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Abstract: This study investigates the extraction of impurities from a low-grade
Saudi magnesite ore with the following composition: 37.68% MgO, 7.24% CaO,
3.10% SiO2, 1.91% Fe205, 0.58% AlLOs;, and 48.65% LOI. Additionally, it
examines the calcination process of magnesite and the subsequent removal of
impurities. Dry high-intensity magnetic separation was utilized for the magnesite
both before and after calcination. Various parameters, including feed size, feed
rate, magnetic field strength, and roll speed, were assessed using an Outotec-
induced roll magnetic separator (model MIH 13 111-5). The results demonstrate
that impurity removal and recovery are more efficient after calcination than before.
The final product is anticipated to be a suitable raw material for producing dead-
burned magnesia, which is utilized in the refractory industry.
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1. Introduction

Magnesite ore, a deposit of magnesium
carbonate, predominantly contains MgO,
CO2, and varying levels of impurities,
including iron. Magnesite is a significant
source of magnesia (MgO), a crucial
refractory material [1,2]. Magnesia is
commonly employed as a refractory oxide
in furnaces, kilns, and other high-
temperature devices due to its high melting
point, thermal stability, low thermal
expansivity, and excellent resistance to slag
[3]. Magnesia makes for roughly 90% of
the overall usage for the manufacturing of
refractory materials [4,5].
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Magnesite deposits typically contain
heterogeneous impurities, such as iron,
which react with magnesia to form
compounds and phases with lower melting
points. It is crucial to consider the presence
of iron impurities in the magnesite sample
as they can significantly affect the quality
of the final product. However, asmall
percentage of iron acts as a binding agent
that will help close the porosity, which is
beneficial for refractory. Magnesium oxide
with ferric oxide closes the pores by
cementing them together. This leads to less
porosity, which means less reactivity [6,7].
This will be an issue when producing CCM
powder because achieving the ideal density
will be challenging due to the act of iron
impurities as binding agents. Furthermore,
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these impurities can affect the compacting
conditions of ceramic bodies, resulting in
suboptimal  density, particularly in
processes involving low-density
refractories [8].

Iron impurities can be removed or reduced
before or after the calcination process.
Magnetic susceptibility highly depends on
the heating temperature level and particle
size. Moreover, the weak magnetic phases
tend to increase with temperature, while the
strong magnetic phases decrease with
increasing. Therefore, it is important to
study their behaviour during heat
treatment to  determine  the  optimal
temperature level [9]. Removing iron
impurities in most contributes to reducing
other impurities, such as dolomite and silica
[10,11].

Studies have shown that the magnetic
properties of materials undergo a phase
transition during thermal treatment. For
instance, a paramagnetic material can
transform into a ferromagnetic material and
vice versa as the temperature increases. In a
previous experimental study, it was found
that subjecting magnetite to heat treatment
at 600°C for 1-2 hours resulted in the
development  of  hematite  phases.
Furthermore, heat treatment at 700-800°C
for 1-3 hours exclusively led to the
formation of the hematite phase [12]. These
observations align with the theory that
magnetic materials lose or weaken their
magnetic properties as temperature rises.
Consequently, employing elementary
magnetic separation before calcination can
help reduce iron impurities, particularly in
magnetite. =~ For  the  paramagnetic
transformation into a ferromagnetic mineral
phase, heating hematite to 250°C
significantly  increases its magnetic
susceptibility [13,14]. In a separate study, a
goethite sample with a particle size of -2
mm was sourced from an iron ore reject
stream in the Pilbara region of Western
Australia. Roasting the samples at 700°C
and 750°C substantially enhanced magnetic
separation recovery by transforming

goethite and hematite into magnetite. It's
worth noting that the optimal temperature
for the goethite to hematite transformation
is 450°C in air and (5% CO2) gas mixtures.
Similarly, the preferred temperature range
for the transformation of hematite to
magnetite is between 650°C and 700°C
[15,16].

