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Abstract: In the context of a circular economy/zero-waste, the conversion of extractive wastes
into new products is of particular importance. At the Grecian Magnesite SA mine (Chalkidiki, N.
Greece), millions of tons of waste accumulate in the operation field. To achieve these goals, the effect
of caustic calcined magnesia (MgO) at 10, 15, and 20 wt.% was investigated in combination with
0.5, 1, 2.5, and 5 wt.% Fe2O3 at 1300 ◦C and 1600 ◦C for 120 min. The main refractory properties
were determined along with the mineralogical content. The morphological examination has been
performed by SEM-EDS analysis. The addition of MgO increases the desired olivine and eliminates
the unwanted pyroxenes, causing the formation of magnesium-ferrite and periclase. MgO wt.%
addition resulted in the decrease of firing shrinkage at 1300 ◦C but increased with Fe2O3. At 1600 ◦C,
firing shrinkage had a minimum value at the optimum MgO dose. Mechanical strength at 1600 ◦C
achieved a maximum value at the optimum MgO dose plus 5 wt.% MgO and 2.5 wt.% Fe2O3 due to
sintering process/magnesioferrite formation. These results indicate that MgO and Fe2O3 upgrade
the refractoriness of magnesite mining wastes due to the diffusion of Fe2O3 in MgO excess.

Keywords: magnesite mining waste; MgO additive; Fe2O3 additive; forsterite (olivine); thermal
treatment; refractory products

1. Introduction

The simple disposal of millions of tons of solid wastes for years within the operation
of industries in the mining sector and/or various other industries constitutes an important
factor regarding environmental/soil pollution and financial ramifications. It is estimated
that the global production of solid wastes from the primary production of minerals and
metals is over 100 billion tons annually [1]. Various examples of industries are the coal
mining industry [2,3], the phosphate mining industry [4], or a large deposit of mining
wastes of an albite deposit in south Spain that could be of interest for the valorization
of wastes as ceramic and raw materials [5]. Concerning mining waste management, the
research into mining waste has increased, with studies focusing on waste management
accounting for almost 40% of the total [6].

This fact gains increased attention concerning the newly imposed target of zero waste.
To address this increasing issue, the developed countries set a target of decreasing high
quantities of the produced waste. For that purpose, within the framework of circular
economy and resource sustainability, the old waste deposits may be reintroduced as raw
materials or new products. At the same time, land space can be emptied, which will have a
positive environmental impact. Applying this scenario to the mineral of enriched coarse
fraction (containing mainly waste rock), as well as of the fine fraction (i.e., tailings which still
may present a profitable content), mining wastes (by-products) may be considered suitable
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for the application of appropriate treatments to produce raw materials or new products [7].
The valorization of these mining wastes and their up-grading as a raw material further
used as a primary natural resource can present numerous benefits, such as reduction of
the mining extraction process, minimizing the exploitation of natural resources, energy
efficiency along with economic benefits, and environmental impact by producing lower
volumes of waste (improving societal health and safety) [8]. Cleaner technologies toward
green technical developments that prevent the overexploitation of natural resources set the
basis of sustainability [9].

Hence, the development of cleaner technologies applying methods that exploit waste
as raw material is considered crucial for the minimization of waste with potential economic
benefits from the application of a circular economy policy. In this frame, ceramic researchers
also investigate the recycling of industrial by-products to fabricate ceramics, while the
field of ceramics from waste ingredients produced on an industrial scale has not yet
been widely maturated. Therefore, a deeper investigation is required to commercialize
waste-derived ceramics, while some wastes can eventually prevent the overexploitation of
natural resources for the industrial production of ceramics [8]. The current environmental
performance should be assessed, and the life cycle analysis of wastes derived from the
mining industry should be incorporated into their operation [10].

The manufacturing by applying an appropriate thermal treatment that aims to trans-
form on an industrial scale the high volume of the mining wastes/by-products stockpiled
in the magnesite mine (Grecian Magnesite SA company, located at Gerakini, Chalkidiki, N.
Greece) into upgraded refractory products is of particular importance. Millions of tons of
mining wastes/by-products are stockpiled in the mining area of the Grecian Magnesite SA
company, which are generated in the application of magnesite ore enrichment processes.
These mining wastes are ultramafic rocks (mainly dunite) that are transformed (partially
or completely) into serpentinites (e.g., lizardite, enstatite, etc.) [11]. The serpentinization
process deteriorates their technologically desired properties as refractory materials, limiting
the possible economic and commercial exploitation of serpentinized rocks that currently
don’t show any further utilization possibilities.

Consequently, the proper treatment method, with the selection of the appropriate
final temperature (in this study 1300 ◦C and 1600 ◦C) along with the presence of specific
additives (in this study MgO and Fe2O3), has the potential to result in the manufacturing
of products with upgraded refractoriness by converting these mining wastes into firebricks
or magnesium-olivine refractory metallurgical masses. This development presents new
economic opportunities and an effective solution to environmental disposal problems for
magnesite-producing mining companies.

The combination of serpentine mining waste, with the use of additives, e.g., Mg-based
compounds [12,13], magnesia and/or alumina [1], magnesia, alumina or perlite [14,15],
kaolin [16], a combination of waste serpentine mining tailings (WST), waste kaolin mining
tailings (WKT) and calcium fluoride sludge (CFS) [17], magnesia and bauxite [18], and a
combination of serpentine asbestos extraction dust waste with clay-sand mix and glass
waste [19]. Attempts to produce the desired synthetic forsterite is the crystalline phase.
Also, serpentine waste was used for synthesizing cordierite-mullite ceramics along with
spent FCC catalyst and kiln rollers waste [20] or the production of a thermally insulating
material, with the synthesis of forsterite at 600 ◦C [21]. Furthermore, for the production
of forsterite or the improvement of forsterite refractoriness, additives like Fe2O3, ZrO2,
and Al2TiO5 [22–24] have been used, while nanoparticles are also considered important
for the production of specific refractories [25]. The use of serpentine was also studied by
examining various parameters for the thermal treatment application of serpentines [26,27]
to suggest a proper thermal treatment method. Finally, the reutilization of serpentine waste
to produce high-value Si [28], the intake of MgO to produce MgKPO4 × 6H2O [29], and
the dissolution of magnesium in acid have been reported [22].

The aim of this research is the systematic evaluation of MgO addition, in combina-
tion with Fe2O3, at various temperatures for improving the refractory properties of the
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examined mining waste/by-products, which commonly host the magnesite ore deposits.
In our previous research, the optimum MgO wt.% dose addition for olivine formation
was estimated, with the results showing the upgrading of refractoriness of magnesite
mine by-products wastes [30], while the results of the Fe2O3 addition showed significant
improvement of the mechanical strength [31]. The high melting point (2800 ◦C) and the
physical and chemical stability at high temperatures with a wide range of applications
set magnesia (MgO) as the most appropriate choice for the manufacturing of refractory
materials [32]. On the other hand, Fe2O3 in lower concentrations favors the increase of bulk
density, which enhances the strength of the produced refractories due to the diffusion of
Fe2O3 in MgO particles [33]. For that purpose, caustic calcined MgO was added/mixed in
varying quantities (10, 15, and 20 wt.%) in combination with Fe2O3 (0.5, 1, 2.5, and 5 wt.%)
into representative mining waste samples. The examined two thermal treatments were
at 1300 ◦C and 1600 ◦C for 120 min for the mixed samples. The respected products of the
aforementioned thermal treatments were evaluated accordingly to result in a treatment
method that combines the advantage of MgO along with Fe2O3 refractory properties and
eventually exploits the raw mining wastes with zero value as a new refractory product
with added value (e.g., firebricks, refractory masses) with possible industrial metallurgical
applications, offering financial benefits in the magnesite mine.

