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ABSTRACT
Despite the difficulties in pelletizing specularite-type refractory iron ores, the utilization of these
resources is indispensable for the steel industry due to the increasing need for iron. This study
investigated Fe recovery from a refractory iron ore using gravity separation, reverse flotation, and
two-stage magnetic separation. Tilt angle and particle size had a significant effect on the grade
and recovery of concentrates in shaking table tests. Gravity concentration at optimum conditions
resulted in an iron concentrate with 64.47% Fe grade and 90.73% Fe recovery. In the reverse flota-
tion tests, the frother and depressant substantially affected the Fe grade of concentrates while the
collector influenced the Fe recovery. A 90% Fe recovery with 64.69% Fe grade was obtained
within optimum flotation conditions. The Fe grades were raised to >67.5% in products after the
first magnetic separation. The tailings of the first magnetic separation were subjected to the
second magnetic separation after microwave-assisted roasting to increase the magnetic suscepti-
bility. In the second magnetic separation, a concentrate containing 66.06% Fe was separated from
the microwave-roasted non-magnetic material with 82.23% Fe recovery. To the best of our know-
ledge, the microwave-roasting method has been applied to a specularite-type refractory iron ore
for the first time.
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1. Introduction

Iron, which is mostly used in casting production, has an
essential place in the steel industry. Since it is a relatively
cheap material, iron metal is utilized in many areas from
the construction sector to the automotive sector. In this
respect, iron is the most commonly used metal in industry.
The primary source for iron metal is iron ores (Kuskov,
Kuskova, and Udovitsky 2017). The main industrial types of
iron-bearing minerals are magnetite (Fe3O4), hematite
(Fe2O3), goethite (FeO(OH)), limonite (Fe2O3�nH2O), and
siderite (FeCO3) (Filippov, Severov, and Filippova 2014;
Tripathy et al. 2017). Hematite is the leading iron-bearing
mineral for the iron and steel sectors (Filippov, Severov, and
Filippova 2014). Hematite with a metal luster flake is called
specularite. (Wang, Zhang, and Yang 2011). Specularite, also
known as oligist, is a brittle mineral in iron black color,
with a strong metal luster, and leaves red and brownish red
lines on porcelain. Its Mohs hardness is 6.5 and its density
is between 5.2 and 5.3 g/cm3 (Vapur and Top 2016; Zhu
et al. 2022). Specularite concentrates are of great interest
due to their advantages such as high iron grade and low
impurity contents (Zhu et al. 2009; Fan et al. 2012). Poor
aggregation and roasting performances due to the crystal
structure of specularite concentrates cause them to be con-
sidered as an unfavorable material for pellet production.

Studies on the pelleting of specularite minerals to overcome
these challenges has been extensively reported in the last
decade (Zhu et al. 2013, 2018; Zhang et al. 2014, 2018; Pan
et al. 2016; Wang et al. 2021). High-grade iron ore reserves
continue to decline due to increased steel consumption, and
steel industries are forced to use low-grade or lower-quality
iron ores to meet their raw material needs (Yuan et al.
2022). In iron ores, gangue minerals typically include quartz
and several iron-bearing silicates such as micas, amphiboles,
pyroxenes, carbonates, feldspars, clays, apatites, and magne-
sium compounds (Araujo, Viana, and Peres 2005; Filippov,
Severov, and Filippova 2014; Tripathy et al. 2017). The pres-
ence of impurities in iron ores causes various problems in
the granulation and smelting processes in the blast furnace
and limits the exploitation of these ores. Therefore, iron ore
is enriched using different separation methods to increase
the concentrate iron ratio and to remove these
unwanted impurities.