When applying these temperature levels, it
is also amust to consider the magnesite
calcination or decomposition temperature
level to avoid impacting carbonate
impurities. The process of magnesite
calcination involves the thermal breakdown
of magnesite into magnesia and carbon
dioxide. The decomposition of magnesite
takes place within a range of temperatures
of 300 to 700 [17-22]. The data reveals a
distinct sharp peak corresponding to
magnesite decomposition and a broad
endothermic peak at lower temperatures,
usually occurring in the 250-450°C range,
attributed to the evaporation of moisture
and the elimination of volatile materials
[18,21].

Numerous studies have been conducted in
magnesite decomposition. In a previous
study, a Padamarang magnesite ore in
Indonesia exhibited the lowest
decarbonization temperature. The
formation of magnesite from thin and flat
hexagonal sheets suggested the presence of
MgO, while the needle-shaped morphology
indicated the presence of CaO impurities.
The EDX analysis revealed that magnesite
contained 30.69% Mg, 15.37% C, and
53.39% O. The calcination experiments
involving 2 g of the sample were carried out
in a tube furnace at temperatures ranging
from 150 to 900°C for 30 minutes. The
decomposition  occurred  within a
temperature range of 300 to 400°C, likely
close to 400°C, consistent with a previous
study by Weast in 1978. XRD analysis
showed the disappearance of most MgCO;
peaks above 300°C during calcination,
accompanied by the emergence of MgO
peaks, which increased with higher
calcination temperatures [17]. Another
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study was done on various combinations by
mass of MgCO3 mixed with epoxy resin.
The results show a 60% mass reduction for
MgCO3 when the maximum temperature is
set to 1000 °C to form MgO. The
decomposition begins at 500 °C and is
completed at around 550 °C in a Helium gas
environment [21]. Another study has
indicated that a CO; atmosphere raises the
ultimate decomposition temperature to
approximately 598°C. [22].In another
investigation on Savinski magnesites in
Russia known for their large crystalline
rocks featuring a radial-radiant "stellar"
texture. Impurity rocks contain 0.85%
dolomite, 1.60% quartz, and 0.80% pyrite.
Fine-grained magnesia rock samples were
treated at temperatures ranging from 400 to
1000 °C, with an hour-long exposure at the
end temperature. Thermo-analysis of the
magnesite sample revealed decarbonization
and the formation of magnesium oxide
occurring at 606.5 °C. Another type of
magnesite from Khalilovski, Russia,
exhibits an amorphous form with a
crystalline structure only observable under
a microscope. The Khalilovski deposit is
characterized by serpentine magnesites
with a chemical composition of 48.22%
MgO, 6.16% SiO», and 2.33% CaO. Heat
treatment of the amorphous magnesite at
the same conditions led to decarbonization
at 579.2 °C, while larger particles
underwent decarbonization at 702.3 °C
[19].Also, another test has been done on a
magnesite sample obtained from the Afzal
Abad mine in Iran, with a chemical
composition of 41.85% MgO, 6.16% Si02,
and 2.06% CaO, along with the phase of
impurities such as dolomite, quartz,
kaolinite, olivine, and illite. The TG test
used a 50 mg sample in an alumina cell in
an air atmosphere, heating at 10 K/min up
to 1400 °C. The TG results exhibited a
sharp weight loss at 600-650 °C [18].
Finally, A magnesite sample sourced from
Uralasbest, Asbest, and the Sverdlovsk
region, containing 44.65% MgO, 2.05%
Si02, and 1.14% CaO, was subjected to
calcination. The decomposition process

began at 578.2°C, with the peak thermal
effect of decarbonization occurring at
680.6°C. The magnesite exhibited a weight
loss of 51.20% commencing at 642°C [23].
Considering the behavior of magnesite and
iron impurities before applying magnetic
separation will lead to effective separation,
especially for calcined magnesite.