The novelty of this research is the study of MgO wt.% excess addition, regarding
the optimum wt% MgO dose for olivine formation, in combination with Fe2O3. Iron
oxide (Fe2O3) diffuses in MgO particles and favors magnesioferrite formation, influencing
refractory properties and mostly mechanical strength. This process takes advantage of
MgO addition (high melting point) and the advantage of Fe2O3 (high density), improving
the refractoriness and mechanical strength of this type of mining waste, which has lower
physical properties due to the serpentinization process.

Conclusively, with this process, the mining wastes-by products (estimated at 35 × 106 tons
for the area of Grecian Magnesite S.A.) that currently have no value are converted into
new products with added value in the refractory industry, offering financial benefits to
the magnesite mine, while at the same time expanding the lifespan of the magnesite mine.
The possible application of the improved produced materials obtained is as refractories in
industrial kilns and industrial metallurgical applications for temperatures ≤ 1600 ◦C, such
as firebricks or magnesium-olivine refractory masses.

2. Materials and Methods

To properly characterize the collected wastes/samples W12 and W13 from the exam-
ined mining area of the stockpiles of the magnesite mine qualitatively and quantitatively,
respective measurements were performed. Moreover, the estimation and the addition
of the optimum MgO wt.% dose for olivine formation was performed, along with the
mineral composition after thermal treatment of the original samples [30]. Tables 1 and 2
show the chemical composition and main mineralogical content (wt.%) of the examined
waste samples.

The chemical composition of the samples W12 and W13 must reflect the presence of
100 wt.% olivine to achieve its desirable formation, a fact related to the following molar ratio
([MgO] + [FeO])/[SiO2] = 2 [30,34]. Consequently, based on the initial content of MgO, FeO,
and SiO2 in the examined waste samples, as shown in the results presented in Table 3, it
can be seen that the samples lack the required MgO content to result in the aforementioned
transformation. Samples W12 and W13 were selected among a total of thirteen mining
waste samples examined for their lack of the required MgO dose (theoretical wt.% MgO
addition 7–16%), as two outlier samples regarding MgO wt.% dose (W12 and W13 is
9.4 wt.% and 15.6 wt.%, respectively) (Table 3) [30,34].
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Table 1. Chemical composition of the examined W12 and W13 mining waste samples [30].

Sample W12 W13

wt.%

MgO 42.9 40.8
FeO 7.3 7.2

Al2O3 0.50 1.4
CaO 0.35 1.6

Na2O 0.30 0.30
SiO2 41.5 44.5
LOI 6.7 4.1

mg/kg

K2O 650 730
MnO2 1460 1510
NiO 3110 2870

Cr2O3 450 850

Table 2. Mineralogical content (wt.%) in the examined raw mining waste samples W12 and W13 after
thermal treatment at various temperatures [30].

Sample
(Temperature, ◦C) Olivine Pyroxenes Serpentine

W12 65.1 ± 4.5 8.4 ± 1.3 26.4 ± 1.8
W12 (650) 79.0 ± 5.7 13.1 ± 2.1 7.9 ± 0.7
W12 (850) 80.9 ± 6.0 19.1 ± 2.3 —

W12 (1300) 66.0 ± 4.8 34.0 ± 3.5 —

W13 52.9 ± 3.3 19.6 ± 1.7 27.5 ± 2.0
W13 (650) 64.8 ± 4.5 26.8 ± 3.0 8.3 ± 1.0
W13 (850) 76.3 ± 5.2 23.7 ± 2.3 —

W13 (1300) 55.0 ± 3.8 45.0 ± 3.6 —

Table 3. Mass balance for MgO addition determination for W12 and W13 mining waste samples to
optimize the formation of olivine [30,34].

Sample MgO SiO2 FeO Optimum MgO Dose Optimum MgO Dose

mol/100 g wt.%

W12 1.141 0.741 0.109 0.232 9.4
W13 1.056 0.773 0.104 0.386 15.6

Samples W12 and W13 were blended/mixed with the additives (MgO and Fe2O3)
for 5 min to homogenize the prepared sample. The total weight was 5 g for each blend.
Therefore, the amount of MgO for the ratios of 5, 10, 15, and 20 wt.% was 0.25, 0.5, 0.75, and
1 g respectively and of Fe2O3 for the ratios 0.5, 1, 2.5 and 5 wt.% were 0.025, 0.050, 0.125,
and 0.250 g respectively. The remaining mixture quantity was the mining waste sample
examined. The chemical composition of the added MgO, which is caustic calcined magnesia
(CCM), is 84.5 wt.% MgO, 0.2 wt.% FeO, 0.5 wt.% Al2O3, 1.85 wt.% CaO, 0.65 wt.% Na2O,
7.9 wt.% SiO2, and LOI 4.2%, and Fe2O3 is hematite with 0.16 wt.% MgO, 87.2 wt.% Fe2O3,
0.17 wt.% CaO, 0.18 wt.% Na2O, 10.47 wt.% SiO2, and LOI 1.5%. Homogenized samples
were pressed into cylindrical pellets of 2 cm diameter and then thermally treated with a
programmable electric control using the SNOL 6.7/1300 LSC01 furnace at temperatures
up to 1300 ◦C, applying a heating rate of 10 ◦C/min. These further examined samples
were also subjected to thermal treatment at 1600 ◦C by using the programmable electric
control of the Thermowatt TGH30L 380V 10 KW furnace and applying a heating rate of
6.5 ◦C/min. The final temperature remained at the respected temperature for 120 min.
Following the thermal treatment, the products were allowed to cool at room temperature
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(25 ◦C). The final temperature of 1300 ◦C was applied based on the preliminary experiments
as the proper temperature that results in the formation of the desired forsterite and in more
stable and well-crystallized mineral phases, which were quantified by XRD analysis. The
aforementioned temperature also improves the refractory properties of the respective
products [32]. The temperature of 1600 ◦C was applied because the pyroxenes (enstatite)
phases melt at 1557 ◦C [26]. Therefore, both are significant temperatures for studying the
combination of the additives (MgO and Fe2O3) to the raw mining waste samples.

For the evaluation of the refractoriness of the products, the following relevant refrac-
tory parameters were evaluated: the Firing Shrinkage (FS%) parameter was evaluated by
the measurement of the dimensions of the sample before and after the application of the
thermal treatment with calibrated caliper along the diameter and the ratio (D0−D1)/D0)
was calculated (0 and 1 refer to the dimensions of the sample before and after the appli-
cation of the thermal treatment), the Apparent Porosity AP (%), the Bulk Density (BD),
and the Water Absorption, (WA%), using the boiling water method (ASTM C20) [35]; also,
the Mechanical Strength (MS) tests were performed with a Carver laboratory press post
with the respected thermal treatment applied (Figure 1). More specifically, a digital caliper
(0–150 mm), a heating plate (JENWAY 1000 model, UK), a high accuracy weight scale
(OHAUS CORP, Morris, NJ, USA), and finally, a laboratory press (FRED S. CARVER Inc.,
Wabash, IN, USA), were utilized to obtain these measurements.
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The microstructure chemical analysis, along with the study of the main mineral phases
on the surface of the thermally treated products, were conducted using the point analysis
SEM-EDS (Field Emission) JEOL (JSM-7610F Plus) and the microanalysis system AZTEC
ENERGY ADVANCED X-act (OXFORD INSTRUMENTS) with INCA data analysis software.

