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Abstract: High amounts of coal combustion products, such as fly ash and bottom ash, are generated
every year; however, only 64% are used, which means that a significant part is landfilled despite con-
taining valuable materials such as ferrospheres, which may be used as catalysts, substituting critical
raw materials (e.g., platinoids). In commercial coals, pyrite contents are reduced as a pre-combustion
S-emissions control measure, so low amounts of ferrospheres are expected in the respective ashes.
However, given the large amounts of ash being generated from these coals, it may provide a reliable
source of catalysts, with ferrospheres being easily recovered via magnetic separation. Several studies
have been conducted regarding these morphotypes; however, there is a lack of investigation con-
sidering the ash derived from highly beneficiated coals and the variations with location and time.
In this study, bottom ash, economizer grits, and fly ash samples from a Portuguese power plant
burning Colombian commercial coal were fractionated using ferrite (Fe-MC fraction) and Nd (Nd-MC
fraction) magnets, and a multi-technique approach was used to assess their properties (magnetic
parameters, particle size distribution, mineralogy, particle morphology, microtexture, and chemical
composition). The Fe-MC presented higher Fe concentrations (up to 44 wt.% Fe2O4) than the Nd-MC
(up to 7 wt.% Fe2O4). Once it was a sequential process, Nd magnets essentially collected Fe-bearing
aluminosilicate glass, and Fe-bearing minerals were residual when compared to the Fe-MC, where
magnetite, magnesioferrite, hematite, and maghemite accounted for up to 30 wt.%. Among the
Fe-MC, the sample collected from electrostatic precipitator fly ash (ESP FA), despite having a lower
yield, presented higher Fe concentrations than the ones from bottom ash and economizer grits, which
was related to the mode of occurrence of Fe-bearing phases: in the Fe-MC from ESP FA, discrete
ferrospheres predominated, while in the remaining Fe-bearing phases, they were often embedded in
aluminosilicate glass. All Fe-MC samples showed an increase of Fe-substituting elements (e.g., Mn
and Ni) and their concentration tended to increase with decreasing particle size along with Fe. The
integrated study of cross-sections enabled the identification of oxidation rims, martitization aspects,
and the co-existence of hematite and magnesioferrite.

Keywords: fly ash; bottom ash; ferrospheres; magnetic concentrates; optical microscopy; magnetic
susceptibility; isothermal remanent magnetization; X-ray diffraction; Mössbauer spectroscopy; Raman
microspectroscopy; scanning electron microscopy with energy dispersive spectroscopy

Minerals 2023, 13, 1055. https://doi.org/10.3390/min13081055 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min13081055
https://doi.org/10.3390/min13081055
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-1884-9390
https://orcid.org/0000-0003-2398-4869
https://orcid.org/0000-0002-0867-6529
https://orcid.org/0000-0001-6397-3713
https://orcid.org/0000-0002-1884-7440
https://orcid.org/0000-0002-6536-9875
https://orcid.org/0000-0001-6171-4099
https://orcid.org/0000-0002-1463-9126
https://doi.org/10.3390/min13081055
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13081055?type=check_update&version=2


Minerals 2023, 13, 1055 2 of 28

1. Introduction

Despite global warming concerns, coal remains an important source of energy in many
countries (e.g., China and India), and more than 1200 Mt/year of coal combustion products
(CCP) are generated, including two types of ash: fly ash (FA; 70–85%) and bottom ash (BA;
15–30%), with a global utilization rate of 64% ([1–3]). The ash has as main application in
construction industry, but there has been a growing interest on its use as secondary source
of metals (e.g., Ge, Ga, Al, REE), and carbonaceous (char) and Fe-rich materials ([4–10]).

Iron is a common non-critical element and its occurrence in coal ashes is associ-
ated with Fe-bearing minerals in coals, such as sulfides (e.g., pyrite—FeS2), sulphates
(e.g., jarosite—(Na,K)Fe3(SO4)2(OH)6), aluminosilicates (e.g., illite—(K,H3O)(Al,Mg,Fe)2-
(Si,Al)4O10[(OH)2,(H2O)), carbonates (e.g., siderite—FeCO3) and iron oxides [11–22], which
transforms into a variety of Fe-bearing minerals/phases (e.g., magnetite -Fe3O4, hematite
-Fe2O3, magnesioferrite -MgFe2O4, maghemite -Fe2O3, wüstite -FeO, and Ca and Ca–Mg
ferrite spinels; [23–30]) during coal combustion. These may be dispersed in aluminosilicate
glass or form ferrospheres, i.e., spherical particles (morphotypes), up to 300 µm, essen-
tially composed by micrometric Fe-bearing minerals and variable amounts of a glassy
aluminosilicate matrix [26,29,31,32].

Ferrospheres have been tested as potential substitute material for critical metals
(e.g., Pt) in catalytic reactions such as deep oxidation, oxidative coupling of methane and
4-nitrophenol reduction reaction (e.g., [33–39]). However, these reactions are influenced
by ferrospheres properties, such as elements incorporation in spinel structure, amount of
amorphous phase, Fe-crystals size, among others, being therefore their characterization
extremely important before its application [26].

The Fe-bearing morphotypes can be easily recovered from coal ashes as magnetic
concentrates (MC), usually yielding between 0.5 to 18.1 wt.%, with a Fe content ranging
from approximately 20 to 88% [23,24,27,29,40,41]. Narrower fractions of the MC with
stable composition and reproducible magnetic properties can be obtained via beneficia-
tion flow processes, which may include size-classification, hydrodynamics, and density
separation [9,35,36,42–47]. Ferrospheres are expected to occur in low amounts in ashes
derived from commercial coal since pyrite (main Fe-bearing mineral in coals) contents
are reduced as pre-combustion S-emissions control measure. However, given the high
amounts of ashes being generated from commercial coals large quantities of these materials
can easily be recovered consistently via magnetic separation. Several research have been
carried to characterize ferrospheres but they were mainly focused on ashes derived from
power plants burning local non-beneficiated coals, exhibiting high sulfur contents, and not
considering space-time variations (e.g., [30,46,48]).

To study the Fe-morphotypes properties as function of sample location and time, ashes
from a Colombian commercial burned under pulverized fuel conditions, were collected in
different locations (bottom ash, economizer grits and electrostatic precipitator), and their
magnetic and paramagnetic fractions recovered using Fe- and a Nd-magnets in sequence.
These were then characterized using a multi-technique approach to assess particle size dis-
tribution (sieving), morphology and microtexture (scanning electron microscopy with energy
dispersive X-ray spectroscopy—SEM/EDS), chemical composition (X-ray fluorescence—XRF,
and inductively coupled plasma mass spectrometry—ICP-MS) magnetic parameters (mag-
netic susceptibility and isothermal remanent magnetization—IRM) and mineralogy and iron
oxidation state (X-ray diffraction, Raman microspectroscopy and Mössbauer spectroscopy) in
order to assess relevant characteristics for further potential applications.

2. Materials and Methods
2.1. Samples

The coal combustion ashes were provided by a Portuguese pulverized-coal thermo-
electric power plant that burns low-sulfur Colombian commercial coals [49]. Proximate
analysis, gross calorific value, and mineralogy of feed coals from the corresponding sam-
pling campaigns (S1 and S4) previously published in [49] are summarized in Table 1.
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Table 1. Proximate and ultimate analyses (wt.%), gross calorific values (GCV, MJ/Kg), and mineralogy
of feed coals.

S1-C S4-C1 S4-C2

Proximate analysis
Ad 3.28 10.1 9.01
Vdaf 39.82 41.7 40.44

Ultimate analysis
Sd 0.52 0.73 0.72
Cdaf 80.34 78.53 80.3
Hdaf 6.2 6.07 6.08
Ndaf 1.64 1.6 1.57
Odaf 11.28 12.98 11.25

GCVd 29.19 29.66 29.78
Mineralogy

Quartz 31 38.7 n.d.
Albite 0.6 0.7 n.d.
Hornblende 0.8 0.4 n.d.
Muscovite 4 8.4 n.d.
Illite 4.2 7.9 n.d.
Kaolinite 45.5 25.6 n.d.
Montmorillonite 0.3 0 n.d.
Chlorite 0.3 0.3 n.d.
Anatase 0.3 0.7 n.d.
Boehmite 0.2 0.1 n.d.
Calcite 0 0 n.d.
Siderite 0.3 0 n.d.
Bassanite 0.7 1.2 n.d.
Gypsum 3.4 3.5 n.d.
Hexahydrite 2.3 4.2 n.d.
Jarosite 1.1 2.3 n.d.
Alunogen 3.3 4 n.d.
Tschermigite 0 0 n.d.
Apatite 0.6 0.5 n.d.
Pyrite 1.2 1.7 n.d.