Many researchers studied the magnetic
separation methods in magnesite and
calcined magnesite. For example, in a study
on calcined magnesia from the Mutnik
deposit in Slovakia, the magnesia recovery
reached 95.81% using DHIMS [24]. In
another study, magnesite tailings from
KUMAS in Turkey containing 77.69%
MgCOs and 3.14% Fe O3 were subjected to
high-gradient magnetic separation twice at
1.8T, resulting in an increase in magnesite
content to 91.03% and a reduction in iron
content to 0.32% [25]. Furthermore, a study
on a representative magnesite-dolomite
sample from Wadi El-Barramiya, Egypt,
with 33.92% MgO, 7.18% Fe>03, and CaO,
showed that dry magnetic separation
effectively separated magnesite stained
with hematite and magnetite from dolomite.
This resulted in a magnesite concentrate
product with 1.12% CaO and 46.02%
recovery and a middling fraction containing
44.63% magnesite and 10.95% dolomite
[26]. A separate investigation was
conducted on calcined magnesite
containing 87% MgO, 5% CaO, 4.5% SiO»,
and 2.6% Fe;03. The application of dry
magnetic separation yielded a product with
92.5% MgO, 2.5% CaO, 2.10% SiO, and
1.54% Fe O3 [11]. Furthermore, dry
magnetic separation was applied to calcined
magnesite sourced from Eskisehir, Turkey,
with 87.99% MgO, 3.2% SiO», and 0.9%
Fe»03, resulting in an increase in MgO by
1.58%, a reduction in SiO2 by 2.24%, and a
reduction in Fe2O3; by 0.47% [27]. Lastly,
high-gradient magnetic separation (HGMS)
and superconducting magnetic separators
were utilized on decarbonized magnesite
with a particle size of -0.35 mm, yielding a
product containing 0.16% SiO2 and 0.31%
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CaO [28]. However, the paper aims to
investigate DHIMS before and after
magnesite calcination and study Saudi low-
grade magnesite ore's calcination or
decomposition and impurities.

2. Material and methods
2.1 Materials and sample preparation

The magnesite ore used in the experiment
was obtained from the Al Ghazala mine,
Hail, Saudi Arabia. Initially, the ore was
crushed to -2 mm using a Jaw crusher. The
sample was then prepared using the coning
and quartering method, followed by the
riffle distributor. Subsequently, a portion of
the samples were subjected to calcination.
The experimental procedure involved
exposing the magnesite to temperatures
ranging from 500 to 800°C for 0.5, 1, and
1.5 hours soaking at each temperature. A
CHM-60H laboratory furnace from Jim-
bomb Enterprise Co., Ltd., Taiwan, was
employed for the calcination. Individual
300 g portions of the magnesite sample
were placed in separate cups and then put
into the furnace at room temperature
(25°C). The heating cycle proceeded at
20°C per minute until the desired
temperature was reached. Subsequently, the
samples were left to soak for the
predetermined period during the cooling
cycle, which was uncontrolled. Upon
removal from the furnace at 100°C, the
samples were placed in a desiccator to
prevent moisture absorption and weighed.
A ball mill was used for additional size
reduction for the subsequent test conditions
on magnesite ore or calcined magnesite.

2.2 Methods
2.2.1 Magnesite characterization

The chemical composition was determined
using X-ray fluorescence (XRF).
Additionally, the iron phases were identified
through X-ray diffraction (XRD). These
analyses were conducted on magnesite
ore, calcined magnesite, and DHIMS

concentration results before and after
calcination.

2.2.2 Dry high-intensity magnetic
separation

The magnesite ore and calcined magnesite
underwent dry high-intensity magnetic
separation using the Outotec-induced roll
MIH (13) 111-5 model. Table 1 details the
parameters tested for the magnesite ore
under initial conditions, with a feed rate of
0.6 kg/min, a roll speed of 40 rpm, and a
magnetic field of 12K gausses. The DHIMS
test for the calcined magnesite was
conducted based on the optimal findings
from the DHIMS test of magnesite ore.
Finally, the results of DHIMS before and
after calcination were compared.