According to the mineralogy and chemical composition
of the ore deposit, it is necessary to select the appropriate
option for the separation technique (Abdulrahman 2012).
The basic beneficiation techniques for specularite mineral
includes gravity separation, magnetic separation, and flota-
tion (Wang, Zhang, and Yang 2011). Gravity separation,
which depends on the difference in mineral density, is one
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of the oldest mineral separation techniques. The technique
usually requires a small amount of capital for operating
costs together with the absence of chemicals and excessive
heating requirements. This generally makes this technique
environmentally friendly. The most important advantage of
the shaking table is its high selectivity with a high upgrading
ratio if used correctly (Falconer 2003). The other benefit of
enhanced gravity separation is its capacity to reject non-
liberated particles more effectively than the flotation method
(Singh and Das 2013; Filippov, Severov, and Filippova
2014). On the other hand, the flotation technique, which is
widely used for metallic sulfide ores, can be applied for iron
mineral separation. This method can be performed by
“direct” or “reverse” techniques depending on whether the
floated material is concentrated or not (Vidyadhar and
Singh 2007). To separate iron minerals from quartz, both
cationic and anionic collectors are used (Uwadiale 1992;
Mowla, Karimi, and Ostadnezhad 2008; Ma, Marques, and
Gontijo 2011; Neymayer, George, and Antonio 2013). Under
the same physicochemical conditions, floating capabilities of
magnetite and hematite are always lower than that of quartz
(Yuhua and Jianwei 2005). Therefore, reverse cationic flota-
tion is mostly used to obtain iron-bearing oxides (De Melo,
de Araujo, and Filippov 2017; Haryono et al. 2017). In flota-
tion, an amine or related organic compound is able to pro-
ducing positively charged hydrocarbon-bearing ions (hence
the name cationic collector) for the purpose of floating mis-
cellaneous minerals, including silicate minerals (Gaudin
1957). In the solid-liquid-gas interaction system, the zeta
potential values of quartz are negative. In addition, zeta
potentials of iron oxide minerals are positive, especially at
acidic pH values (Mesquita et al. 2001; Vidyadhar, Kumari,
and Bhagat 2014). The convenient flotation reagents are
added to the flotation system to change their interfacial
properties of the solid-liquid-gas system (Mowla, Karimi,
and Ostadnezhad 2008; Srdjan 2007).

Magnetic separators (Wang, Zhang, and Yang 2011;
Tanriverdi, Sen, and Cicek 2018), spirals (Abedi et al. 2022),
shaking tables (Vapur and Top 2016), and flotation cells (Li
et al. 2020; Zhang et al. 2022) have been reported on specularite
enrichment in the literature. Considering the particle sizes of
specularite mineral, the enrichment methods can be listed as
follows: gravity separation>magnetic separation� flotation.

The magnetic susceptibility of minerals can be increased by
microwave applications (Omran et al. 2014). By applying
microwaves, not only the minerals exposed to microwaves are
converted into ferromagnetic minerals, but also the total iron
content of the minerals increases. The most important advan-
tages of microwave irradiation over conventional roasting are
rapid heating, non-contact heating, selective and volumetric
heating (Wu et al. 2017). The recent investigations showed
that microwave irradiation had a significant advantage in the
processing of iron minerals such as hematite (Zhou et al.

2021), limonite (Tosun 2020), siderite (Znamen�a�ckov�a et al.
2005), and goethite (Nunna et al. 2021).

With increasing consumption, iron ore reserves continue
to deplete, and related industries are forced to use lower qual-
ity or previously undesirable iron ores to meet their raw
material needs. Although there are studies on the benefici-
ation of low-grade iron ores in the literature, research on the
enrichment of specularite type iron ores, especially by micro-
wave-assisted magnetic separation, are limited. The aim of
this research is to investigate the production of iron concen-
trate with high commercial grades (>60% Fe) from a specu-
larite type iron ore by applying shaking table, reverse cationic
flotation, and microwave-assisted magnetic separation meth-
ods. Besides that, the determination of effective separation
parameters for high Fe grades and recoveries is also focused
on. In this context, table tilt angle and particle size were
selected as the main variable parameters in the shaking table
tests, while the corn starch depressant dosage, Aero 3030C
collector dosage, X-133 frother dosage and froth collection
time were selected as the main variable parameters in the
reverse flotation tests. Magnetic field strength was chosen as
the main variable parameter in the magnetic separation tests.
Non-magnetic materials obtained as a result of the first mag-
netic separation were subjected to the second magnetic separ-
ation after being roasted with microwaves, and the focus was
also to observe the change in their magnetic properties.