Finally, the X-ray Diffraction (XRD) measurements using a Brücker D8 Advance
diffractometer (powder XRD) for the products that were pulverized to determine the
mineralogical phases, and the respective data were collected at 2θ from 5◦ to 70◦ with a
scan time of 0.2 s and an increase of 0.02. The X-ray filament tube of Cu with a wavelength
of 1.5418 Å and the LYNXEYE detector (1 D mode) was used. JADE XRD data analysis
software was used for the qualitative and quantitative analysis of XRD patterns.

3. Results and Discussion
3.1. XRD Analysis of Crystal Phases of the Samples after Application of Thermal Treatment at
1300 ◦C and 1600 ◦C

From the XRD patterns of the examined samples (W12 and W13) combined with
the additives of MgO and Fe2O3 after the thermal treatment at 1300 ◦C for 120 min, the
following are observed (Figure 2 and Tables S1 and S2, Supplementary Material):
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• The raw mining waste samples (i.e., without additives) after the thermal treatment at
1300 ◦C for 120 min consist mainly of the desired crystal phase of olivine (forsterite)
and pyroxene (enstatite) mineral phases.

• The formation of magnesioferrite in the products produced by the addition of MgO
is associated with the oxidative atmosphere, where olivine (forsterite) particles de-
compose to form magnesioferrite crystals and vitreous silica. The oxidation of olivine
(Mg, Fe)2SiO4 results in the formation of a major oxide phase, i.e., ferriolivine, mag-
nesioferrite, and a minor oxide phase, i.e., magnetite [36]. Magnesioferrite mineral
phase formation is higher with the combination of the additives MgO and Fe2O3 and
increases by increasing the percentage of Fe2O3.

• The increasing addition of MgO resulted in a decrease in the percentage of unwanted
pyroxenes (mainly enstatite), while an increase in the percentage of the desirable
forsterite is observed, especially for sample W13, which presents the highest percent-
age of forsterite with 15 wt.% addition, as the optimum dose for olivine formation for
sample W13 is 15.6 wt.%. Maximization of the formation of olivine in the product is
reported with the increase of MgO addition after applying the thermal treatment at
1300 ◦C. On the other hand, sample W12 (optimum dose for sample W12 is 9.4 wt.%)
has a maximum percentage of forsterite of 10 wt.% MgO addition and this percentage
decreased (~2 wt.%) with increasing magnesioferrite formation.

• Periclase phase formation in the product is attributed to the higher quantities of MgO
(wt.%) added, compared to the respective optimum dose calculated (see Table 3),
especially for the sample W12, where the optimum wt.% MgO dose was determined
as 9.4%.
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The XRD patterns obtained for the examined samples (W12 and W13) combined with
the additives of MgO and Fe2O3 after their thermal treatment at 1600 ◦C for 120 min
conclude the following remarks (Figure 3 and Tables S3 and S4, Supplementary Material):

• The main mineral phases for the products of the raw mining waste samples, i.e.,
without additives, after the application of thermal treatments, are olivine (forsterite),
pyroxenes (clinoenstatite), and magnesioferrite. The oxidative atmosphere, inducing
the olivine (forsterite) particles to decompose and form magnesioferrite, is the main
reason for the formation of magnesioferrite in the products [37]. The percentage of
magnesioferrite increased by increasing Fe2O3 addition.

• The percentage of unwanted pyroxenes (clinoenstatite) decreased and was eventually
eliminated as the pyroxenes (enstatite) phases melted at 1557 ◦C [26,37]. Clinoenstatite
is one of the enstatite polymorphs. The rate of metastatic inversion of protoenstatite to
clinoenstatite during the cooling step is overly sensitive to the initial properties of the
examined sample. It depends on the particle and crystallite size, the thermal treatment
temperature, and the degree of compaction of the sample [38].

• Periclase formation is attributed to the excess of wt.% MgO in terms of the optimum
dose required for the formation of olivine for samples W12 and W13, which is 9.4 and
15.6 wt.%, respectively (Table 3).

• The reported percentages for the desired crystal phase of olivine are higher than 88%
as well as the relative percentage of the olivine (forsterite) phase obtained at 1300 ◦C
(+~5wt.%), and of the unwanted crystal phase of pyroxenes is absent at 1600 ◦C
according to the data presented in Tables S1–S4 (Supplementary Material), however,
the quantification of mineral phases at 1600 ◦C cannot lead to safe results, due to the
formation of glassy phase at this temperature in high percentages.
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Figure 3. Selected XRD patterns of products thermally treated at 1600 ◦C for 120 min (a) W12, 10 wt.%
MgO and 0.5, 1, 2.5 and 5 wt.% Fe2O3 addition (b) W13, 10 wt.% MgO and 1, 2.5 and 5 wt.% Fe2O3

addition (c) W12, 15 wt.% MgO and 0.5, 1, 2.5 and 5 wt.% Fe2O3 addition (d) W13, 15 wt.% MgO and
1, 2.5 and 5 wt.% Fe2O3 addition (e) W12, 20 wt.% MgO and 0.5, 1, 2.5 and 5 wt.% Fe2O3 addition
(f) W13, 20 wt.% MgO and 1, 2.5 and 5 wt.% Fe2O3 addition.
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3.2. Physical Properties
3.2.1. Firing Shrinkage

The evaluation of the quality of the refractoriness of the products includes various
physical properties of high importance as the firing shrinkage. Firing products at high
temperatures are usually accompanied by shrinkage, which must be minimized (lower
than 10%). High levels of permanent firing shrinkage lead to the collapse of the material.
This depends on cracks that may be formed or on the detachment of the material from
the product. So, firing shrinkage is an important refractory parameter that has to be
cautiously evaluated for the proper determination of its value so that further application of
the refractory material can be properly determined [39].

The effects of caustic calcined magnesia (MgO) addition in combination with hematite
(Fe2O3) on the firing shrinkage of the mining waste samples after applying thermal treat-
ments at 1300 ◦C and 1600 ◦C for 120 min were examined. The results and the relevant
error bars of the firing shrinkage (FS%) of the examined mining samples after their thermal
treatment at 1300 ◦C and 1600 ◦C for 120 min are presented in Figures 3 and 4, with the
average standard variation (SD%) around ±5% of the presented data (Figures 4 and 5).
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Figure 4. FS (%) of samples at 1300 ◦C and for 120 min treatment time (a) W12 and (b) W13 vs. the
wt.% of MgO and wt.% of Fe2O3 addition.