Table 1: DHIMS experiments conditions
on magnesite ore

Parameter Conditions
Feed size (mm) at -0.63, -0.425, -
Pso 0.212,-0.1
Feed rate (kg/min) 0.3,0.9,1.2
Field intensity
(1000*gausses) 8,10, 14
Roll speed (rpm) 30, 50, 60

3. Result and discussion

3.1 Magnesite calcination

The graph in (Figure 1) shows the furnace's
heating conditions during soaking periods
lasting 0.5, 1, and 1.5 hr of soaking at peak
temperatures of 500°C, 600°C, 700°C, and
800°C. The heating rate is 20°C per minute,
and the soaking procedures were consistent
across all experiments. It is noted that as the
temperature increases, the cooling process
requires more time.

The data in (Figure 2) illustrates the weight
loss percentages of magnesite samples at
different  temperatures and  heating
durations. The results emphasize the
substantial influence of temperature and
heating duration on the thermal behavior of
magnesite. The general impact of heating
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time at 0.5 and 1 hour is more pronounced
than that at 1 and 1.5 hours, particularly at
temperatures of 700°C and 800°C.
However, the difference in impact at 1 hour
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Figure 1: Heating, soaking, and cooling process during partial calcination.

For temperature, the general trend is at
lower temperatures, and weight reduction is
low due to moisture removal and organic
material combustion. At higher
temperatures, the weight decrease is high,
indicating material decomposition [18,21].
Negligible weight loss is observed at
500°C, even with longer exposure times,
resulting in only a 1% reduction after 1.5
hours of heat exposure. At 600°C, the
behavior of the magnesite samples becomes
more noticeable, particularly at exposure
times of 1 and 1.5 hours, with a 7.12%

weight reduction. However, this impact is
similar to what was observed in the LOI
test, which showed significant
decomposition that begins around 600°C.
Between 600 and 700°C, the decomposition
peak is reached, which matches the high
mass reduction rate, with weight loss
increasing to 19.52% at 1.5hr. The weight
loss stabilizes somewhat at 800°C,
indicating that the thermal decomposition
of magnesite is nearly complete, resulting
in a 21.03% weight reduction.
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Figure 2: Effect of temperature and heating duration on weight loss of magnesite
samples.

3.2 Magnesite characterization

3.2.1 Magnesite ore

The XRD results in (Figure 3) of the
magnesite sample show the phase of the ore
and all the gangue minerals. The phases
within the sample are magnesite, dolomite,
quartz, and hematite. The magnesite
mineral phase (MgCO3) was the dominant
one and was responsible for most of the four
intense peaks, with the highest being
32.69°, 43.01°, 53.89°, and 35.95°. The
lower intense peaks of magnesite were
observed at 38.87°, 46.99°, 61.42°, 62.43°,
66.42°, 68.36°, 69.33°, 70.37°, 76°. The
sample is relatively abundant with dolomite
mineral phase (CaMg(COs3)2) with less
intense peaks at 35.31°, 50.63°, 51.26°, and
59.88°. The minor phases of the quartz
mineral phase (SiO2) have peaks at 20.91°
and 26.69°, and the hematite mineral phase
(Fe203) has peaks at 24.17° and 56.19°.

The XRF analysis of the magnesite sample
indicates a high concentration of magnesite

along with impurity minerals. The sample
consists of 37.68% MgO, 7.24% CaO,
3.10% SiO2, 1.91% Fe203, 0.58% AlO3,
and 48.65% LOIL.  The chemical
composition determined by XRF is
consistent with phases identified through
XRD analysis, except for the alumina
content, which XRD does not detect. The
significant CaO  content  suggests
contamination  from  calcium-bearing
minerals, particularly dolomite, associated
with magnesite deposits, as confirmed by
XRD. The presence of SiO: indicates the
existence of siliceous materials, primarily
quartz, while Fe;O3 suggests iron
contamination from hematite minerals. The
minor presence of Al>Os indicates alumina-
bearing impurities. The analysis revealed
that the impurity content exceeded the
required limit. Although the percentage of
alumina oxide presence is acceptable,
dolomite is the primary gangue mineral.
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Fgure 3: X-ray diffraction for Saudi-low grade magnesite ore
3.2.2 Calcined magnesite but consistent with previous studies

