding to Fe—O stretch-
ing vibrations in the spinel structure of Fe;0,. Furthermore,
the 376 cm™! band, consistent with previous studies on mag-
netite [34], confirms that Fe;Os remains the dominant phase
despite varying degrees of oxidation. However, Sample
A2 exhibits sharper and more intense bands at 463, 444,
and 411 cm™, characteristic of Fe—O vibrations within an
ordered spinel lattice. In contrast, sample B2 shows notice-
able attenuation and shifts in these bands, along with the
emergence of a new feature at 401 cm™. This spectral
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Fig.5 FTIR spectra of microspheres obtained by flame spheroidization
from industrial steel waste

evolution suggests a higher degree of oxidation in sample
B2, indicative of a more advanced transformation from
Fe;0, to y-Fe,0;, potentially involving intermediate phases
[36]. The observed spectral differences between samples A2
and B2 highlight the progressive structural rearrangement
of Fe—O bonds during oxidation, which could influence their
physicochemical properties and potential applications. Fur-
thermore, bands observed at 1386 cm™ and 1131 cm™!, more
prominent in sample B2, may be attributed to the adsorption
of functional groups on the microsphere surface. Addition-
ally, the intense absorption band typically associated with
the stretching vibration of the O-H group (not shown) is
absent in the spectra of both microspheres. This effect can
be attributed to the decomposition of the hydroxyl group
during the passage of the raw materials through the torch
[37, 38].

The Raman spectra of MSs are shown in Fig. 6(a).
Raman spectra confirm the structure belonging to magne-
tite; therefore, two principal vibrational modes are identified
in the wavenumber between 200 and 800 cm™', which corre-
spond to A, phonon mode at around 674 cm ™' (vs.) and E, .
phonon mode at 310 cm™ (vw), respectively. However, the
vibrational mode associated with the T,, phonon mode was
not observed. The different bands of the maghemite struc-
ture are not observed. However, it could be said that a weak
shoulder (ws) is observed around 710 cm™ and 720 cm™
which could be associated with the maghemite phase (Fig.
6(b) and 6(c)). In addition, a vibrational band at around 1330
cm! (see inset in Fig. 6(a)) which could be associated with
the hematite structure due to the energy from the laser or the
fabrication process [39]. In this regard, de Faria et al. [28]
previously reported discrepancies in the positions of Raman
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bands for certain iron oxides and oxyhydroxides, which may
closely resemble values expected from the hematite struc-
ture. They also noted that the temperature effect induced
by laser power could alter the Raman spectrum. Hence, the
significant increase in bandwidth they report is attributed
to local heating caused by the laser power (ranging from
0.7 to 7 mW), which enhances anharmonic interactions.
Moreover, they note that the vibrational mode at approxi-
mately 1322 cm™, attributed to a two-magnon dispersion of
hematite, is not a typical feature in a magnetite spectrum but
rather a contaminant found in the samples analyzed in prior
studies. Consequently, in our scenario, the vibrational mode
around 1330 cm ™! of hematite could be the result from local-
ized heating induced by the laser (see inset in Fig. 6(a)) [33].
Therefore, the magnetite phase would partly transform into
hematite with a laser power of 2.7 mW or higher. However,
the experiments performed by de Sousa et al. [28] show that
with a laser power less than 2 mW, the samples do not show
any change.

Figure 6(b) and 6(c) shows the deconvolution peaks of the
A, phonon mode. For both Sample A2 and Sample B2, the
A, phonon mode associated with the magnetite structure is
evident, also appearing as the most intense peak. Moreover,
for the Sample A2, two weak bands are observed at 694 and
703 cm!, while for Sample B2, only the band at 693 cm™!
is observed. However, these bands could be assignment to
maghemite forming a solid solution with magnetite [11, 29].
Furthermore, for Sample A2, the percentage of magnetite
is higher compared to the percentage of maghemite at 703
cm !, Instead, for Sample B2, the band is imperceptible.
These values are very close to those obtained with Mdss-
bauer spectroscopy (see Table 1) assuming that magnetite
and maghemite coexist in the MSs.