A decreasing trend is observed for the FS(%) levels for both selected mineral waste
samples at 1300 ◦C for 120 min with increasing MgO wt.% addition. This trend is more
obvious in samples with only MgO wt.% addition than in samples with the combination
of additives MgO and Fe2O3 (Figure 4) as well. The FS (%) of the samples W12 and
W13 decreased from 4.9% and 4.8% initially, down to 1.9% and 2.3%, respectively, with
the addition of only 15 wt.% MgO. This decreasing trend (with increasing MgO wt.%)
is obvious, and also with all Fe2O3 wt.% addition doses, even with 5 wt.% Fe2O3, to a
lesser extent. The highest reduction level compared to all Fe2O3 doses for sample W12 and
sample W13 is 2.5 wt.% addition. More specifically, for the product of W12 and 2.5 wt.%
Fe2O3, FS (%) decreased from 5.9% to 4.9%, and for the product of W13 and 2.5 wt.% from
7.2% to 6.1%. In contrast, with increasing Fe2O3 percentage, FS (%) increases for the same
percentage of MgO wt.%. More specifically, for the sample W12 with 10 wt.% MgO, the
FS (%) increases in the product from 5.3% (0.5 wt.% Fe2O3) to 6.2% (5 wt.% Fe2O3) and for
15 wt.% MgO, FS (%) increases from 4.8% (0.5 wt.% Fe2O3) to 5.5% (5 wt.% Fe2O3). The
results for the products of W13 regarding the increasing trend with Fe2O3 wt.% are similar.
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Figure 5. FS (%) of samples at 1600 ◦C and for 120 min treatment time (a) W12 and (b) W13 vs. the
wt.% of MgO and wt.% of Fe2O3 addition.

In general, caustic calcined magnesia improves the refractoriness of the original sam-
ples [30] due to its high melting point (2800 ◦C) [32] and high refractoriness quality, while
it decreases FS (%) levels even in samples with Fe2O3. In addition, the required dose of
MgO (Table 3) can maximize the formation of olivine (forsterite) at the examined firing
temperature, thereby improving the refractory properties while maintaining FS(%) at low
levels [30]. In contrast, adding Fe2O3 increases FS (%) due to the formation of magnesiofer-
rite. High solubility in MgO is reported for the iron oxide (Fe2O3), which forms cationic
vacancies in MgO, causing high atomic mobility. In addition, it encourages the deposition
of magnesioferrite spinel by periclase, enhancing direct bond formation [33].

The FS (%) levels at thermal treatment at 1600 ◦C for 120 min for both samples showed
a minimum FS (%) value. This trend is obvious in all samples, with the addition of
only MgO wt.%, and in samples with a combination of additives MgO and Fe2O3. For
sample W12, the minimum FS (%) is 10 wt.% MgO addition (optimum dose 9.4 wt.%) and
for sample W13 for 15 wt.% MgO addition (optimum dose 15.6 wt.%) (Table 3). These
results indicate that the optimum dose addition of MgO wt.% for both samples improves
refractoriness (lower FS (%) levels) even when higher temperature treatment (1600 ◦C) is
applied and in combination with other additives. However, the addition of MgO plus the
optimal dose slightly increases FS (%) due to the transformation of MgO excess to periclase
and by the addition of Fe2O3.

3.2.2. Water Absorption and Apparent Porosity

Water absorption (WA%) and Apparent Porosity (AP%) are important physical prop-
erties of working refractories; however, they are usually connected with microcracking
and mechanical properties. The results and the relevant error bars of WA% and AP% of
the examined mining waste samples after their thermal treatment at 1300 ◦C and 1600 ◦C
for 120 min are presented in Figures 5 and 6, with the average standard variation (SD%)
around ±5% of the presented data (Figures 6 and 7).
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The WA (%) and AP (%) values for the products of W12 and W13 after thermal
treatment at 1300 ◦C for 120 min increased with the addition of MgO wt.%, while they
decreased with an increase of Fe2O3 wt.% addition for the same percentage of MgO
(Figure 6). More specifically, the WA (%) values for the W12 sample increased by 2.5–3%
with increasing the percentage of MgO from 10 to 15 wt.%, while at the same time, AP (%)
values increased by >4%. The same increasing trend was applied for the W13 sample, while
WA (%) values increased by 1.5–2% with increasing MgO percentage from 10 to 15 wt.%,
while at the same time, AP (%) values increased by 3–4%. The observed increase in WA (%)
and AP (%) values can be attributed to the hydration of magnesia. Magnesium oxide tends
to hydrate, resulting in magnesium hydroxide (Mg(OH)2) [40]. Another important factor
influencing hydration is the open porosity of magnesia particles since magnesia generally
shows a higher hydration rate than the already fused (dead burn) magnesia [41].
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However, for sample W12 and stable addition of MgO 10 wt.%, increasing of Fe2O3
wt.%, decreases WA (%) from 11.1% (no Fe2O3) to 8.7% (5 wt.% Fe2O3) and AP (%) values,
from 26.3% (no Fe2O3) to 21.7% (5 wt.% Fe2O3). Similarly for stable addition of MgO
15 wt.%, WA (%) values are decreased from 12.8% (no Fe2O3) to 11.1% (5 wt.% Fe2O3)
and AP (%) values from 28.6% (no Fe2O3) to 26.5% (5 wt.% Fe2O3). In addition, for
sample W13 and stable of MgO 10 wt.%, WA (%) values are decreased from 8.2% (no
Fe2O3) to 5.6% (5 wt.% Fe2O3) and AP (%) values from 20.1% (no Fe2O3) to 15.1% (5 wt.%
Fe2O3). Furthermore, the same sample for stable addition of MgO 15 wt.%, WA (%) values
are decreased from 10.8% (no Fe2O3) to 7.6% (5 wt.% Fe2O3) and AP (%) values from
25.5% (no Fe2O3) to 19.6% (5 wt.% Fe2O3). These results can be attributed to the effect
of Fe2O3 and the formation of magnesioferrite. The actual density of magnesioferrite
(MgFe2O4 = 4.51 g/cm3) and actual density of Fe2O3 (5.24 g/cm3) are higher compared to
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MgO (3.58 g/cm3) [33]. Therefore, adding Fe2O3 favors sintering due to the formation of
magnesioferrite and reduces porosity. WA (%) and AP (%) are two refractory properties
directly connected with the sintering process. Elimination of porosity and high diffusion
rates in the liquid (due to sintering) results in faster bonding and densification of the
products with the corresponding improvement of the refractory properties, i.e., in physical,
chemical, and mechanical properties [42].

In general, the AP (%) values for the W12 sample ranges from 21.7–28.6% and for
sample W13 from 15.1–25.5%. AP (%) values for sample W12 are higher than sample W13,
while sample W12 has an excess of MgO wt.% regarding the necessary dose for olivine
formation. The optimum dose for sample W12 is 9.4%, while sample W13 is 15.6% (Table 3).
The permissible limits for the production of refractory MgO products that are commercially
applicable, regarding the AP (%) values, for the bricks that contain 90% MgO, usually range
between 18–21%, and for the respective bricks that contain 98% MgO, between 17–20% [43],
therefore some of the samples are into the permissible levels depending on the group
of refractories.

The WA (%) and AP (%) values for sample W12 and thermal treatment at 1600 ◦C
for 120 min showed the same increasing trend with the addition of MgO wt.%, while
they decreased with increasing of Fe2O3 wt.% for the same percentage of MgO addition
(Figure 7). On the other hand, for sample W13, the values WA (%) and AP (%) have small
fluctuations with a final downward trend.

More specifically, the WA (%) values for the W12 sample increased >1.5–2% with the
increasing MgO percentage from 10 to 20 wt.%, while at the same time, AP (%) values
increased >4–8%. In Elmagharaby et al., apparent porosity also increased from 5 to 20%
with the addition of MgCO3 [14]. For the sample W13 and MgO wt.% 10–20%, the WA (%)
values range from 0.3 to 0.9% and the corresponding AP (%) values from 0.8 to 2.8%. These
values are significantly lower than the corresponding values of the W12 sample. The
noticed increase of WA (%) and AP (%) values for the W12 sample can be attributed to
the hydration of magnesia to (Mg(OH)2) [42] and to the open porosity of the magnesia
particles, which show high hydration percentage [43].