XRD analysis in (Figure 4) demonstrates
the phase variations observed in magnesite
samples at different temperatures (500°C,
600°C, 700°C, and 800°C). At 500°C,
mineral phases have no impact, which
aligns with the negligible weight reduction
at this temperature. Upon reaching 600°C,
a new intense peak at 43.01° and a smaller
peak at 37.06° were observed for the
periclase phase (MgO), while the peaks
corresponding to the magnesite mineral
phase at 35.95°, 43.01°, and 46.99°
disappeared. The dolomite, quartz, and
hematite phases remained unchanged.
Advancing to 700°C resulted in the
disappearance of all magnesite phases, with
new peaks corresponding to the periclase
phase at 62.26°, 74.75°, and 78.63°.
Simultaneously, the hematite phases
vanished, and peaks associated with the
magnetite phase (Fe;O4) emerged at 18.38°
and 57.16°. The quartz phase remained
unaffected by the increasing temperature.
Finally, at 800°C, the peaks of dolomite
disappeared, and peaks characteristic of
calcite (CaCOs) were identified at 29.48°
and 47.51°. The decomposition of dolomite
occurred between 700 to 800°C, which is a
relatively low decomposition temperature

[21,29]. However, it is worth noting that the
decomposition could also be attributed to
rapid heating, and it should be below
10°C/min, as found by [23]. Notably, the
quartz phase exhibited no impact even at
this elevated temperature. In (Figure 5), the
variation in MgO content in the sample is
depicted at different temperatures (500°C,
600°C, 700°C, and 800°C) over time
intervals of 0.5, 1.0, and 1.5 hours. At
500°C, the MgO content remains relatively
stable, around 37.67% to 37.68% across the
time intervals. This indicates that the
temperature is insufficient to impact the
magnesite  mineral, consistent  with
XRD and LOI results. At 600°C, there is an
initial increase in MgO content (3.65-
6.96%) compared to 500°C, and the impact
of exposure time at this temperature level
was 3.33%. This suggests the onset of
magnesite decomposition, but at the same
time, was a relatively slow rate even with
extended heat exposure, reaching up to
44.65%. Additionally, not all magnesite
decomposes at this temperature level, as
confirmed by the XRD results showing
magnesite and periclase peaks, and like the
previous findings [22].The MgO content
shows a significant increase at 700°C
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(13.75-14.91%) compared to a temperature
level of 600°C, with a 4.49% impact of
exposure time. This significant thermal
decomposition aligns with the XRD result

of showing only periclase peaks,
corresponding to increases in the
concentrations of MgO content by up to
59.56%.
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Figure 4: X-ray diffraction patterns of magnesite samples heated at different
temperatures (M: magnesite, M1: periclase (MgQO), D: dolomite, D1: calcite, H: hematite,

H1: magnetite Q: quartz).

These findings are consistent with previous
research on magnesite decomposition
within similar ranges of temperature
levels[18,19,22]. Finally, at 800°C, the
MgO content exhibits a slight increase
(6.52%) compared to the previous
temperature level, stabilizing at 64.22%
after 1.5 hours of partial calcination. The
impact of exposure time at 800°C
temperatures was lower, 2.63%, indicating
that the magnesite decomposition ends.

The data presented in (Figure 6) illustrates
the changes in CaO content over time
intervals of 0.5, 1.0, and 1.5 hours at
varying temperatures (500°C, 600°C,
700°C, and 800°C). At 500°C and 600°C,
the CaO content remains relatively stable,