SX-C, coal sample (C) corresponding to the X sampling campaign; M, moisture; A, ash yield; V, volatile matter;
daf, dry-ash-free basis; GCV, gross calorific value; n.d.—not determined.

The magnetic concentrates (MC) were recovered via wet magnetic separation accord-
ing to the method described in [49] from six ash samples: 2 bottom ashes (BA), 2 economizer
(ECO) grits, and 2 fly ashes (FA) from the electrostatic precipitator (ESP). Each group of three
samples (BA, ECO, and ESP) corresponds to a different sampling campaign (S1 and S4)
collected one year apart (details can be found in [49]). In the samples from campaign S1, a
sequential separation was carried out using two different magnets: a ferrite (Fe) magnet to
collect ferromagnetic particles and a neodymium (Nd) magnet to recover paramagnetic
particles and Fe-poor morphotypes. The MC obtained from the referred sequential pro-
cess were later dry sieved (same methodology as used by [49]) to obtain subsamples for
chemical analysis.

2.2. Analytical Methodologies
2.2.1. Chemical Analysis

The determination of LOI, major oxide and trace elements was carried out at Bureau
Veritas Minerals, Vancouver, Canada (an Accredited laboratory by ISO/IEC 17025, 2017,
using Inhouse Certified Reference Material or, in its absence, samples certified against inter-
nationally certified reference materials such as CANMET and USGS standards). The LOI
was determined by roasting at 1000 ◦C. For major and minor oxide determination via X-ray
fluorescence (XRF), the samples were prepared as fused glass discs by lithium borate fusion
(XF702). The minor and trace elements were analyzed via Inductively coupled plasma
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mass spectrometry (ICP-MS), and samples were prepared using a multi-acid digestion
method (MA200).

2.2.2. X-ray Diffraction (XRD)

The identification of the mineral phases and quantification of the amorphous phase
were carried out by XRD in the School of Biological, Earth, and Environmental Sciences—
University of South Wales (Australia).

The samples were analyzed using a Panalytical Empyrean X-ray diffractometer (Malvern
Panalytical, Worcestershire, UK), using cobalt K-alpha radiation at tube settings of 45 kV
and 40 mA. The acquisition was made over an angular range of 3◦ 2θ to 80◦ 2θ at a step
interval of 0.013◦ 2θ for a scan time of 45 min. Before quantification, the phases were identi-
fied using Panalytical High Score Plus in conjunction with the ICCD pattern diffraction
database. The quantitative analyses were performed using Siroquant™ (Sietronics Pty. Ltd.,
Canberra, Australia), a least squares full pattern matching Rietveld procedure developed
by CSIRO [50]. Siroquant presents the advantage of using “observed HKL files” to analyze
poorly crystalline phases and determine amorphous content. In this study, a calculated
pattern of metakaolinite was used to determine the amorphous content in the ash samples.

2.2.3. Magnetic Susceptibility and Isothermal Remanent Magnetization (IRM)

The nature and concentration of the magnetic particles contained in the ash samples
selected to obtain the magnetic concentrates were characterized based on the measurement
of mass-specific magnetic susceptibility (χ) and the acquisition of Isothermal Remanent
Magnetization (IRM) curve. Powered samples were placed into 8 cm3 plastic boxes. Mag-
netic susceptibility was measured using a KLY-4S Kappabridge instrument in the Institute
of Earth Sciences—Porto Pole, FCUP, University of Porto (Portugal). At least three suscepti-
bility measurements of each sample were taken, and the average value was calculated. The
mean value of the magnetic susceptibility was then divided by the mass and expressed in
mass-specific magnetic susceptibility, χ, in m3/kg.

IRM curves were acquired in the laboratory of paleomagnetism of the Department of
Earth Sciences, University of Coimbra (Portugal). Stepwise IRM (typically 30 steps) was
acquired up to 1 T with an impulse magnetizer (model IM-30; ASC Scientific, Narragansett,
RI, USA), and the remanence was measured with a Minispin magnetometer (Molspin
Ltd., Oxfordshire, UK). IRM acquisition curves were unmixed into several components
based on cumulative log-Gaussian (CLG) functions with the software of [51] or on skewed
generalized (log) Gaussian functions (SGG) with the MaxUnMix program [52] to isolate
the contributions of magnetite and hematite (denoted here as SIRM of component 1 and
component 2, respectively). The S-ratio parameter (S ratio = −IRM − 300mT/IRM1T)
was used to assess the relative contribution of low versus high coercivity ferromagnetic
minerals [53–55]. A S-ratio close to unity indicates that the remanence is dominated
by magnetite-like structures, whereas in samples dominated by high coercivity particles
(ex. Hematite), the S-ratio tends to 0 [56].

2.2.4. Mössbauer Spectroscopy

Mössbauer spectroscopy was used to investigate the Fe oxidation degree and the Fe-
bearing phases present in the magnetic concentrates. The analyses were carried out at the
Center of Nuclear Sciences and Technologies at the Instituto Superior Técnico (University
of Lisbon, Portugal). The spectra were collected in transmission mode using a conventional
constant-acceleration spectrometer and a 25 mCi 57Co source in a Rh matrix. The velocity
scale was calibrated using α-Fe foil. Isomer shifts (IS) are given relative to this standard.
The absorbers were obtained by packing the powdered samples into Perspex holders. The
absorber thickness was calculated based on the corresponding electronic mass-absorption
coefficients for the 14.4 keV radiation [57]. The spectra were fitted to Lorentzian lines using
a non-linear least-squares method [58].
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2.2.5. Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS)

The analysis of SEM/EDS was carried out at the Materials Centre of the University
of Porto, Portugal (CEMUP). An FEI Quanta 400 FEGESEM/EDAX Genesis X4M was
operated at 15 kV in high vacuum mode with a manual aperture and an instrument-specific
4.5 beam spot-size setting [49]. The backscattered electron (BSE) mode was mainly used for
detailed imaging of the inorganic phase morphology/texture and its identification since it
is highly sensitive to changes in atomic number, and where necessary, X-ray microanalysis
(EDS) was made for semiquantitative chemical analysis.

2.2.6. Optical Microscopy

Petrographic analysis analyses were made on polished blocks with randomly oriented
particles prepared following the standard procedures of ISO 7404-2 (2009) using a Mi-
croscope Leica DM4500P (Leica Microsystems GmbH, Wetzlar, Germany) equipped with
a ×50 oil objective (combined magnification of ×500), controlled by the software Fossil
(Hilgers Technisches Büro, Königswinter, Germany).

2.2.7. Raman Microspectroscopy

The Raman microspectroscopy analyzes were performed using a LabRaman spectrom-
eter (Jobin–Yvon, Horiba Scientific, Kyoto, Japan) equipped with a CCD camera and a
He–Ne laser at an excitation wavelength of 632.8 nm. An optical microscope from Olympus
(Shinjuku, Tokyo, Japan) with a ×100 objective lens (NA = 0.95) was used to focus the laser
beam onto the sample surface and collect the scattered radiation. A neutral density filter
was used to reduce the power of the laser by 75% to avoid laser-induced transformation of
the Fe-bearing phases. Scans from 100 cm−1 to 1000 cm−1 were performed on the particle
surface. The acquisition time and respective accumulations were individually adjusted to
acquire an optimized spectrum at spectral resolutions near 1 cm−1.