3.2.3 Thermal stability analysis

Thermal stability of the magnetic MSs, as determined by
the TG-DTA analyses, is shown in Fig. 6(d) and (e). The
thermograms show that it was possible to observe phase
changes when the temperature was raised above 200 and
500 °C. A schematic representation is shown in Fig. 6(f).
Here, TG-DTA analysis provides evidence of phase transi-
tions in the iron oxide materials at specific temperatures,
confirming that magnetite is stable below 300 °C, can coex-
ist with maghemite below 500 °C, and transforms to hema-
tite above 500 °C. These results confirm the crystallization
and phase transition of iron oxides are in agreement with
other studies [40], including Raman spectroscopy, and are
important for understanding the thermal behavior and sta-
bility of magnetic materials.
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Fig. 6 (a) Raman spectra of the MS, (b) and (¢) deconvolutions of the A, phonon mode, (d) and (e) thermal analysis for each sample, and (f)
schematic representation of the phase transformation. Inset in (a) peak assigned to a hematite two-magnon scattering

3.2.4 Magnetic studies

Figure 7(a) shows the room-temperature magnetization ver-
sus magnetic field (M—H) curves of the synthesized micro-
spheres for both Sample A2 and Sample B2. The hysteresis
loop indicates a ferrimagnetic behavior characteristic of the
magnetite and maghemite phases [41-43], with high satura-
tion magnetization (M) values of 84.81 (Sample A2) and
93.21 emu/g (Sample B2), and very low values of rema-
nent magnetization (M,) and coercive field (), as shown in

Fig. 7(b) and Table 2. Although the Mssbauer analysis do
not show significant difference in the relative concentration
of magnetite and maghemite between the samples, Sample
B2 presents a higher M, value, which is comparable to that
reported for bulk magnetite (typically 92—100 emu/g) [44,
45] and higher than those reported for magnetite nanopar-
ticles [44, 46]. The reduced M, observed in Sample A2
could arise from several factors, including: (i) overestima-
tion of the effective magnetic mass due to the presence of
non-magnetic phases undetected by Mossbauer analysis, (ii)

e D Springer
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Fig.7 (a) M-H curves for the fabricated MS at RT. A zoom of M-H curves is presented in (b). (¢) FC M-T curves of micro-spheres with increas-

ing temperature

Table 2 Magnetic parameters extracted from M-H curves

Sample H, (Oe) M, (emu/g) M, (emu/g)
Sample A2 —21.47(7) 1.60(8) 84.80(9)
Sample B2 —23.84(9) 1.60(8) 93.20(5)

structural imperfections, (iii) spin canting, or (v) variations
in the Fe**/Fe?" ratio, among others [47, 48].

The very low coercivity and remanence values observed
could be attributed to either superparamagnetic or very
soft ferrimagnetic behavior. Superparamagnetism typi-
cally occurs in magnetite nanoparticles/nanostructures with
diameters/crystallite sizes below ~30 nm [44, 46, 48-54].
Although superparamagnetic materials ideally exhibit zero
remanence and coercitivity, various experimental studies
have shown that magnetite nanoparticles and nanostructures
can display values similar to those observed here and still
retain superparamagnetic characteristics [46, 54]. However,
the crystallite size distribution derived from XRD for our
MSs ranges from 40 to 101 nm, which exceeds the typical
threshold for superparamagnetic behavior in magnetite and
maghemite (~40 nm [51]) nanoparticles. Moreover, very
low H, and M, values have also been reported in single-crys-
talline magnetite microparticles (1-40 pum) and thin films
[55], which are not superparamagnetic but rather exhibit
extremely soft magnetic behavior. Based on these consid-
erations, we conclude that the microspheres synthesized via
the flame method exhibit very soft ferrimagnetic character-
istics. Soft magnetic materials are generally used in trans-
formers, memory devices, and motors as they reduce energy
loss caused by heating during the continuous reversal of the
magnetic field in electrical applications. The smooth hyster-
esis curves signify that both samples have good mechanical
stability due to low residual strain and high homogeneity.

Figure 7(c) presents the field-cooled magnetization ver-
sus temperature (M-T) curves for the microspheres. Con-
sistent with the M—H results, Sample B2 displays higher
magnetization across the entire temperature range mea-
sured. Furthermore, a gradual decrease in magnetization
with increasing temperature is observed in both samples,

vvvvvvvvvvvvv

resembling the behavior found in magnetically interacting
assemblies of magnetite nanostructures [56, 57].

4 Conclusions

Microparticles of iron oxide were fabricated for the first
time via the flame method using ferric oxide waste from
industrial steel. The fabricated particles exhibit spherical
morphology (microspheres, MSs), with an average size dis-
tribution of 45 pm (Sample A2) and 60 um (Sample B2).
MSs are mostly composed of magnetite (majority phase)
and maghemite phases, which were confirmed using XRD,
vibrational (FTIR/Raman) spectroscopy and Mdssbauer
spectroscopy. MSs presented a very soft ferrimagnetic
behavior, with high saturation magnetization, similar to
bulk magnetite, and very low remanence and coercivity.
This magnetic behavior is required in daily life application
such as transformers, memory devices, and motors as they
reduce energy loss caused by heating during the continu-
ous reversal of the magnetic field in electrical applications.
Overall, this study outlines a pathway for converting waste
from the steel industry into eco-friendly materials with
promising applications in both industry and environmental
contexts.
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