ranging between 7.23% and 7.25% across
these temperature and time intervals.
However, a slight increase is observed at
700°C, where the CaO content rises more
noticeably, reaching around 7.32% at 1.5
hours. The absence of signs of dolomite
decomposition in the XRD results suggests
that this slight increase might be due to
mass reduction in the sample because of
magnesite decomposition. At 800°C, there
is a notable increase in the CaO content,
peaking at 7.49% after 1.5 hours, which
suggests the decomposition of dolomite
into calcite. The XRD results at this
temperature level support the dolomite
decomposition. The general impact of
heating time in more prolonged exposure is
more pronounced than the less exposure
time
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(Figure 7) illustrates the changes in the
chemical composition of Fe:0s, SiO2, and
ALOs in magnesite samples heated at
temperatures ranging from 500°C to 800°C
for 1.5 hours. The Fe:Os content gradually
increases from approximately 1.94% at
500°C to around 2.77% at 800°C,
suggesting a concentration effect due to the
relative stability of iron oxides. This might
be indicating the phase transformation of
goethite into hematite that occurred at a

and heating duration on CaO content.

temperature below 600°C [15]. However,
the XRD test didn’t detect the goethite face
in the raw material. At the same time, the
transformation of hematite to magnetite
occurred at 700°C, and it is like the
previous study [15,30,31]. SiO2 and AL,O3
content remain stable close to the ore level
in original sample at approximately 3.14%
and 0.61% across all temperatures,
indicating their thermal inertness.
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Figure 7: Influence of temperature and heating duration on CaO content.

3.3 Dry high-intensity magnetic
separation

The result of Saudi low-grade magnesite
ore using dry magnetic separation indicates
that up to 72.32% of iron can be removed
using DHIMS. This was achieved at
optimal feed size (-0.212+0.05mm), a feed
rate of 0.3 kg/min, 14 KGauss, and a roll
speed of 50 rpm. Moreover, the study
revealed that silica and alumina exhibit
high magnetism due to the presence of clay
and shale minerals, which include quartz
and alumina and can bind to or physically
associate with magnetic particles. The
concentrate of the magnesite ore contains
40.95% MgO, 7.26% CaO, 2.14% SiO»,
0.71% Fe»03, and 0.43% ALOs.

For the calcined magnesite, the chemical
composition of calcined material was
59.56% MgO, 7.32% CaO, 3.13% SiO2,
2.74 Fe203 and 0.62% AI203. After
processing the material by the DHIMS, the
concentrate was 67.12% MgO, 7.34% CaO,
1.74% Si02, 0.34 Fe203, and 0.41%
AI203. In (Figure 8), the graph illustrates
the reduction in the percentage of Fe>Os,
Si02, and AlO; with the magnesite assay

before and after partial calcination
following DHIMS application. The
comparison of the reduction percentages for
these impurities in magnesite samples
between the two scenarios is presented.
Applying DHIMS in the magnesite sample
after the partial calcination process resulted
in better outcomes than applying DHIMS to
magnesite before partial calcination. Fe;O3,
SiO2, and AlO; reduction rates were
significantly high in the partially calcined
magnesite. ALO; decreased moderately,
while SiO; and Fe,O; showed substantial
reductions. The graph demonstrates
calcination's effectiveness in enhancing the
magnesite's overall quality by reducing
impurity levels. In the presence of
magnetite, impurities such as Si and Al
induce paramagnetic properties, attracting
paramagnetic ~ components to  iron
impurities. This phenomenon is not most
likely to occur at the same rate in the case
of magnesite ore samples because of the
hematite. =~ The  resultant  chemical
composition ofthe concentrate of the
calcined magnesite ore is 67.12% MgO,
7.34% CaO, 1.74% Si03, 0.34% Fe,03, and
0.41% ALO;.
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4. Conclusion

The decomposition of Saudi magnesite
begins at approximately 600°C, reaching its
peak between 600 and 700°C. Dolomite
decomposition occurs between 700 and
800°C, while the transformation of

Author’s Contribution:

hematite to magnetite occurs within the
temperature range of 600 to 700°C.
Additionally, the calcination process
concentrates the magnesia, dolomite, and
iron oxides. Furthermore, it enhances the
removal of iron by 24.83%, silica by
13.53%, and alumina by 7.39%.

Conceptualizations, testing and experimental work; Muhammad Hadad and Hussin Ahmed .
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