3. Results and Discussion
3.1. Magnetic Parameters

Mass-specific magnetic susceptibility (χ) results from the relative contribution of the
magnetic susceptibilities of all the constituent minerals. Ferromagnetic minerals, such as
magnetite, have a major contribution to the bulk susceptibility due to their strong intrinsic
magnetic susceptibility compared to paramagnetic and diamagnetic minerals, e.g., clay
and quartz (e.g., [53,54,59,60]).

Magnetic susceptibility ranges from 834.79 × 10−8 m3/kg to 2375.18 × 10−8 m3/kg
and the average values decrease as follows: ECO (2200.06 × 10−8 m3/kg) > ESP FA
(1245.43 × 10−8 m3/kg) > BA (853.79× 10−8 m3/kg) (Table 2). The values obtained are
within the range formerly reported for coal combustion ashes [41,61,62]. Veneva et al., (2004)
noted differences in the magnetic susceptibility of ash with sampling locations (mechanical
collectors vs. electrostatic precipitators) and attributed them to differences in combustion
technologies, which is not the case in the current research. Although no significant linear
correlations were found between magnetic susceptibility and ferromagnetic mineral content,
bulk ECO grits had higher contents of ferromagnetic minerals [49], explaining the observed
higher magnetic susceptibilities.

Examples of isothermal remanent magnetization (IRM) curves and their respective
analysis using the CLG and SGG functions are shown in Figure 1 and Table 2. IRM
depends on the relative concentrations of low-coercivity minerals (e.g., magnetite) vs. high-
coercivity minerals (e.g., hematite), and its deconvolution can provide information about
the contributions of the different components to the total remanence [51,55].
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Table 2. Magnetic susceptibility, χ and Isothermal remanent magnetization (IRM) parameters ob-
tained from IRM curve deconvolution.

X
(×10−8

m3/kg)
Method S Ratio

Component

1 2

SIRM
(A/m)

B1/2
(mT) DP Cont.

(%) S SIRM
(A/m)

B1/2
(mT) DP Cont.

(%) S

S1

BA 872.79
CLG 0.943 146,000 36 0.32 96 n.a. 6000 501 0.28 4 n.a.

Max UnMix n.a. n.a. 37 0.33 97 1.09 n.a. 578 0.21 3 1.11

ECO 2375.18
CLG 0.921 227,000 40 0.31 94 n.a. 15,000 562 0.30 6 n.a.

Max UnMix n.a. n.a. 40 0.31 95 0.99 n.a. 573 0.27 5 0.77

ESP12 1164.99
CLG 0.923 114,000 46 0.29 94 n.a. 7000 562 0.30 6 n.a.

Max UnMix n.a. n.a. 44 0.30 93 0.87 n.a. 527 0.57 7 1.09

S4

BA 834.79
CLG 0.925 133,000 34 0.33 93 n.a. 9500 355 0.30 7 n.a.

Max UnMix n.a. n.a. 35 0.35 95 1.11 n.a. 460 0.28 5 0.92

ECO 2024.94
CLG 0.909 176,000 47 0.31 92 n.a. 15,000 562 0.29 8 n.a.

Max UnMix n.a. n.a. 47 0.32 94 0.97 n.a. 632 0.25 6 1.14

ESP12 1325.87
CLG 0.944 145,500 49 0.28 96 n.a. 6000 562 0.28 4 n.a.

Max UnMix n.a. n.a. 48 0.29 96 0.85 n.a. 422 0.22 4 0.94

BA; bottom ash; ECO, economizer grits; ESP, electrostatic precipitator; S-ratio (I’-IRM-0.3T/IRM1T); SIRM,
saturation of isothermal remanent magnetization; B1/2, field at which half of the SIRM was reached; DP, dispersion
parameter; S, skewness; n.a.—not attributed value.
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The value at saturation (SIRM) provides information about the relative concentration of
the different magnetic populations, whereas B1/2 and DP represent the mean coercivity and
the dispersion parameter, respectively. After unmixing, all samples show the contribution
of two magnetic components (Figure 1). Because most of the coercivity distributions are
skewed, we opted to unmix the IRM curves using the SGG function of the MaxUnmix
software. Component 1 is a low coercive phase with B1/2 in the range 36–49 mT, typical of
magnetite/maghemite [63], while component 2 corresponds to a high coercive phase with
B1/2 355–562 mT, interpreted to be hematite [51,64]. Component 1 contributes to 92–96% of
the total remanence in all samples (Table 2, Figure 1). DP varies from 0.29 to 0.33, indicating
moderate variability in the physical and chemical parameters affecting microcoercivity [63].
The presence of magnetite and hematite is corroborated by the mineralogical composition
determined by XRD [49]. The S-ratio close to 1 (Table 2) indicates a predominance of
low coercivity magnetic phases such as magnetite and maghemite [56]; however, the lack
of saturation at the field applied indicates the presence of high coercive phases such as
hematite and goethite.

3.2. Yield and Particle-Size Distribution

The yields using the Fe magnet ranged between 4.5 and 13.1 wt.%, while those using
the Nd magnet ranged between 8.9 and 53.4 wt.% (Table 6). In both cases, the highest yields
were obtained for the economizer grits, although this does not linearly correlate with the
Fe2O3 content in bulk ash (Table 6).

Sieving results show substantial differences in the particle-size distribution of the MC
related to the type of sample and the type of magnet used. In general, the MC collected
from the BA is significantly coarser than the ones collected from ECO and ESP (Figure 2),
mirroring the coarser nature of BA bulk ash [49]. The Nd-MC from BA and ECO are
coarser than the corresponding Fe-MC, with the fraction > 150 µm representing 60.3 wt.%
and 28.5 wt.%, respectively (Figure 2). The detailed imaging analysis of the referred MC
(Figure 3A–D) shows a greater occurrence of particles with dimensions > 1 mm, which
are mainly agglomerates, corroborating the differences found by sieving. Furthermore, in
the Fe-MC, agglomerates are more often observed in BA than ECO, where discrete Fe-rich
morphotypes such as ferrospheres are more common (Figure 3A,C). On the other hand, the
particle size distribution of the MC collected from the ESP FA samples studied is similar,
with more than 40 wt.% of the particles being <25 µm in size (Figure 2), which agrees with
reported data [23,29,32].
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Figure 3. Detailed imaging of magnetic concentrates collected from S1–BA (A,B) and S1–ECO (C,D)
(BSE mode): magnetic concentrates collected with ferrite magnets (A,C) present a finer grain size
than those collected with neodymium magnets (C,D), where agglomerates, agl, larger than 1 mm are
frequent. The MC collected from BA (A,B) is coarser than the MC from ECO FA (C,D).

Given the coarser nature of MC from BA, it was decided to sieve the fraction > 150 µm
(sieves 4, 2, 1, and 0.5 mm) and select representative size-fractions for chemical characterization.

3.3. Mineralogy and Iron Oxidation State

The minerals and phases present in the MC were assessed using XRD and Mössbauer
spectroscopy, and the results are listed in Tables 3–5.

Table 3. XRD results for MC collected from S1 ash samples (wt.%).

S1–BA S1–ECO S1–ESP-12

Bulk * Fe Nd Bulk * Fe Nd Bulk * Fe Nd

Quartz (SiO2) 11.5 17.4 18.1 24.8 11.2 29.6 12.5 5.5 11.4
Cristobalite (SiO2) 0.3 0.1 0.1 0.1 0.2 0.1 0 0 0.1
Mullite (Al6Si2O13) 6.6 14.2 13.2 8.3 7.6 11.4 4.7 6.2 5.4
Cordierite (Mg2Al4Si5O18) 0.2 0.3 0.1 0.1 0.2 0.2 0.2 0.1 0
Albite (NaAlSi3O8) 0 1.3 1.6 1.4 1.4 0.9 0.9 2.4 2.0
Diopside ((Ca,Mg,Fe)2Si2O6)) 0.1 0.9 0.3 0.7 3.9 0.9 0.8 5.5 0
Calcium aluminate (Ca3Al2O6) 0 0.5 0.2 0.5 0.2 0.0 0.1 0 0.3
Rutile (TiO2) 0 0.7 0.3 0.5 0.8 0.3 0.3 0.4 0.5
Hematite (Fe2O3) 0.7 2.0 0.5 0.6 5.0 0.6 0.7 5.1 0.7
Maghemite (Fe2O3) 0.9 2.3 0.7 1.2 0 0.6 0.2 1.9 0.8
Magnetite (Fe3O4) 0 4.4 0.8 2.0 8.6 0.4 0.9 19.9 0.7
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Table 3. Cont.