2. Experimental

2.1. Materials

The specularite sample taken from a mine deposit in Turkey
was used in the experiments. The chemical composition of
the sample was determined by X-ray fluorescence analysis
using a Minipal-4 Panalytical device (Table 1). The sample
had a significant amount of iron (57.90% Fe). The mineral
phases of the sample were analyzed by using a Rigaku
Minflex XRD (X-ray diffractometer) device. Phase analyses
executed by PDXL and HighScore Plus software equipped
with a PDF-2 database showed that the mineral phases were
iron oxides (specularite (Fe2O3), goethite (FeO(OH)), hema-
tite (Fe2O3), iron oxide (FeO)) along with quartz (SiO2) and
andradite (Ca3Fe2Si3O12)(Figure 1).

According to XRF analysis of the sample, there are quite
small amount of impurities that have negative effects on sin-
tering, blast furnace, and steelmaking. Microscopic images
of the sample under the reflected light microscope (Nikon-
YS100) are shown in Figure 2 ((a) �38mm, (b) �74mm, (c)
�150þ 74 mm, (d) �500þ 150mm, (e) �1000þ 500mm and
(f) �2000þ 1000 mm). The red, black and dark grey colored
particles in the microscopic images are iron minerals such
as specularite, hematite and goethite. The white colored par-
ticles are quartz. The approximate loss on ignition (LOI)
values of the samples kept at 1000 �C for 1 h was 4.76%.

Table 1. Chemical analysis of the specularite samples.

Content Fe SiO2 CaO SO3 La2O3 MnO HgO Cr2O3 CuO Rb2O MoO3 Y2O3 Eu2O3 V2O5 LOI

% 57.90 8.11 8.46 0.3 0.11 0.02 0.025 0.02 0.04 0.03 0.01 0.003 0.07 0.02 4.76
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This value shows that the material is refractory iron ore and
is in line with the LOI values of refractory iron ores in the
literature (Liang et al. 2019; Tang et al. 2022).

Firstly, the sample was crushed to under 10mm in size by a
laboratory-type jaw crusher. The crushed ore was ground for
12min using a laboratory-type ball mill (the charge volume was
45% of the internal volume of the mill with 12 kg balls of vari-
ous diameters) at 60 rpm drum speed under dry conditions.
The samples were classified according to their particle sizes
as �4000þ 2000lm �2000þ 1000lm, �1000þ 500lm,
�500þ 150lm, �150þ 74lm, �74þ 38lm, �38lm:

In reverse flotation tests, �150þ 38 lm sized fraction was
used. However, before flotation, desliming was applied and
the materials minus �38 lm particle size were rejected. The

particle size distribution of the ground specularite is shown
in Figure 3.

Tap water was used as the separation medium in all the
separation tests. Analytical grade sulfuric acid (Merck) was
used for pH adjustment in the flotation tests. Food grade
corn starch was used as a depressant, commercial Aero
3030C was used as collector and OrePrep X-133 was used
as frother.

2.2. Methods

All experiments were repeated at least twice to ensure verifi-
ability. After each separation test, both concentrates and tail-
ings were filtered, dried, weighed and sent for analysis. Fe
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Figure 1. XRD pattern of the sample.

Figure 2. Microscope images of the different-sized samples.
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recovery was calculated by using the following equation:

Recovery %ð Þ ¼ R ¼ C c
Ff

� 100 (1)

Where R is the recovery of the iron ore concentrate; F is
the weight of the feed solid (g), C is the weight of the con-
centrate (g), f is the Fe grade of the feed (%), and c is the
Fe grade of the concentrate (%) (Wills and Finch 2015).

2.2.1. Shaking table experiments
Shaking table experiments were carried out using a labora-
tory Wilfley type shaking table (Dimensions:
50� 100� 35 cm (W in� L � W out)). The two fractions
(�74þ0lm and �150þ 74 lm) were used for the shaking
table tests. The table tilt angles were applied as 3�, 4�, 5�,
and 7�. All the tests were performed at 12 L/min water flow
rate with 175 strokes/min shaking speed. The concentrate
(heavy minerals) and tailing (lightweight minerals) were col-
lected from the edge of the table, separately.