Increasing Fe2O3 wt.% also decreased the WA (%) and AP (%) values for the W12
sample and thermal treatment at 1600 ◦C. More specifically, the WA (%) for the stable
addition of MgO 10 wt.% decreased from 4.0% (no Fe2O3) to 1.0% (5 wt.% Fe2O3) and the
AP (%) values decreased from 11.2% (no Fe2O3) to 2.9% (5 wt.% Fe2O3). Similarly, for stable
addition of 15 wt.% MgO, WA (%) values decreased from 4.5% (no Fe2O3) to 1.9% (5 wt.%
Fe2O3) and AP (%) values from 19.9% (no Fe2O3) to 5.4% (5 wt.% Fe2O3), and finally for
20 wt.% MgO, WA (%) values from 6.2% (no Fe2O3) decreased to 3.8% (5 wt.% Fe2O3) and
AP (%) values from 16.3% (no Fe2O3) decreased to 10.9% (5 wt.% Fe2O3). Moreover, for
sample W13, the values WA (%) and AP (%) have small fluctuations with increasing Fe2O3
addition, with a final downward trend. The downward trend of the values, in thermal
treatment at 1600 ◦C, with increasing of Fe2O3, can be attributed to the influence of Fe2O3 on
the sintering due to a lower melting point of iron oxide compared to MgO and the formation
of magnesioferrite. The actual density of magnesioferrite (MgFe2O4 = 4.51 g/cm3) and the
actual density of Fe2O3 (5.24 g/cm3) are higher compared to MgO (3.58 g/cm3) [33].
Therefore, the addition of Fe2O3 favors sintering and reduces porosity.

The decrease in Water Absorption/Apparent Porosity values is associated with the
increased strength of the product. In contrast, the lower porosity levels are linked with
higher bulk density values, corresponding to higher hardness, mechanical strength, and
high resistance to chemical attack of the products; inversely, the lower porosity levels
produce the opposite results [44,45]. In conclusion, the desired results are values of low
apparent porosity and high bulk density.

In general, the AP (%) values for W12 range from 2.9–16.3% and for the sample W13
from 0.8–2.8%. AP (%) values for sample W12 are higher than sample W13, while sample
W12 has an excess of MgO wt.% regarding the necessary dose for olivine formation. The
optimum dose for sample W12 is 9.4% instead of 15.6% for sample W13 (Table 3). In
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addition, the AP (%) values for both samples at 1600 ◦C are significantly lower than the
corresponding samples at 1300 ◦C. This is attributed to the sintering process, which is
enhanced at higher temperatures. Also, in the study of Emrullahoglu et al., apparent
porosity decreased to 3.4% with increasing sintering temperature to 1400 ◦C in serpentine
mining waste samples with the addition of magnesium chloride water solution [14]. The
permissible limits for the production of refractory MgO products that are commercially
applicable, regarding the AP (%) values for bricks that contain 90% MgO, usually range
between 18–21% for the bricks containing 90% MgO, and for the respective bricks that
contain 98% MgO, between 17–20% for the respective bricks with 98% MgO content [46];
therefore some of the samples are at the permissible levels depending on the group of
refractories being targeted.

3.2.3. Bulk Density

The results and the relevant error bars regarding the Bulk Density (BD) values for
the examined mining samples W12 and W13 with MgO and Fe2O3 wt.% addition after
thermal treatment at 1300 ◦C and 1600 ◦C for 120 min are presented in Figures 8 and 9. The
Standard Deviation (SD%) was approximately within ±5.
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Figure 8. BD values at 1300 ◦C for 120 min treatment time (a) W12 and (b) W13 vs. the wt.% of MgO
and wt.% of Fe2O3 addition.

A decreasing trend is reported for BD values for both examined mining waste samples,
following the increase of MgO wt.% addition and in all Fe2O3 wt.% percentage (0.5–5 wt.%)
after the thermal treatment at 1300 ◦C for 120 min. Still, an increasing trend was observed
with increasing Fe2O3 wt.% for the same percentage of MgO. More specifically, for the
W12 sample this parameter decreased from 2.36–2.49 g/cm3 (stable 10 wt.% MgO) to
2.23–2.38 g/cm3 (stable 15 wt.% MgO) and for the sample W13 from 2.46–2.68 g/cm3

(stable 10 wt.% MgO) down to 2.37–2.57 g/cm3 (stable 15 wt.% MgO) (Figure 8). The
reason this trend is observed is due to the addition of MgO, more specifically for sample
W12, where an excess of MgO presence compared to the theoretical requirement for olivine
formation is noticed (Table 3). The inverse correlation between the BD values with the
AP (%) measurements is verified by the obtained results (Section 3.2.2).
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On the other hand, BD levels for both samples showed an increasing trend with the
increase of Fe2O3 wt.%. BD values for sample W12 and stable 10 wt.% MgO increased from
2.36 g/cm3 (no Fe2O3) to 2.49 g/cm3 (5 wt.% Fe2O3), and stable t 15 wt.% MgO increased
from 2.23g/cm3 (no Fe2O3) to 2.38 g/cm3 (5 wt.% Fe2O3). Similarly, for sample W13 and
stable 10 wt.% MgO increased from 2.46 g/cm3 (no Fe2O3) to 2.68 g/cm3 (5 wt.% Fe2O3) and
stable 15 wt.% MgO increased from 2.37g/cm3 (no Fe2O3) to 2.57 g/cm3 (5 wt.% Fe2O3)
(Figure 7). The results showing an increase in BD values correlate with the corresponding
small decrease shown for AP (%) levels after adding Fe2O3 since the BD measurements
present a reverse relation to the AP (%) measurements. This increase is attributed to the
influence of the addition of Fe2O3 due to magnesioferrite spinel formation [33]. The increase
in bulk density indicates that sintering has occurred [47].

The BD values of the sample W12 for thermal treatment at 1600 ◦C and 120 min
showed a slightly decreasing trend after the increase of MgO wt.%, but an increasing trend
with increasing Fe2O3 wt.% for the same percentage of MgO. More specifically, for the
sample W12 this parameter was decreased from 2.78–2.96 g/cm3 (stable 10 wt.% MgO) to
2.72–2.92g/cm3 (stable 15 wt.% MgO) and finally to 2.62–2.84 g/cm3(stable 20 wt.% MgO).
Also, in Elmaghraby et al., bulk density decreased with increasing MgCO3 [14]. In contrast,
for the sample W13, BD values showed an increasing trend with increasing MgO wt.%, and
more specifically, from 2.63–2.65 g/cm3 (stable 10 wt.% MgO) to 2.66–2.82 g/cm3 (stable
15 wt.% MgO) and finally to 2.79–2.91 g/cm3 (stable 20 wt.% MgO) (Figure 9). In the
study of Emrullahoglu et al., bulk density values increased in serpentine samples with the
addition of magnesium chloride water solution and increasing temperature to a final value
of 2.92 g/cm3 at 1400 ◦C [13]. The decreasing trend of sample W12 can be attributed to the
addition of MgO, where an excess of MgO presence is noticed compared to the theoretical
requirement for olivine formation (Table 3). On the other hand, sample W13 seems to have
an increasing trend of BD values due to the absence of a high excess MgO wt.% (compared
to W12) and better sintering at a higher temperature. These results are in good agreement
with the respective WA (%) and AP (%), while BD measurements are inversely related to
AP (%) measurements (Section 3.2.2).