S1–BA S1–ECO S1–ESP-12

Bulk * Fe Nd Bulk * Fe Nd Bulk * Fe Nd

Magnesioferrite (MgFe2O4) 0 0.8 0 0.2 8.3 0 0.4 5.5 0
Hercynite (FeAl2O4) 0 0.7 0.2 0.4 0.7 0 0 0 0.4
Calcite (CaCO3) 0 0.2 0.1 0.1 0.7 0.2 0.1 0.7 0.6
Gypsum (CaSO4·2H2O) 1.4 0.2 0.5 0.4 0.6 0 0.3 0.5 0.1
Anhydrite (CaSO4) 0 0 0 0.1 0 0 0.1 0.2 0.1
Amorphous 78.3 54.1 63.4 58.5 50.8 54.9 78.0 46.2 77.1

* Data published in [49]; S1, sampling campaign 1; BA, Bottom ash; ECO, Economizer grits; ESP-12, fly ash from
the first row (bin 12) of the electrostatic precipitator.

Table 4. Mössbauer results for MC collected from S1 ash samples (wt.%).

Fe-MC Fe Species IS, mm/s QS, ε, mm/s Bhf, Tesla I

S1–BA

Fe2.5+ magnetite 0.65 0 44.2 15%
Fe3+ magnetite + maghemite 0.33 0.06 47.5 35%

Fe3+ hematite 0.37 −0.2 50.6 23%
Fe3+ aluminosilicate phases 0.41 0.87 - 21%
Fe2+ aluminosilicate phases 0.94 2.38 - 6%

S1–ECO

Fe2.5+ magnetite 0.65 −0.02 45.5 26%
Fe3+ magnetite + maghemite 0.31 0.04 48.5 44%

Fe3+ hematite 0.37 −0.2 50 15%
Fe3+ aluminosilicate phases 0.41 0.91 - 12%
Fe2+ aluminosilicate phases 0.94 2.42 - 3%

S1–ESP12

Fe2.5+ magnetite 0.65 0 45.3 23%
Fe3+ magnetite + maghemite 0.31 0 48.6 49%

Fe3+ hematite 0.37 −0.2 50.4 17%
Fe3+ aluminosilicate phases 0.49 0.93 - 8%
Fe2+ aluminosilicate phases 0.95 2.56 - 3%

S4–BA

Fe2.5+ magnetite 0.65 −0.03 45.5 29%
Fe3+ magnetite + maghemite 0.3 −0.03 48.5 31%

Fe3+ hematite 0.37 −0.2 51.9 16%
Fe3+ aluminosilicate phases 0.41 0.87 - 20%
Fe2+ aluminosilicate phases 0.96 2.47 - 4%

S4–ECO

Fe2.5+ magnetite 0.63 −0.05 46.3 39%
Fe3+ magnetite + maghemite 0.3 −0.01 49.6 35%

Fe3+ hematite 0.38 −0.2 52.4 10%
Fe3+ aluminosilicate phases 0.42 0.88 - 13%
Fe2+ aluminosilicate phases 0.99 2.44 - 3%

S4–ESP12

Fe2.5+ magnetite 0.62 −0.04 45.8 43%
Fe3+ magnetite + maghemite 0.3 −0.01 49.2 37%

Fe3+ hematite 0.38 −0.19 50.4 9%
Fe3+ aluminosilicate phases 0.42 0.95 - 10%
Fe2+ aluminosilicate phases 0.99 2.61 - 1%

IS (mm/s) isomer shift relative to metallic a-Fe at 295 K; QS (mm/s) quadrupole splitting; and ε (mm/s)
quadrupole shift estimated for quadrupole doublets and magnetic sextets, respectively. Bhf (tesla) magnetic
hyperfine field; I relative area. Estimated errors 0.02 mm/s for IS, QS, ε, <0.2 T for Bhf, and <2% for I.

Table 5. Parameters calculated from the relative areas estimated from the Mössbauer spectra of Fe-MC.

S1–BA S1–ECO S1–ESP12 S4–BA S4–ECO S4–ESP12

Fe fraction in Fe oxides (MgFe2O4
included when present) 73% 85% 89% 76% 84% 89%

Fe3+/total Fe 86.5% 84% 85.5% 81.5% 77.5% 77.5%
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All MCs are mainly composed of an amorphous phase (46.2–77.1 wt.%, Table 3), and
Nd-MC have on average 15 wt.% more amorphous than Fe-MC (Table 3). The amorphous
phase is mainly attributed to the aluminosilicate glass but also includes char. The param-
eters obtained from Mössbauer spectra confirm that some iron is found associated with
aluminosilicate glass in the form of Fe2+ and Fe3+ (Table 4), in agreement with what was pre-
viously verified using SEM/EDS and corroborating other authors’ work [26,30,41,65–67].

The main crystalline phases (>10 wt.% avg.) composing Fe-MC are quartz (5.5–17.4 wt.%),
magnetite (4.4–19.9 wt.%), and mullite (6.2–14.2 wt.%), while minor phases (1–10 wt.% avg.)
comprise magnesioferrite (0.8–8.3 wt.%), hematite (2.0–1 wt.%), diopside (0.9–5.5 wt.%), al-
bite (1.3–2.4 wt.%), and maghemite (up to 2.3 wt.%) (Table 3). Accessory minerals (<1 wt.%)
include rutile, hercynite, calcite, gypsum, calcium aluminate, cordierite, anhydrite, and
cristobalite. The association of non-magnetic minerals/phases in the MC was previously
reported, and it was generally assigned to intrinsic features of the material, i.e., Fe-oxide
crystallization on an aluminosilicate matrix and intimate association between different par-
ticles [23,24,26,29,30,41,68]. However, the power station’s particulate filtration equipment
also plays a role in the distribution of these phases. For example, magnesioferrite occurs in
higher amounts in the MC recovered from ECO FA, 8.3 wt.%, which may be due to larger
size and higher density particles being mostly captured at this intermediate point.

In the Nd-MC, quartz (11.4–29.6 wt.%) and mullite (5.4–13.2 wt.%) are the major
crystalline phases, followed by albite (0.9–2.0 wt.%) (Table 3), while magnesioferrite is
absent and the remaining Fe-crystalline phases detected occur below 1 wt.%.

Overall, the predominant Fe-bearing minerals in Fe-MC are magnetite, hematite,
and magnesioferrite (Table 3), which are in agreement with previous works (e.g., [29]).
These phases derive from the thermochemical conversion of Fe-bearing minerals present
in feed coals (e.g., pyrite, siderite, and illite; [44]) during combustion producing melts
of complex composition (FeO-SiO2-Al2O3-CaO-MgO) that will subsequently cool and
crystallize [34,67,69]. During the cooling of the molten particles, the oxidation potential
increases, and Fe2+ partially oxidizes to Fe3+ leading to the precipitation of magnetite or a
mixture of magnetite and hematite [26], as observed in the studied MC. Magnesioferrite is
the highest temperature mineral in the magnetite spinel series, and its occurrence suggests
the involvement of other minerals rather than pyrite since Mg tends to be associated with
silicates or dolomite in coal [26,68].

Mössbauer spectra of the Fe-MC are shown in Figure 3. Three sextets are necessary to
fit the outer peaks of the spectra, which is particularly clear in the spectra from ECO and
FA Fe-MC (Figure 4). The estimated parameters (Table 4) are typical of Fe3+ in hematite,
magnetite/maghemite and Fe2.5+ on the octahedral sites of magnetite [70,71]. The sextet
attributed to Fe3+ in magnetite/maghemite results from the contribution of Fe3+ in mag-
netite phases with different oxidation degrees that may reach almost complete oxidation,
corresponding to maghemite. It should be noted that Fe in MgFe2O4 detected by XRD
(Table 3) has hyperfine parameters very similar to those of Fe3+ in magnetite, maghemite,
or hematite [70–72]. Therefore, when present, the MgFe2O4 spectrum is not resolved from
those of the binary Fe oxides.