2.2.2. Reverse cationic flotation experiments
The reverse cationic flotation tests were carried out by a
batch Denver type flotation machine with 1 L cell volume.
The impeller speed was 1200 rpm. The solid/liquid ratio was
10% by weight and the pH value, which was adjusted by
H2SO4 solution, was 3. This pH value was determined in
light of preliminary experiments. After the pH was adjusted,
chemicals were added. The particle size of the sample used
in the flotation was �150þ 38 lm: Corn starch was used as
a depressant. After conditioning of the pulp for 5min, the
starch was added to the flotation cell. The range of corn
starch dosages were between 400 and 600 g/t. The cationic
collector namely Aero 3030C (2-Ethylhexanol/cationic sur-
factant in liquid form) was used. The collector was added
directly to the flotation cell after depressant addition. The
collector dosages were between 200 g/t and 400 g/t. The
frother was X-133 (OrePrep X-133 Frother) and was added
directly to the slurry 1min before froth collection time. In
preliminary experiments for the same conditions, X-133
frother showed better results than MIBC (methyl isobutyl
carbinol) frother. Therefore, it was decided to use this

frother. The addition ranges of depressant, collector, and
frother dosages were selected based on the preliminary test
results. The froth was collected over a period of 2min.

2.2.3. Magnetic separation experiments
Two-stage magnetic separation tests were applied. The first
magnetic separation tests were performed by laboratory type
high intensity wet magnetic separator (Eriez L4-20) at 7 dif-
ferent magnetic field intensities (0.25 T, 0.35 T, 0.45 T,
0.55 T, 0.65 T, 0.75 T, and 0.85 T) using an optimum particle
sized sample (�150þ 38mm). The particle size was selected
based on the preliminary tests. The solid ratio was arranged
to 20% by weight. The non-magnetic product, which was
obtained from the first magnetic separation test at 0.25 T
magnetic field intensity, was classified as tailings. The tail-
ings were subjected to the microwave roasting process to
increase the magnetic susceptibility of them. In the second
magnetic separation tests, microwave-exposed tailings were
magnetically separated under the same conditions as in the
first magnetic separation.

2.2.4. Microwave roasting tests applied to non-mag-
netic product

In microwave roasting process, the non-magnetic product
was treated in a kitchen type microwave oven (LG
WAVEDOM, 2.45GHz). To minimize the impact of the
field pattern variation in the oven, the quartz pan was
placed in the same central position and microwave roasting
started. After roasting up, the samples were then allowed to
cool to room temperature in the microwave oven. The effect
of microwave exposure on magnetic separation was eval-
uated by The Box Behnken test design, statistically. The
three input variables were microwave power (0.54–0.90 kW),
and exposure time (1–3min), and magnetic field intensity
(0.25–0.85 T). The range of the microwave power and
exposure time was selected based on preliminary experi-
ments. In each test, 40 g of the non-magnetic sample was
put in a quartz pan. It was approximately 10mm in diam-
eter and 40mm in height.

Besides, the magnetic properties of the feeding and
roasted materials were measured by a vibrating sample mag-
netometer (Quantum Design PPMS) at 300K to reveal the
magnetic susceptibility changes.

3. Results and discussion

3.1. Results of the shaking table experiments

The effect of the table tilt angle and particle size on the
grade and recovery of iron concentrates was investigated.
When �74 lm particle size sample was used, the concen-
trates with Fe grade of 67–69% were obtained. At 3� table
tilt angle, Fe grade was at its highest value of 68.68%. It was
observed that the iron recovery decreased with the increase
in the tilt angle. The maximum Fe recovery was 32.42% at
the tilt angle of 4�.
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Figure 4 shows the effect of the table tilt angle on grades
and recovery of the concentrates for �74 lm feed-
ing material.

Figure 5 shows the effect of the table tilt angle on grade
and recovery of the concentrates for �150þ 74 lm feeding
material. When the table angle increased from 3� to 5�, it
was seen that there was a 2% decrease in the Fe grades of
the concentrates. Similar to the shaking table test results
applied to the �74 micron size ore, increasing table tilt
angle led to a decrease in Fe recovery.