BD levels for both samples showed an increasing trend with increasing Fe2O3 wt.%.
BD values for sample W12 and stable 10 wt.% MgO increased from 2.78 g/cm3 (no Fe2O3)
to 2.96 g/cm3 (5 wt.% Fe2O3), for 15 wt.% MgO increased from 2.72g/cm3 (no Fe2O3)



Clean Technol. 2022, 4 1118

to 2.92 g/cm3 (5 wt.% Fe2O3), and finally, for 20 wt.% MgO, increased from 2.62 g/cm3

(no Fe2O3) to 2.82 g/cm3 (5 wt.% Fe2O3). Similarly, for sample W13 and 10 wt.% MgO
increased from 2.63 g/cm3 (no Fe2O3) to 2.65 g/cm3 (5 wt.% Fe2O3), 15 wt.% MgO increased
from 2.66 g/cm3 (no Fe2O3) to 2.82 g/cm3 (5 wt.% Fe2O3), and finally for 20 wt.% MgO
increased from 2.79 g/cm3 (no Fe2O3) to 2.91 g/cm3 (5 wt.% Fe2O3). In the study of
Rodríguez Gomez et al., bulk density values also increased with the increase of high-grade
nano-iron oxide (a-Fe2O3) Fe2O3 addition to 3.38 g/cm3 with 5 wt.% Fe2O3 and a sintering
temperature of 1600 ◦C. The increase of BD values agrees with the corresponding small
decrease of AP (%) after adding Fe2O3 due to magnesioferrite spinel formation [33]. The
increase in bulk density indicates that sintering has occurred, and at thermal treatment at
1600 ◦C, the sintering temperature has decreased because the iron oxide has a lower melting
point than MgO [33,42,46]. In general, BD values of the samples at 1600 ◦C are higher
than the respective ones at 1300 ◦C and indicate that for the thermally treated samples
at a higher temperature (1600 ◦C), sintering is favored, which consequently increases the
BD values.

The permissible BD values are for sample W12 for 10 wt.% MgO and 1–5 wt.% Fe2O3,
for 15 wt.% MgO and 2.5–5 wt.% Fe2O3 and for 20 wt.% MgO for 5 wt.% Fe2O3. In addition,
for sample W13 for 15 wt.% MgO and 5 wt.% Fe2O3 and for 20 wt.% MgO and 1–5 wt.%
Fe2O3. These results indicate that the addition of Fe2O3 is required, while the formation of
magnesioferrite, due to the high diffusion of iron oxide (Fe2O3) in MgO, affects the sintering,
increasing the bond strength and, therefore, the mechanical properties and resistance to
many kinds of stresses during operation [31,34]. Moreover, under a normal atmosphere,
the reported solubility of Fe2O3 in MgO is 10% at 1200 ◦C and 35% at 1400 ◦C, while the
alteration of the crystal structure and the respective increase of the inner crystal energy due
to the development of thin inclusions are a result of the diffusion of Fe ions into periclase
grains that form a solid solution. This process further facilitates the sintering through
the increase in the recrystallization ability and promotes the growth of periclase granules
(MgO). Even at very low rates, the Fe-compounds increase the growth rate of MgO grains
during the Fe2+/Fe3+ change since the high ion density of O2− provides the respective
electrical stability to achieve that growth [42]. In conclusion, the addition of Fe2O3 in small
percentages is a positive outcome, while increasing BD was found to improve the matrix-
aggregate bond and improve corrosion resistance. If the slag aggression on refractories
is reduced, the corrosion will decrease, and refractories will survive for a longer time.
Higher bulk density values also result in increased values of hardness and mechanical
strength, and high resistance to chemical attack during the application of the products [44].
In conclusion, the desired results are high bulk density values.

3.2.4. Mechanical Strength

The results and the relevant error bars regarding mechanical strength (MS) values of
samples W12 and W13 with the additives MgO and Fe2O3 wt.% after thermal treatment at
1300 ◦C and 1600 ◦C for 120 min are presented in Figures 10 and 11. The average Standard
Deviation (SD%) was within ±5%.

MS values for the products from the mining sample W12, after the respective thermal
treatment at 1300 ◦C for 120 min, with 10 and 15 wt.% MgO and 0.5–5 wt.% Fe2O3 range
from 25.5 to 39.2 MPa and do not present significant changes with MgO wt.% addition
from 10 to 15 wt.%, except for the sample with a 2.5 wt.% Fe2O3 addition and 15 wt.%
MgO having the maximum value of MS (39.2MPa). In general, in our previous research,
adding Fe2O3 seems to improve mechanical strength by ≤5 wt.% [31]. This complies with
increasing BD values (to a small degree) with increasing Fe2O3 addition (Section 3.2.3).
For the products from the mining sample W13, adding MgO from 10 to 15 wt.% seems
to improve MS values, with a maximum value of 5 wt.% Fe2O3. MS values for sample
W13 and 10 wt.% MgO ranges from 8.8 to 27.3 MPa, and for 15 wt.% MgO from 25.9 to
35.8 MPa. The permissible limits for the common magnesium refractories range between
21–41 MPa [43].
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MS values for sample W12 with 10, 15, and 20 wt.% MgO and 0.5–5 wt.% Fe2O3, after
thermal treatment at 1600 ◦C for 120 min, have a maximum MS value at 15 wt.% MgO
with 2.5 wt.% Fe2O3 (Figure 10). The optimum dose of MgO wt.% for olivine formation
for the W12 sample is 9.4 wt.% (Table 3), so it seems that for thermal treatment at higher
temperatures (1600 ◦C), +5 wt.% MgO is required from the optimum dose in combination
with Fe2O3, with maximum MS results obtained with 2.5 wt.% Fe2O3 (49.2 MPa). Similarly,
the mechanical strength values for sample W13 with 10, 15, and 20 wt.% MgO and 1, 2.5 and
5 wt.% Fe2O3 after thermal treatment at 1600 ◦C for 120 min, have a maximum MS value at
20 wt.% MgO with 2.5 wt.% Fe2O3. The optimum dose of MgO wt.% for olivine formation
for sample W12 is 15.6 wt.% (Table 3). It seems that for thermal treatment at 1600 ◦C, and for
sample W13, a +5 wt.% MgO is also required from the optimum dose in combination with
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Fe2O3 for maximum MS value, with the optimum results obtained with 2.5 wt.% Fe2O3
(45.6 MPa). In the Emrullahoglu et al. study, the mechanical strength of serpentine samples,
with the addition of magnesium chloride-water solution, have mechanical strength values
of 34.44 MPa at a sintering temperature of 1400 ◦C [13]. Also, in Rodríguez Gomez et al.,
mechanical strength values increased with the increase of high-grade nano-iron oxide
(a-Fe2O3) addition to final 65.08 MPa with 5 wt.% Fe2O3 and sintering temperature of
1600 ◦C [33].