The remaining resonant absorption may be fitted with two doublets, which represent
the average spectra of Fe3+ and Fe2+ in paramagnetic phases. Considering the phases
detected by XRD, Fe3+ is present in aluminosilicates, Fe2+ in silicates, and hercynite [73].
Both Fe3+ and Fe2+ are also present in the Fe-containing silicate glasses, as observed
by SEM/EDS [49,74,75]. The asymmetry of the Fe3+ doublet is typical of distributions
of quadrupole splittings in amorphous phases [74,75]. The composition of the Fe-MC
deduced from the present Mössbauer data is comparable with other examples reported in
the literature [30,66,76,77].

Assuming that the recoil free fractions are similar for all the Fe species in these
samples [74], the relative areas of the doublets and sextets fitted to the spectra are a good
approximation of the fraction of Fe atoms contributing to them. The Fe3+/total Fe ratios
for each sample (Table 5) are calculated considering that half of the Fe cations giving rise
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to the Fe2.5+ sextet of magnetite are in the 3+ oxidation state and the other half in the 2+
oxidation state.
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Figure 4. Mössbauer spectra of magnetic concentrates collected with a ferrite magnet. The lines
over the experimental points are the sum of sextets and doublets (shown slightly shifted for clarity)
corresponding to Fe atoms on different sites and in different phases. The estimated parameters for
these sextets and doublets are collected in Table 4.

The Fe-MC from campaign S1 has a higher content of hematite (Table 4) and a higher
Fe3+/total Fe ratio (Table 5) than the samples from campaign S4. In Fe-MC from both
sampling campaigns, the fraction of Fe in magnetically ordered oxides increased along
the series BA < ECO < ESP12, corroborating the XRD results obtained for Fe-MC from S1
(Table 3).

3.4. Occurrence, Morphology and Microtexture

The SEM/EDS was employed to obtain detailed imaging of powder MC samples
to assess Fe-bearing phases’ modes of occurrence (i.e., spatial relations), morphology,
and microtexture.

In magnetic concentrates collected from BA and ECO FA, the Fe-bearing phases
are often found embedded in agglomerates, especially in the coarser fractions (>150 µm;
Figure 4). The occurrence of agglomerates in coal combustion ash has been reported
previously [78–82]. These are essentially composed of micrometric particles with variable
composition bonded either directly to each other (interrupted coalescence) or through an
aluminosilicate matrix (weld pool) [78,82]. Hence, Fe-bearing phases in MC from BA and
ECO are found bonded to other particles (Figure 5A,B), as crystalline phases within an
amorphous matrix (Figure 5C,D) and as discrete Fe-bearing morphotypes embedded in the
aluminosilicate matrix (Figure 5E). The aluminosilicate glass matrix itself contains variable
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amounts of iron, as confirmed by EDS spectra (Figure 5), which was also observed in the
bulk ash samples [49] and agrees with Mössbauer’s results (Table 4).
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Figure 5. Fe-bearing phases in magnetic concentrates (SEM/EDS, BSE mode): (A) ferrosphere bonded
to quartz particle with molten surface (×3000); (B) ferrosphere bonded to aluminosilicate in an ag-
glomerate (×3000); (C) aluminosilicate agglomerate with Fe-crystallites (×1000); (D) magnification of
dashed square in (C) and respective EDS spectra of the iron-rich phase: Fe-crystallites; (E) ferrosphere
embedded in aluminosilicate glass; (F–H) EDS corresponding to EDS Z locations marked in (E).
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Most of the Fe-morphotypes in FA MC and finer fractions of ECO and BA MC occur
as spherical particles, close to ideal spheres, with sizes ranging from a few micrometers
up to 100 µm and containing variable amounts of glass matrix (Figure 6). A wide range
of microtextures are observed and can frequently be directly attributed to the spinel crys-
tal facets [26]. That is the case of the sphere shown in Figure 6A, where the octahedral
crystals have the appearance of triangles. Skeletal and dendritic (Figure 6B) are the most
common microtextures in the studied MC. These microtextures, along with the predomi-
nance of Fe in the EDS spectra (Figure 6A,B), are distinctive features of the morphotypes
designated as ferrospheres [26,28,31,48]. Therefore, it can be assumed that they are pre-
dominant in the studied MC. Nevertheless, monoblock spheres consisting of large crystals
without an evident glass matrix (Figure 6C) and blocklike structures exhibiting regular
polygons embedded in an aluminosilicate matrix (Figure 6D) are also observed. Molten
drops (Figure 6E), mixed microtextures (Figure 6F), solid shells (no aluminosilicate glass
matrix, Figure 6G), and fragments (Figure 6H) are less frequently observed. No partially
decomposed material or relics (e.g., pyrite) were observed in opposition to what have been
reported for ashes derived from non-benefited coals, e.g., fly ashes derived from Indian
coals studied by [48].

The Fe-bearing morphotypes’ internal and external structure have been related by
some researchers to the formation conditions, namely furnace design, coal composition,
temperature, and cooling conditions [83,84]. Sokol et al. (2002) attributed skeletal and
dentritic microtextures to the crystallization under drastic supercooling and related the high
catalytic activity of these morphotypes to the high-index facets formed during the process,
which are absent in slow-forming natural crystals. However, recent systematic research
conducted in narrow fractions of magnetic concentrates correlating major elements and
specific microtextures through SEM/EDS analysis suggests that specific minerals may act
as precursors of the studied microtextures; e.g., illite is the precursor of skeletal-dendritic
microtextures [42,43,46].

The MC collected with the Nd magnet is significantly different from the Fe-MC as
aluminosilicate glass is the predominant phase, and the Fe-bearing phases are mostly
associated with agglomerates while Fe-discrete particles are scarce. This is because the
iron-rich particles were previously collected by the ferrite magnet, and the final stage with
the neodymium magnet mainly collects paramagnetic particles, Fe-poor glass, and glass
agglomerates with ferrospheres attached (Figure 5).

3.5. Chemical Composition

The chemical composition of the magnetic concentrates (MC) and respective size
fractions obtained by dry sieving is listed in Table 6 and Table S1 (bulk ashes added for
comparison purposes).

The Fe-MC presents a Fe-rich (14.87 to 44.16 wt.% Fe2O3) aluminosilicate composition
(SiO2 plus Al2O3 in the range 45.67–76.59 wt.%), agreeing with the previous reported
data (e.g., [29,41]), enriched in MnO, CaO, MgO, Na2O, and P2O5 comparatively to the
respective tailings (Figure 7A). The enrichment factors (EF) of MnO are the closest to the
ones found for Fe2O3 (Figure 7A), which is most likely related to Mn’s ability to substitute
for Fe in the spinel structure (e.g., [85]). The average Fe2O3 content among the Fe-MC
decreases as follows: ESP12 (43.07 wt.%) > ECO (35.43 wt.%) > BA (15.88 wt.%). This is
related to the mode of occurrence of the Fe-bearing morphotypes as assessed by SEM/EDS
(Section 3.2).
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Table 6. Yield, major and minor oxides, and loss on ignition (LOI) of the bulk ash, magnetic concen-
trates (MC), and respective size-fractions (wt.%) and tailings.