When comparing the effect of the table tilt angle on the
grade and recovery of the concentrates for �74 mm and
�150þ 74 mm feeding materials, it was noted that the grades
of iron concentrates were higher for �74 mm particle size
fraction due to the increase of the degree of liberation. The
liberated iron minerals went to the concentrate instead of
the tailings due to their specific gravity. But, there was a sig-
nificant loss of iron-bearing particles in the part devoted to
tailings. The liberated iron minerals were expected to go
into the concentrate product instead of the tailings. But the
ore particles below size limits were unable to travel down-
stream before a particle at the top of the fluid film settled at
the deck surface. When the size distribution of ore has a sig-
nificant number of heavy particles (iron-bearing mineral
particles) below these limit particle size, these heavies are
lost during the processing (Roy 2009). Therefore, the ore
particles below these size limits are invariably lost in the
tailings. The problem of losing fine valuable minerals during
the processing is not only in the shaking table process but
in general. A significant amount of fine iron ore concen-
trates are lost during the processing in various conventional
methods (Surkov et al. 2008). Hence, the recovery of iron
concentrates were low for �74 lm compared to greater par-
ticle size fraction.

3.2. Results of reverse cationic flotation experiments

The tests were carried out to investigate the effects of col-
lector, depressant, frother dosages and froth collection times
on iron recovery and grade. Table 2 shows the results of
The Box Behnken test design of reverse cationic flotation
experiments. The calculations were executed by using the
amount and grades of iron in the sinking part as a result of
the flotation tests.

The effects of 400 g/t, 500 g/t, and 600 g/t depressant dos-
ages on the Fe grades were shown in Figure 6. The highest
iron grades were obtained when 400 g/t depressant was used.
When the depressant dosage was applied as 500 g/t, it caused
a decrease of around 5–8% in iron grades. In the experi-
ments using 400 g/t and 500 g/t depressant, the increase in
the amount of collector and frother allowed the Fe grade to
increase as well. A dramatic decrease in Fe grades were
observed for 600 g/t depressant usage. When the amount of
depressant was applied at the highest level, the increase in
the foaming ratio caused a decline in the Fe grades and an
increase in collector amounts led to superior Fe grades.

Effect of the collector dosages on the Fe recovery was
shown in Figure 7. At 200 g/t collector dosage, the Fe recov-
ery was slightly increased and then began to decrease with
an increase in both frother and depressant dosages. There
was no particular change in Fe recoveries for 300 g/t col-
lector dosage. At 400 g/t collector dosage, the Fe recovery
was largely increased with escalating frother dosage.
However, depressant additions above 500 g/t depressant
caused a decrease in the Fe recovery by 10%.

0

5

10

15

20

25

30

35

65

66

67

68

69

70

Fe
 R

ec
ov

er
y 

(%
)

Fe
 G

ra
de

 (%
)

Table Tilt Angle (°)

Fe Recovery (%)

Fe Grade (%)

Figure 4. Effect of the table tilt angles on the grade and recovery of the con-
centrates for �74 lm particle size.

70
72
74
76
78
80
82
84
86
88
90
92

60

61

62

63

64

65

66

Fe
 R

ec
ov

er
y 

 (%
)

Fe
 G

ra
de

 (%
)

Table Tilt Angle (°)

Fe Recovery (%)
 Fe Grade (%)

Figure 5. Effect of table tilt angles on the grade and recovery of the concen-
trates for �150þ 74lm particle size.

Table 2. Results of The Box Behnken test design of reverse cationic flotation
experiments.

No
Depressant
(g/t) (X1)

Collector
(g/t) (X2)

Frother
(g/t) (X3)

Time
(min) (X4)