In general, the addition of iron oxide affects the sintering process and improves
mechanical strength [31], while the high solubility of Fe2O3 in periclase due to the near
ionic radius of iron and magnesium leads to the formation of cationic vacancies in magnesia,
resulting in precipitation of magnesioferrite spinel from periclase and enhancing bonding
formation [33]. Higher BD values are associated with a higher mechanical strength of the
final products.

Higher MS values result from high proportions of continuous bonding to the mi-
crostructure, higher diffusion rates, faster bonding, and densification, resulting in improved
mechanical properties. Improving the mechanical strength of bonding, the bulk density
combined with lower porosity due to the addition of iron oxide improves the corrosion
resistance. If the slag aggression in the refractory is reduced, the corrosion will decrease,
and refractories will survive longer [47]. Moreover, it must be pointed out that the produc-
tion process shows zero carbon dioxide emissions which is an important factor for future
applications that affect the growth of the global economy and global warming [48].

3.3. SEM Analysis

The microstructure chemical content and the mineralogical content on the surface
of sample W12, with the addition of 10 wt.% MgO, 15 wt.% MgO, and 15 wt.% MgO +
2.5 wt.% Fe2O3, after firing at 1600 ◦C for 120 min, were determined using the SEM and
EDS point micro-analysis, as revealed in Figure 12.

The surface point EDS micro-analysis of the product of the mining waste sample W12
with the addition of 10 wt.% MgO after firing at 1600 ◦C for 120 min indicates the main
mineral phases that correspond to those of forsterite and magnesioferrite. In more detail,
the wt.% reported results for the surface elemental point micro-analysis of the products
of the examined mining waste samples, also considering the mass balance equations and
the molar ratio, show that the white/grey areas of SEM images (Figure 12a, Mfr) contain
40.49 wt.% Mg, 18.41 wt.% Fe, 2.91 wt.% Cr, and 1.36 wt.% Al, and correspond to the spinel
group of Mg(Cr, Fe, Al)2O4. The main surface of the sample (Figure 12a, Fo) contains
28.15 wt.% Mg and 19.58 wt.%. Si, clarifying that this consists of forsterite. In addition,
the white areas (Figure 12a, Mfr-Fe) contain 8.39 wt.% Mg, 58.95 wt.% Fe, 5.48 wt.% Cr,
and 1.19 wt.% Al, mainly consisting of a mixture of spinel group (Cr, Fe, Al)2O4 with the
highest percentage of Fe. The SEM-EDS results also agree with the respective XRD results,
as previously presented (Section 3.1).

The surface point EDS micro-analysis of the product of the mining waste sample W12
with the addition of 15 wt.% MgO after firing at 1600 ◦C for 120 min indicates the main
mineral phases that correspond to those of forsterite and magnesioferrite. In more detail,
the wt.% reported results for the surface elemental point micro-analysis of the products
of the examined mining waste samples, also considering the mass balance equations
and the molar ratio, show that the white/grey areas of SEM images (Figure 12b, Mfr)
contain 17.91 wt.% Mg, 47.47 wt.% Fe, 3.46 wt.% Cr and 1.57 wt.% Al, and correspond to
Mg(Cr, Fe, Al)2O4 spinel group. The main surface of the sample (Figure 12b, Fo) contains
33.81 wt.% Mg and 19.55 wt.%. Si, and so it clarifies that this consists of forsterite. The
SEM-EDS results also agree with the respective XRD results, as previously presented
(Section 3.1).
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Figure 12. SEM images of the W12 sample fired at 1600 ◦C for 120 min in the presence of additives:
(a) 10 wt.% MgO, (b) 15 wt.% MgO, (c) 15 wt.% MgO + 2.5 wt.% Fe2O3. Abbreviations: Fo: Forsterite;
Mfr: Magnesioferrite, Mg(Cr, Fe, Al)2O4.

The surface point EDS micro-analysis of the product of the mining waste sample W12
with the addition of 15 wt.% MgO and 2.5 wt.% Fe2O3 after firing at 1600 ◦C for 120 min
indicates the main mineral phases of forsterite and magnesioferrite. In more detail, the
wt.% reported results for the surface elemental point micro-analysis of the products of
the examined mining waste samples, also considering the mass balance equations and
the molar ratio, show that the white/grey areas of SEM images (Figure 12c, Mfr) contain
16.18 wt.% Mg, 45.57 wt.% Fe, 4.65 wt.% Cr, and 1.37 wt.% Al, and correspond to the
Mg(Cr, Fe, Al)2O4 spinel group. The main surface of the sample (Figure 12c, Fo) contains
33.41 wt.% Mg and 18.90 wt.%. Si and clarifies that this consists of forsterite. The SEM-EDS
results also agree with the respective XRD, as previously presented (Section 3.1).

Conclusively, the SEM images for the W12 sample indicate that the optimum results
regarding the surface of the final samples are with 15 wt.% MgO and 2.5 wt.%, while the
excess of MgO +5 wt.%. From the optimum dose MgO addition for sample W12 (Table 3) in
combination with the addition of 2.5 wt.% Fe2O3, favor sintering, minimizing the gaps in
the surface. The grains are homogenized, increasing the mechanical strength (Section 3.2.4).

The microstructure chemical content and the mineralogical content on the surface
of sample W13, with the addition of 15 wt.% MgO, 20 wt.% MgO, and 20 wt.% MgO +
2.5 wt.% Fe2O3, after firing at 1600 ◦C for 120 min, were determined using the SEM and
EDS point micro-analysis, as revealed in Figure 13.



Clean Technol. 2022, 4 1122

Clean Technol. 2022, 4, FOR PEER REVIEW  21 
 

 

and mainly consist of a mixture of spinel group (Cr, Fe, Al)2O4 with the highest percentage 

of Fe. The SEM-EDS results agree with the respective XRD, as previously presented (Sec-

tion 3.1). 

 

Figure 13. SEM images of the W13 sample fired at 1600 °C for 120 min in the presence of additives. 

(a) 15 wt.% MgO, (b) 20 wt.% MgO, (c) 20 wt.% MgO + 2.5 wt.% Fe2O3. Abbreviations: Fo: Forsterite; 

Mfr: Magnesioferrite, Mg(Cr, Fe, Al)2O4. 

The surface point EDS micro-analysis of the product of the mining waste sample W13 

with the addition of 20 wt.% MgO after firing at 1600 °C for 120 min indicates the mineral 

phases that correspond to those of forsterite and magnesioferrite. In more detail, the wt.% 

reported results for the surface elemental point micro-analysis of the products of the ex-

amined mining waste samples, also considering the mass balance equations and the molar 

ratio, show that the white/grey areas of SEM images (Figure 13b, Mfr) contain 15.78 wt.% 

Mg, 50.06 wt.% Fe, 3.88 wt.% Cr and 1.99 wt.% Al, and correspond to Mg(Cr, Fe, Al)2O4 

spinel group. The main surface of the sample (Figure 13b, Fo) contains 33.94 wt.% Mg and 

19.52 wt.%. Si, and it clarifies that it consists of forsterite. The SEM-EDS results also agree 

with the respective XRD, as previously presented (Section 3.1). 