Yield
wt.% SiO2 TiO2 Al2O3 Fe2O3 MnO CaO MgO Na2O K2O P2O5 SO3 Cr2O3 LOI

S1
–B

A

Bulk 66.07 0.81 18.28 7.95 0.08 1.50 1.87 1.04 2.11 0.14 0.03 0.02 0.10

Fe
(m

m
)

MC 5.4 58.85 0.79 17.73 14.87 0.14 1.92 2.59 0.96 1.97 0.15 <0.002 0.02 0.00
>500 9.0 65.57 0.84 18.80 7.78 0.07 1.62 1.93 1.09 2.13 0.15 <0.002 0.01 0.00

500–150 26.8 63.43 0.84 18.68 9.38 0.10 1.91 2.18 1.07 2.11 0.16 <0.002 0.04 0.10
150–75 32.9 60.65 0.81 18.05 12.77 0.13 1.89 2.49 0.99 2.04 0.16 <0.002 0.01 0.00
75–45 21.7 57.09 0.81 17.91 16.45 0.15 1.75 2.75 0.92 1.99 0.16 <0.002 0.02 0.00
<45 16.4 52.50 0.79 17.95 21.00 0.16 1.61 2.91 0.86 1.94 0.15 <0.002 0.02 0.10
TL 94.2 66.85 0.83 18.60 6.88 0.07 1.46 1.77 1.06 2.13 0.14 <0.002 0.02 0.20

N
d

(m
m

)

MC 38.3 66.15 0.87 19.25 6.74 0.07 1.45 1.81 1.08 2.23 0.15 <0.002 0.02 0.20
>2000 20.9 65.69 0.86 19.43 7.24 0.07 1.48 1.86 1.07 2.23 0.15 <0.002 0.02 −0.10

2000–500 20.0 65.04 0.88 19.78 7.35 0.07 1.54 1.92 1.09 2.27 0.15 <0.002 0.02 −0.10
500–150 19.3 65.66 0.85 18.91 7.19 0.07 1.69 1.89 1.09 2.18 0.15 <0.002 0.02 0.30
150–75 16.6 69.17 0.78 17.52 5.92 0.06 1.46 1.63 1.06 2.04 0.14 <0.002 0.01 0.20
75–45 13.6 68.49 0.84 18.87 5.27 0.05 1.20 1.58 1.05 2.20 0.14 <0.002 0.01 0.30
<45 13.8 65.85 0.95 20.53 5.58 0.05 1.08 1.64 1.08 2.40 0.13 <0.002 0.02 0.70
TL 54.5 66.78 0.79 18.06 7.41 0.07 1.45 1.77 1.05 2.05 0.13 0.31 0.02 0.10

S1
–E

C
O

Bulk 67.77 0.66 15.15 8.13 0.08 1.81 1.86 1.10 1.72 0.13 0.07 0.02 1.51

Fe
(µ

m
)

MC 11.6 41.40 0.57 12.59 35.49 0.33 3.03 4.37 0.66 1.23 0.17 0.05 0.02 0.10
>150 12.8 58.86 0.82 18.66 10.90 0.11 2.22 2.48 1.11 2.08 0.18 0.03 0.02 2.54

150–75 33.2 48.97 0.60 13.59 26.42 0.29 3.06 3.81 0.81 1.42 0.17 0.04 0.01 0.80
75–45 31.5 43.89 0.58 13.16 32.96 0.30 2.84 4.21 0.69 1.29 0.16 0.01 0.01 −0.10

<45µm 22.5 41.27 0.65 14.43 34.44 0.26 2.56 4.23 0.67 1.37 0.20 0.01 0.02 −0.10
TL 87.7 71.05 0.68 15.63 4.11 0.04 1.61 1.49 1.14 1.77 0.13 0.03 0.02 2.30

N
d

(µ
m

)

MC 53.4 68.67 0.78 17.22 5.62 0.06 1.79 1.85 1.15 1.98 0.15 <0.002 0.02 0.69
>150 28.5 64.66 0.88 19.57 6.80 0.07 1.65 1.99 1.18 2.22 0.16 <0.002 0.02 0.81

150–75 29.3 74.52 0.56 13.14 4.70 0.06 1.89 1.64 1.14 1.53 0.12 <0.002 0.01 0.69
75–45 24.3 69.94 0.76 16.81 5.05 0.06 1.85 1.82 1.11 1.95 0.15 <0.002 0.01 0.50
<45 17.9 64.39 0.97 20.47 5.92 0.06 1.78 2.05 1.14 2.34 0.17 <0.002 0.02 0.70
TL 38.0 75.46 0.56 13.21 2.01 0.02 1.30 0.97 1.15 1.50 0.12 0.01 0.00 3.70

S1
–E

SP
12

Bulk 59.65 0.88 20.22 6.36 0.06 1.34 1.83 1.07 2.37 0.16 0.13 0.02 5.89

Fe
(µ

m
)

MC 4.5 34.03 0.55 12.71 41.95 0.30 2.49 4.24 0.50 1.13 0.23 0.14 0.04 1.69
>75 11.3 44.52 0.58 14.58 21.75 0.24 2.74 3.12 0.74 1.56 0.16 0.43 0.01 9.58

75–45 19.0 42.13 0.57 13.56 32.59 0.27 2.51 3.73 0.62 1.31 0.16 0.15 0.02 2.39
45–25 23.0 36.78 0.55 12.76 40.59 0.27 2.40 4.03 0.49 1.11 0.18 0.10 0.03 0.71
<25 46.6 36.21 0.62 14.63 38.78 0.26 2.24 4.21 0.56 1.29 0.31 0.15 0.05 0.69
TL 94.1 60.63 0.91 21.01 4.71 0.05 1.11 1.69 1.07 2.46 0.16 0.10 0.02 6.07

N
d

(µ
m

)

MC 8.9 56.66 0.85 19.82 7.70 0.07 1.52 2.24 0.96 2.17 0.18 0.08 0.02 7.72
>75 13.7 53.46 0.69 16.11 5.56 0.07 1.43 1.76 0.97 1.84 0.14 <0.002 0.01 17.95

75−45 19.6 56.71 0.75 17.41 5.20 0.06 1.46 1.82 0.94 1.96 0.15 <0.002 0.02 13.52
45–25 23.0 59.35 0.86 19.61 6.47 0.07 1.82 2.10 0.96 2.15 0.18 <0.002 0.02 6.40
<25 43.7 57.23 0.98 22.30 9.34 0.09 1.52 2.69 1.03 2.45 0.21 0.01 0.03 2.11
TL 82.9 61.17 0.93 21.21 3.88 0.04 1.05 1.59 1.09 2.49 0.15 0.02 0.01 6.37

S4–
BA

Bulk 66.56 0.79 17.60 9.01 0.07 1.56 1.65 0.94 1.88 0.10 0.03 0.02 −0.20

Fe

MC 5.5 58.99 0.74 16.47 16.88 0.14 1.97 2.24 0.84 1.69 0.12 0.01 0.02 −0.10
TL 94.1 67.20 0.80 17.73 8.16 0.06 1.52 1.59 0.95 1.87 0.10 <0.002 0.02 0.00

S4–
ECO

Bulk 63.11 0.70 16.23 8.37 0.07 1.76 1.63 0.87 1.70 0.11 0.05 0.01 5.38

Fe

MC 13.1 40.98 0.57 12.96 35.37 0.26 2.44 2.99 0.58 1.20 0.13 0.12 0.02 2.39
TL 85.7 65.77 0.71 16.68 4.35 0.04 1.58 1.40 0.90 1.74 0.10 0.08 0.02 6.61

S4–
ESP
12

Bulk 58.71 0.83 18.97 7.82 0.06 1.57 1.76 1.06 2.08 0.13 0.34 0.02 6.66

Fe

MC 5.9 33.68 0.51 11.99 44.19 0.25 2.16 3.15 0.49 1.00 0.17 0.10 0.03 2.29
TL 93.2 60.39 0.86 19.76 4.75 0.05 1.33 1.65 1.08 2.18 0.13 0.13 0.02 7.67

BA, bottom ash; ECO, economizer grits; ESP, electrostatic precipitator; MC, magnetic concentrate; TL, tailings.
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Figure 7. Enrichment factor relative to the tailings: (A) Fe-MC major oxides, (B) Nd-MC major oxides,
(C) trace elements Fe-MC. Detail imaging of a char particle from ECO Nd-MC (D) with char pores
mainly infilled with aluminosilicate, als, and glassy spheres (BSE mode, ×1800) and (E) magnification
of the dashed square in “(D)” showing a ferrosphere intermixed with aluminosilicate glass spheres
infilling char pores.