Fe
grade
%

Fe
recovery

%

SiO2

grade
%

1 500 400 100 2 67.42 68.08 1
2 500 300 150 2 61.86 85.88 6
3 500 400 150 3 64.69 90.57 4
4 500 200 50 3 60.19 82.94 6.5
5 400 200 100 3 63.37 84.52 4.5
6 500 400 50 3 66.77 65.49 2
7 500 300 50 2 63.26 78.50 5.5
8 500 200 150 3 64.85 80.81 4
9 400 300 100 4 61.07 67.89 7.5
10 600 300 100 4 65.62 67.09 3.5
11 600 300 100 2 64.80 66.37 4
12 600 400 100 3 65.16 59.57 4
13 500 300 50 4 67.41 86.01 1
14 500 300 150 4 66.60 77.31 2
15 500 400 100 4 69.17 56.64 0.35
16 500 200 100 4 65.03 84.68 3.5
17 400 400 100 3 68.05 77.11 0.5
18 400 300 50 3 64.34 76.68 5
19 600 200 100 3 63.62 80.18 4.5
20 600 300 150 3 63.19 76.29 5.5
21 500 200 100 2 60.62 79.79 6.5
22 400 300 100 2 68.95 81.90 0.65
23 600 300 50 3 68.11 75.95 0.95
24 400 300 150 3 68.28 70.22 0.5
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The frother affects the particle bubble adhesion kinetics,
rendering the relaxation time shorter than the contact time.
Under the mixed usage of frother and collector, the collision
time is longer than the time required for thinning and rup-
ture of the lamella surrounding the bubble (Araujo, Viana,
and Peres 2005). The presence of the frother works to raise
the efficiency of the bubble, to maintain and increase the
collision time, which in turn works to collect and take as
many undesirable materials (silica and calcium oxide) from
the ore and thus increase the grades and recovery of iron
concentrate. Effects of 50 g/t, 100 g/t, and 150 g/t frother
dosages on the Fe grades were shown in Figure 8. It has
been determined that the collector has a significant effect on
the Fe grade in the experiments where the frother has been
used in low quantities (50 g/t). Similarly, in the experiments
using a high amount of frother (150 g/t), the negative effect
of the depressant on the Fe grade is striking. In the experi-
ments, in which 100 g/t frother has been used, the change in
Fe grades is very slight. Although it is aimed to float impur-
ities other than iron in reverse flotation tests, it is under-
stood that the collector also floats the iron content to some

extent. For this reason, it was observed that the Fe recovery
was higher in the experiments where the collector was used
less. It was found that the depressant had a low effect in
terms of Fe recovery.

In the reverse cationic flotation tests, 400 g/t depressant
dosage, 300 g/t collector dosage, 100 g/t frother dosage, and
2min froth collection time were the optimum conditions
with the other fixed conditions (impeller speed, pH, and
particle size). At these conditions, the Fe grade and Fe
recovery of the concentrate were 68.95% and 81.90%,
respectively. In addition, silica content was 0.61% SiO2

which does not negatively affect the downstream processing
for sintering, blast furnace, and steelmaking industries (<5%
SiO2) (Clout and Manuel 2015).

According to ANOVA analysis for reduced quadratic
model, the correlation coefficients (R2) for the Fe grades
(Tables 3 and 4) and recoveries were calculated as 0.91 (p-
value <0.0001) and 0.75 (p-value ¼ 0.0007), respectively.
The statistical results showed that the generated model
matched with the obtained experimental results for the Fe
grades. However, it is seen that the R2 value of the created

Figure 6. Effect of depressant dosages on the Fe grade; 400 g/t (a), 500 g/t (b), and 600 g/t (c).
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model for Fe recovery is lower. The created model meets
the experimental results at a rate of 75%. This result showed
that although a depressant was used, the ferrous contents
also floated. Besides, collector dosage had the greatest effect
on grade and recovery of the concentrate than froth collec-
tion time while the effect of the depressant and frother dos-
ages on the grade and recovery of the concentrate was not
significant. The equations obtained from the models were as
follows:

Fegrade ð%Þ ¼ 65:30–0:495X1 þ 1:96X2 þ 2:22X4

–2:21X1X3–1:68X2X3–3:99X1
2X4

–1:68X1X4
2–0:68X2

2X4–1:17X2
2X3

2
(2)

Ferecovery ð%Þ ¼ 72:82–8:47X2 þ 6:8X2X3 þ 8:12X3
2

–5:47X1X2
2 þ 5:74X2

2X3 þ 6:55X2X3
2

–6:15X1
2X3

2

(3)

Where X1 is the depressant dosage (g/t), X2 is the collector
dosage (g/t), X3 is the frother dosage (g/t), and X4 is the
froth collection time (min).

In some previous studies, Vidyadhar, Kumari, and Bhagat
(2012), and Lu et al. (2017) showed that the use of mixtures
containing cationic and anionic collectors can provide
increased flotation selectivity and recovery compared to each
separate reagent. The reverse flotation of specularite mineral
using cationic and anionic collector mixtures was planned
for future studies.

3.3. Results of first magnetic separation experiments

The beneficiation experiments were carried out to explore
the effect of magnetic field intensity on the specularite
upgrading (Figure 9).