The surface point EDS micro-analysis of the product of the mining waste sample W13 

with the addition of 20 wt.% MgO and 2.5 wt.% Fe2O3, after firing at 1600 °C for 120 min, 

indicates mineral phases that correspond to those of forsterite and magnesioferrite. In 

more detail, the reported wt.% results for the surface elemental point micro-analysis of 

the products of the examined mining waste samples, also considering the mass balance 

equations and the molar ratio, show that the white/grey areas of SEM images (Figure 13c, 

(γ) 

Fo 

Mfr-Fe 

Fo 

Mfr 

Fo 

Mfr 

Mfr 

Mfr Fo 

(a) (b) 

(c) 

Figure 13. SEM images of the W13 sample fired at 1600 ◦C for 120 min in the presence of additives.
(a) 15 wt.% MgO, (b) 20 wt.% MgO, (c) 20 wt.% MgO + 2.5 wt.% Fe2O3. Abbreviations: Fo: Forsterite;
Mfr: Magnesioferrite, Mg(Cr, Fe, Al)2O4.

The surface point EDS micro-analysis of the product of the mining waste sample W13
with the addition of 15 wt.% MgO after firing at 1600 ◦C for 120 min indicates the main
mineral phases that correspond to those of forsterite and magnesioferrite. In more detail,
the wt.% reported results for the surface elemental point micro-analysis of the products
of the examined mining waste samples, also considering the mass balance equations and
the molar ratio, show that the white/grey areas of SEM images (Figure 13a, Mfr) contain
32.71 wt.% Mg, 25.87 wt.% Fe, 3.48 wt.% Cr, and 0.9 wt.% Al, and correspond to the
Mg(Cr, Fe, Al)2O4 spinel group. The main surface of the sample (Figure 13a, Fo) contains
32.9 wt.% Mg and 19.66 wt.%. Si, clarifying that it consists of forsterite. In addition, the
white areas (Figure 13a, Mfr-Fe) contain 16.04 wt.% Mg, 50.7 wt.% Fe, 4.46 wt.% Cr, and
0.88 wt.% Al, and mainly consist of a mixture of spinel group (Cr, Fe, Al)2O4 with the
highest percentage of Fe. The SEM-EDS results agree with the respective XRD, as previously
presented (Section 3.1).

The surface point EDS micro-analysis of the product of the mining waste sample
W13 with the addition of 20 wt.% MgO after firing at 1600 ◦C for 120 min indicates the
mineral phases that correspond to those of forsterite and magnesioferrite. In more detail,
the wt.% reported results for the surface elemental point micro-analysis of the products
of the examined mining waste samples, also considering the mass balance equations and
the molar ratio, show that the white/grey areas of SEM images (Figure 13b, Mfr) contain
15.78 wt.% Mg, 50.06 wt.% Fe, 3.88 wt.% Cr and 1.99 wt.% Al, and correspond to Mg(Cr, Fe,
Al)2O4 spinel group. The main surface of the sample (Figure 13b, Fo) contains 33.94 wt.%
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Mg and 19.52 wt.%. Si, and it clarifies that it consists of forsterite. The SEM-EDS results
also agree with the respective XRD, as previously presented (Section 3.1).

The surface point EDS micro-analysis of the product of the mining waste sample W13
with the addition of 20 wt.% MgO and 2.5 wt.% Fe2O3, after firing at 1600 ◦C for 120 min,
indicates mineral phases that correspond to those of forsterite and magnesioferrite. In
more detail, the reported wt.% results for the surface elemental point micro-analysis of
the products of the examined mining waste samples, also considering the mass balance
equations and the molar ratio, show that the white/grey areas of SEM images (Figure 13c,
Mfr) contain 18.27 wt.% Mg, 45.94 wt.% Fe, 3.71 wt.% Cr, and 2.73 wt.% Al, and correspond
to the Mg(Cr, Fe, Al)2O4 spinel group. The main surface of the sample (Figure 13c, Fo)
contains 33.57 wt.% Mg and 19.76 wt.%. Si, and thus clarifies it consists of forsterite. The
SEM-EDS results also agree with the respective XRD, as previously presented (Section 3.1).

Conclusively, the results for SEM images for the mining waste sample W13 indicate
that the optimum results regarding the surface of the final samples are with 20 wt.% MgO
and 2.5 wt.%, while the excess of MgO +5 wt.%. from the optimum dose MgO addition
for sample W12 (Table 3), in combination with the addition of 2.5 wt.% κ.β. Fe2O3, favor
sintering, minimizing the gaps in the surface. The grains are better homogenized, increasing
mechanical strength (Section 3.2.4).

In addition, the white areas on the surface of the samples in SEM images are attributed
to a spinel group Mg(Cr, Fe, Al)2O4 and MgFe2O4, which is in agreement with the highest
values of bulk density (Section 3.2.3). These results are attributed to the higher density of
Fe2O3 (5.24 g/cm3) in comparison with the MgO additive (3.58 g/cm3) and the eventual
formation of a respective spinel MgFe2O4 (4.51 g/cm3) [34]. The main surface of the
samples consists of the desired mineral phase (forsterite).

4. Conclusions

The addition of 10, 15, and 20 wt.% MgO in combination with 0.5, 1, 2.5, and 5 wt.%
Fe2O3 to mining wastes from stocked piles of magnesite enrichment ores processes after
thermal treatment at 1300 ◦C and 1600 ◦C for 120 min has improved the physicochemical
properties of the wastes, favoring the production of potentially useful refractory products.
From the XRD patterns, at both temperatures, the formation of magnesioferrite is reported,
whereas the percentage of unwanted pyroxenes (mainly enstatite) decreases with the
increasing addition of MgO (wt.%), and the percentage of desirable olivine (forsterite)
increases. Periclase formation is associated with the excess of MgO presence.

FS% decreases with increasing MgO wt.% at 1300 ◦C for 120 min and has a minimum
value at the optimum MgO dose for olivine formation for both samples at 1600 ◦C for
120 min. Olivine formation improves refractoriness and minimizes shrinkage. FS (%)
increases for a stable percentage of MgO wt.% with increasing Fe2O3 due to the formation
of magnesioferrite, leading to a sintering process. WA (%) and AP (%) values generally
increase with the addition of MgO after thermal treatment at 1300 ◦C and 1600 ◦C for
120 min due to the hydration of magnesia and decrease by increasing Fe2O3 while iron
oxide enhances sintering. Also, the increase of the addition of Fe2O3 wt.% (for stable MgO)
increases the BD values due to the formation of magnesioferrite and sintering as well.
Moreover, adding Fe2O3 improves MS values with the optimum results obtained at 1600 ◦C
for optimum MgO wt.% dose plus 5 wt.% MgO from the optimum dose in combination
with Fe2O3, with maximum MS results obtained with 2.5 wt.% Fe2O3. These results agree
with the SEM-EDS analysis.

In general, iron oxide, with the optimum results shown for 2.5 wt.% Fe2O3 addition, is
a significant additive since its addition results in the homogenization of the surface and
improvement of bonding, bulk density, and a mechanical strength increase in combination
with lower porosity, improving corrosion resistance. Also, FS (%) decreases with the
optimum MgO dose and improves the refractory properties of the products, indicating that
the addition of MgO and Fe2O3 produces an upgraded refractory material under the frame
of circular economy from the mining waste samples examined.
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and Fe2O3 after their thermal treatment at 1300 ◦C for 120 min; Table S3: The mineralogical content
(wt.%) of examined mineral waste sample W12 with the addition of different percentages of MgO
and Fe2O3 after their thermal treatment at 1600 ◦C for 120 min; Table S4: The mineralogical content
(wt.%) of examined mineral waste sample W14 with the addition of different percentages of MgO
and Fe2O3 after their thermal treatment at 1600 ◦C for 120 min.
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