Contrasting with the Fe-MC, the Nd-MC are mainly composed of SiO2 and Al2O3
(average of 63.83 and 18.76 wt.%, respectively), with higher contents of NaO, K2O2, and
TiO2 (Figure 7B), which is in agreement with mineralogical data (Table 3) and observations
under SEM/EDS (Section 3.2). Nevertheless, it is interesting to note that Nd-MC has
higher carbon contents than Fe-MC (Table S1). In bulk ash samples, carbon occurs mainly
as char [49], and the particles were most probably collected by the Nd-magnet due to
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Fe-bearing phases infilling its pores (Figure 7D,E). The tailings after sequential separation
using ferrite and Nd magnets are mainly composed of SiO2 and Al2O3 (Table 6). The
sharpest decrease in Fe2O3 compared to the bulk ash sample is verified for ECO FA, at
approx. 75 wt.% (Table 6).

In general, the elemental composition of major elements determined via ICP-MS
linearly correlates with results obtained via XRF, with stronger correlations found for Fe
and Mn (r = 0.99). The weaker linear correlation is found for Cr (r = 0.53), whose values as
oxide obtained via XRF are close to the detection limit (0.01 wt.%), making its determination
via ICP-MS more accurate. Except for Cr, the enrichments assessed above are similar using
XRF and ICP-MS results. In this sense, XRF could be used for a fast and cheaper assessment
of major elements of the studied samples however, information regarding trace elements,
discussed below, would be omitted.

The Fe-MC presents slight enrichments in the following elements relative to the re-
spective tailings (average EF: 2.2–1.2): Mo > Co > As > W > Cr > Ni > V > Sc > Sb > Sn > U
(Figure 7C). Other elements, such as Cu and Zn, are enriched in Fe-MC from BA and ECO
(EF 1.2–1.3), while Bi, Cd, and Pb are enriched in BA Fe-MC (EF 1.0–2.0) (Figure 7C). Com-
pared to the average values for world coal ashes (WCA, [86]), only V is slightly enriched
in Fe-MC from ESP FA (concentration coefficient, CC, between 2 and 5), and it could be
concluded that FA could be a secondary source of this element, which is a critical raw
material [87]; however, the contents found are below the economic cut-off (1000 ppm; [88]).
Regarding the Nd-MC, all trace elements analyzed are depleted or close to the average
values for WCA and CC up to 2 (Table 6).

Although some objections have been reported recently [89–91], hierarchical cluster
analysis and Pearson’s correlation coefficients were used to obtain information concerning
organic and inorganic affinities and potential relations between the elements [92–94]. Ele-
ments with more than 10% of the values below the detection limit (bdl) were excluded to
avoid skewness in the results. The bdl values considered for the analysis were replaced
by bdl/2.

The associations between major and trace elements in Fe-MC are broadly indicated by
the dendrogram in Figure 6, and the correlation coefficients (CC) are presented in Table S2.
Iron has significant positive correlations (at ρ < 0.05) with Mo and Sc (r > 0.92), Mn and
As (r > 0.90), Cd (0.86), and Ni (r > 0.85) (Table S2, Figure 8). Among these elements, two
groups are distinguished based on their positive relations (r > 0.9, at ρ < 0.05), which
suggest a common occurrence: (a) Mn and Sc; (b) Mo, As, Cd, and Ni (Figure 8). On the
other hand, Fe is negatively correlated with elements usually associated with the glass
phase such as Al, K, Na, and Ti (r > −0.94 at ρ < 0.05) (Table S2). This negative relationship
does not mean that Fe does not exist within the aluminosilicate phase (which Mössbauer
and SEM/EDS analysis have shown it to do), only that there is no relationship. Most likely,
however, the Fe-originating from pyrite decomposition present in feed coals (Table 1) is the
main source of Fe in these ashes, which explains its weak correlation with aluminosilicates.

Transition metals such as Mn and Ni that were found to be significantly correlated
with Fe in MC have long been reported to be enriched in magnetic fractions from coal
combustion ashes, which was mainly due to their ability to isomorphically replace Fe ions
in the crystal lattice of spinels [24,25,27,29,41,68,69,85]. Nevertheless, these elements may
also be found absorbed on particle surfaces, in the aluminosilicate matrix, or in discrete
minerals associated with Fe-bearing morphotypes in agglomerates [69].

The Fe-MC size fractions show that the content of Fe and the elements associated
with it (e.g., Mg, Co, Cr, Cu, Mo, and Ni) increase with decreasing particle size (Table S1).
A similar trend was observed by [23] for Fe, Cr, and Ni in MC collected from FA derived
from high-sulfur coal from the Illinois Basin. The highest variation in the Fe content is
observed for the ECO Fe-MC sample, which triples from the >150 µm to the >45 µm
fraction, from 7.04 to 23.39% (Table S1). Pearson’s correlation coefficients based on size-
fraction geochemistry reinforce the Fe positive correlations found in bulk MC (Table S2;
Figure 8) and reveal other significant positive correlations (at ρ < 0.05) with Mg (r = 0.97),
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Co (r = 0.81), Ca (r = 0.72), Cr (r = 0.64), Sb and U (r = 0.60), and V (r = 0.64) (Table S3).
Except for Ca, the referred elements exhibit positive correlations, suggesting a common
source. The Co, Cr, and V, as previously noted for Mn and Ni, can substitute for Fe in the
spinel structure, which may justify the correlations found. Calcium appears positively
correlated (r >0.57, at ρ < 0.05) with Mg, Mn, and Sc (Table S3), which was subsequently
explained by their occurrence in morphotypes such as the one later presented in Figure 12.
The negative correlation of Fe with Al, although significant at ρ < 0.05, is not as strong as
observed for bulk Fe-MC (r = −0.68, Table S3).
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Figure 8. Dendrogram from cluster analysis on the geochemical data from bulk Fe-MC (cluster
method, Ward’s method; interval, Pearson’s correlation values).

Elements concentrations in the Nd-MC size-fractions vary within a narrower range,
revealing a more homogeneous composition than in the Fe-MC (Table S1), which is in
agreement with observations under SEM/EDS. Nevertheless, an increase in Fe content is
observed with the decreasing particle size in Nd-MC <150 µm size-fractions from ECO
grits, 1.5% on average (Table S1). By contrast, in Nd-MC from BA, the Fe content, along
with Mg and Mn, decreases with decreasing particle size by approximately 1% (Table 6).

3.6. Cross-Sections Integrated Characterization: Petrography, SEM/EDS, and
Raman Microspectroscopy

Taking into consideration the geochemical and mineralogical data, random areas
of polished blocks were characterized combining petrography, SEM/EDS, and Raman
microspectroscopy to assess features within Fe-bearing morphotypes.

In general, examination of the Fe-bearing morphotypes cross-sections shows that the
character of surface microtextures (e.g., skeletal, dendritic, etc.) observed in the powder
samples often extends across the entire spheres (Figure 9). Moreover, Fe-morphotypes are
predominantly massive, suggesting that they originated from low viscosity melts, i.e., melts
enriched in basic elements such as Mg [34,67]. As observed in powder samples, ferrospheres
exhibiting skeletal-dendritic microtextures with a variable amount of aluminosilicate glass
(usually with a composition similar to illite) are the most common morphotypes.

The observations under reflected light microscopy (oil immersion) highlighted aspects
that went unnoticed using SEM/EDS (Figure 9). One example is the presence of oxidation
rims with red internal reflections that are often observed on the particle’s outer surface
(Figure 9B,E). Furthermore, ferrospheres frequently exhibit martitization textures, i.e., the
replacement of magnetite by pseudomorphic hematite (martite). High reflectance martite



Minerals 2023, 13, 1055 19 of 28

often presents a blue hue and appears as a substitute for spinel crystals and as lamellae
(Figure 9A,D and Figure 10A). These aspects were not restricted to a particular type of
microstructure, as observed by [9,95].
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Figure 9. Ferrospheres presenting oxidation rims and martitization textures were observed un-
der reflected microscopy (oil immersion), parallel and crossed nicols, respectively (A,B,D,E), and
SEM/EDS, BSE mode (C,F).