The results showed that the magnetic field intensity had
a significant effect on both the grade and the yield of iron
concentrate. When the magnetic field intensity was reduced,
iron concentrate grade gradually increased and reached to
the highest value of 68.74% at the magnetic field of 0.25 T.
The recovery yield of iron concentrates increased with the
increasing magnetic field intensity due to the attraction of
quartz-iron or andradite-iron bearing particles. Therefore,
the Fe grade decreased.

Figure 7. Effect of collector dosages on the Fe recovery; 200 g/t (a), 300 g/t (b), and 400 g/t (c).

PARTICULATE SCIENCE AND TECHNOLOGY 755



The non-magnetic product, which was obtained at 0.25 T
magnetic field intensity, was treated by microwaves to
obtain high grade and yield after the second magnetic

separation. The Fe grade of the non-magnetic product was
56.39% Fe while the content of the SiO2 and CaO were
11.2% and 7.6%, respectively. The SEM images of the non-
magnetic product are shown in Figure 10.

Figure 8. Effect of frother dosages on the Fe grade; 50 g/t (a), 100 g/t (b), and 150 g/t (c).

Table 3. ANOVA for reduced quadratic model (For Fe grade).

Source Sum of squares df Mean square F-value p-Value

Model 295.97 9 32.89 15.27 <0.0001�
X1-Depressant 3.98 1 3.98 1.85 0.1957
X2-Collector 94.58 1 94.58 43.92 <0.0001
X4-Froth collection time 19.40 1 19.40 9.01 0.0095
X1 X3 40.13 1 40.13 18.64 0.0007
X2 X3 23.28 1 23.28 10.81 0.0054
X1

2 X4 44.70 1 44.70 20.76 0.0004
X1 X4

2 15.42 1 15.42 7.16 0.0181
X3

2 X4 2.00 1 2.00 0.9287 0.3516
X2

2 X3
2 9.38 1 9.38 4.36 0.0557

Residual 30.15 14 2.15
Cor total 326.12 23
*Significant.

Table 4. Fit statistics (For Fe grade).

Std. Dev. 1.47 R2 0.9075

Mean 93.09 Adjusted R2 0.8481
C.V. % 1.58 Predicted R2 0.7319

Adeq precision 13.2301
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Figure 9. Fe recoveries and Fe grades of the concentrates as a function of mag-
netic field intensity.
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3.4. Results of second magnetic separation applied to
the microwave-roasted non-magnetic products

Table 5 shows the Box-Behnken test design for microwave
roasting followed by magnetic separation. The Fe grade and
recovery of the magnetic products were taken as responses
for the statistical analysis.

The Fe grades of concentrates obtained in all experiments
were increased from 56.39% to over 65%. The concentrate
recoveries vary between 21% and 83%. When the microwave
power is applied at low levels, it is seen that the exposure
time has no effect on the Fe recovery yields. As the micro-
wave power increased along with the exposure time, the Fe
recovery efficiencies increased (Figure 11(a)). It is seen in
Figure 11(b) that there is an increase of up to 40% in the Fe
recovery efficiencies, especially at low magnetic field inten-
sities after increasing the microwave power. Regardless of
the applied microwave exposure time, the increase in mag-
netic field strength led to the higher Fe recovery
(Figure 11(c)).

The recoveries above 72% were obtained at 0.85 T mag-
netic field intensity. The Fe recovery reached the highest
value of 82.23% at 0.72 kW microwave power and 3min
exposure time. A concentrate containing 66.06% Fe was
obtained from the non-magnetic material with 56.39% Fe
grade under these conditions: 0.85 T magnetic field intensity,

0.72 kW microwave power, 3min exposure time,
�150þ 38 mm particle size, and 20% solid to liquid ratio.
The recovery yield was 82.23%. The 2FI model, which has p
value of <0.05, was chosen as the appropriate model with a
76% R2 value (Table 6).

The equation for the proposed model was formulated in
Equation 4.

Ferecovery ð%Þ ¼ 62:38–2:96X1 þ 3:45X2 þ 20:22X3

þ4:76X1X2 þ 11:21X1X3 þ 0:1650X2X3

(4)

The M-H curves of non-magnetic material and micro-
wave-roasted samples are shown in Figure 12. An increase
of 0.2 emu/g has been observed in magnetic susceptibilities
after microwave exposure.