Martitization in Fe-rich morphotypes from coal combustion ashes has been previously
reported by several authors [27,48,69,83]; however, the mechanism beneath this transfor-
mation is yet to be understood. In natural conditions, the transformation from magnetite to
hematite can be direct or through maghemite (γ-Fe2O3), an intermediate stage, and has
been attributed to several processes such as dissolution-precipitation and deformation ([96]
and references therein). The oxidation state of the Fe-bearing phases on the surface of the
particles may explain some Mössbauer results, such as the higher content of hematite in
Fe-MC from campaign S1, and potentially limit the use of the iron-rich morphotypes in
further applications, such as their use as catalysts since chemical reactions occur on surface
active sites.

Raman microspectroscopy enabled the confirmation of the martization process. The
magnetite spectrum shows a high-intensity Raman shift at 671–688 cm−1 (A1g) (Figure 10B),
and less frequently, low-intensity peaks at 300–338 cm−1 (Eg), 424–458 cm−1 (T2g) and
522–553 cm−1 (T2g) are also detected [97]. Hematite (α-Fe2O3) exhibits peaks corre-
sponding to the phonon modes A1g (Fe3+ displacements, 224–229 cm−1), Eg (Fe3+ dis-
placements, 245–250 and 290–295 cm−1), ρ1—Eg (O = displacements, 406–413 cm−1),
a—A1g (O = displacements, 495–500 cm−1), and a—Eg (O = displacements, 608–618 cm−1)
(Figure 10B) [97]. An additional peak identified at 658–667 cm−1, may be attributed to the
incomplete transformation of magnetite [98–101] or to a longitudinal optical (LO) Eu mode,
which is very sensitive to the crystallite size [102–104].
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Figure 10. Ferrosphere under reflected light: (A) exhibiting martitization aspect; (B) Raman spectra
corresponding to the letters signed in “(A)”; (C) ferrosphere under SEM/EDS (BSE mode; ×4500)
and spectra corresponding to Z9; (D) spectra corresponding to Z10 marked in ”(C)”.

Nevertheless, there are particles presenting a chemical zonation that is distinguishable
using SEM/EDS (Figure 11D,E), and under reflected light, it looks like a martitization aspect
(Figure 11A,B). Indeed, the Fe-rich phase without Mg presents red internal reflections, and
the Raman spectra confirm that it is oxidized to hematite (Figure 11C—Z11)). The spectra
corresponding to the Mg-rich phase present a strong Raman shift at 686 cm−1 with a
shoulder at 621 cm−1 and low intensity peaks at 333 and 459 cm−1 (Figure 11C—Z12). The
splitting of the A1g phonon mode observed in the spectra is typical of magnesioferrite and
occurs due to the substitution of Fe3+ by Mg2+ in the spinel structure [105,106].

Apart from the occurrence of magnesioferrite sensu stricto, the EDS spectra of many
magnetite particles also indicate the presence of minor magnesium contents. The association
of Mg to magnetite and the occurrence of magnesioferrite corroborates the slight enrichment
of Mg observed in MC (Figure 7).

Figure 12 shows an example of a magnesiaferrosphere [28] analyzed. Although not
the most common morphotype, it was selected given that magnesioferrite has suitable
properties for being used as a heterogeneous catalyst [107]. The morphotype is mainly com-
posed of magnesioferrite crystals (Figure 12F) embedded in a Ca-rich matrix with typical
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yellow reflections (Figure 12B,G) and containing MgO nodules (Figure 12F). The presence
of matrix over particle surfaces blocking active sites (magnesioferrite crystals) may affect
the efficiency of these morphotypes as catalysts. The Raman spectra obtained (Figure 12H)
are similar to those assigned by [105,106] to magnesioferrite, and the differences among the
spectra obtained are probably related to variations in Mg-content.

A Ca-rich morphotype stand out in Figure 12 (left side of magnesiaferrosphere) by
its yellow internal reflections and Ca-sugar texture [28]. Due to the low amounts of Ca-
bearing phases in the feed coals (Table 1), these morphotypes are residual in the coal ashes
studied and in the respective MC. Figure 13 shows an example of a calcimagnesiasphere
in which the different components were analyzed. The main phase is a (Ca, Mg)-silicate
(Figure 13C) embedded in a matrix with Al–Si–Ca–(Mg–Fe-Mn) composition (Figure 13D),
where exsolutions of (Al-Si)-Ca are found (Figure 13E) together with (Mg-Ca)-silicate
nodules (Figure 13F). The coexistence of Ca, Mn, and Mg corroborates the geochemical
associations previously found through statistical analysis (Figure 8).
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mode, ×5000); and EDS spectra obtained on areas marked (Z11 and Z12).
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Figure 12. Magnesiaferrosphere observed under (A,B) reflected microscopy (oil immersion), parallel
and crossed nicols, respectively, and (C,D) SEM (BSE mode, ×5000) and (E–G) EDS spectra obtained
on areas marked (Z13 and Z14); (H) Raman spectra corresponding to Z11 and Z12.
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4. Conclusions

In the present study, magnetic concentrates collected using ferrite (Fe-MC) and
neodymium (Nd-MC) magnets from different types of commercial Colombian coal combus-
tion ashes (bottom ash, economizer grits, and fly ash from electrostatic precipitators) were
characterized using a multi-technique approach to assess Fe-bearing morphotype properties.

Sequential separation using both magnets was useful to collect a large amount of
material, up to 60 wt.%, and reduce the Fe-content in the ashes (up to 75 wt.%), which
can increase their recyclability. The yields using the Nd magnet (up to 53 wt.%) were
superior to those using the ferrite magnet (up to 13 wt.%). However, as the separation
was sequential, the Nd magnet mainly captured Fe-bearing aluminosilicate glass, and
Fe-bearing minerals were residual. In this sense, the Nd magnet can be a prompt method
to recover Fe-bearing phases from ash, however, its low selectivity may compromise the
application of the materials being recovered, namely as catalysts.
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In the magnetic concentrates recovered with ferrite magnet, the Fe-bearing minerals,
such as magnetite, hematite, and magnesioferrite, are the main Fe-carriers, although a
minor amount of Fe2+ and Fe3+ has been found associated with aluminosilicates. However,
these MC also contained non-magnetic materials, such as quartz and mullite, most likely
due to their intimate association with Fe-bearing phases or even the low efficiency of the
magnetic separation process. The highest Fe-contents (>40 wt.% Fe2O3) were consistently
found in the Fe-MC collected from ESP FA, which was related to the predominance of
discrete iron-rich particles (ferrospheres), especially <25 µm, often presenting skeletal-
dendritic microtextures.

Several elements such as Mo, Sc, Mn, As, Cd, and Ni were found to be enriched
in Fe-MC and significantly correlated to iron, which can be attributed to their ability to
substitute Fe in the spinel structure. The content of Fe as well as the elements associated
with it increase with decreasing particle size. Seemingly, the finer fractions could be
considered more promising to be used as industrial catalysts due to their higher Fe-content.
Furthermore, smaller melt droplets suffer rapid cooling that quenches Fe-mineral growth
and may generate defective structures with high catalytic performances. However, it must
be considered that to act as a catalyst, Fe must be available on the particle surface, which is
not the case in most of the Fe-bearing morphotypes from BA Fe-MC. Thus, the Fe-MC from
ESP and the finer fractions from ECO might be more promising catalysts.

The integrated characterization of ferrospheres’ internal structure provided new chem-
ical and mineralogical insights regarding local variations within Fe-morphotypes, namely
the occurrence of oxidation rims, martitization aspects and the co-existence of hematite and
magnesioferrite, which were not homogeneously distributed or strictly associated with a
specific microtexture.

The information gathered under the scope of this research shows that magnetic con-
centrates obtained from beneficiated coal ash present physicochemical properties similar to
those generated from non-beneficiated coals that have been the subject of several studies
suggesting they might have been undervalued. Future work may include comparative
studies and catalytic trials using the most promising magnetic fractions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13081055/s1, Table S1: Trace element results for magnetic con-
centrates and respective size-fractions. World coal ash (WCA; Ketris and Yudovich, 2009), added for
comparison, in Table S2: Pearson’s correlation coefficients for bulk Fe-MC and Table S3: Pearson´s
correlation coefficients for size-fractions of Fe-MC.
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