4. Conclusion

The depletion of iron ore reserves has directed the attention
of most sectors, especially the iron and steel industry, to
iron minerals such as specularite, which has difficulties in
pelleting and sintering. At the same time, specularite con-
centrates are of great importance because of high iron
grades and low impurity values. The focus of this paper was
to increase Fe grades of the concentrates to above the

Figure 10. SEM images of the non-magnetic product.

Table 5. Results of the Box-Behnken test design for microwave roasting followed by magnetic separation.

Runs
A: microwave power (kW)

(X1)
B: exposure time (min)

(X2)
C: Magnetic field intensity (T)

(X3)
Fe grade

(%)
Recovery

(%)

1 0.90 1 0.55 67.80 61.42
2 0.90 2 0.85 65.80 79.91
3 0.72 2 0.55 67.25 70.76
4 0.90 3 0.55 66.72 75.81
5 0.72 3 0.85 66.06 82.23
6 0.72 2 0.55 67.56 65.25
7 0.72 3 0.25 68.80 31.22
8 0.54 2 0.25 66.53 68.02
9 0.90 2 0.25 68.90 27.28
10 0.72 1 0.25 68.90 22.63
11 0.54 1 0.55 65.89 64.47
12 0.72 1 0.85 66.23 72.98
13 0.72 2 0.55 66.71 78.16
14 0.54 2 0.85 66.64 75.79
15 0.54 3 0.55 68.07 59.83
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commercial grades. The separation techniques including
shaking table, magnetic separator, and reverse flotation were
proposed to recover Fe from specularite-type refractory
iron ore.

In the shaking table separation tests, table tilt angle and
particle size had a significant effect on the grades and recovery

of the concentrates. The recovery yields of iron concentrates
were low for �74mm particle size fraction compared to higher
particle size fraction. A concentrate with 64.67% Fe grade and
90.17% Fe recovery yield was obtained under optimum condi-
tions: particle size of �150þ 74 mm, tilt angle of 3�, shaking
speed of 175 strokes/min, and water flow rate of 12 L/min.

Figure 11. Effect of microwave-assisted magnetic separation on the Fe recovery (a: 0.55 T magnetic field intensity, b: 2min exposure time, c: 0.54 kW micro-
wave power).

Table 6. The results of ANOVA analysis for 2FI model (for Fe recovery).

Source Sum of squares df Mean square F-value p-Value

Model 4029.839 6 671.6399 4.139134 0.034344 Significant
A-Microwave power 70.15201 1 70.15201 0.432328 0.529309
B-Exposure time 95.15101 1 95.15101 0.58639 0.465809
C-Magnetic Field Intensity 3270.787 1 3270.787 20.15697 0.00203
AB 90.53523 1 90.53523 0.557944 0.476467
AC 503.1049 1 503.1049 3.100498 0.116301
BC 0.1089 1 0.1089 0.000671 0.979967
Residual 1298.127 8 162.2658
Lack of fit 1214.197 6 202.3662 4.822296 0.181693 Not significant
Pure error 83.9294 2 41.9647
Cor total 5327.966 14
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In the reverse cationic flotation tests, effects of the corn
starch depressant, Aero 3030C collector, X-133 frother, and
froth collection time were investigated by using the Box
Behnken test design. The statistical models were created
according to the test results. The flotation tests showed that
frother and depressant additions increased the floatability of
impurities and the higher Fe grades were obtained from the
sinking part. In addition, it was determined that the col-
lector had a significant effect on Fe recovery. The optimum
reverse flotation test conditions, in which a concentrate with
68.95% Fe grade and 81.9% Fe recovery was obtained, were
determined as 400 g/t depressant, 300 g/t collector, 100 g/t
frother dosages, 2min froth collection time, and
�150þ 38 mm particle size at pH 3.

In magnetic separation tests, a concentrate with 67.73%
Fe could be produced with 88.57% recovery by applying
0.85 T magnetic field strength at 20% solid to liquid ratio
for �150þ 38 mm particle size. The non-magnetic product,
which was obtained at 0.25 T magnetic field intensity,
�150þ 38 mm particle size, and 20% solid/liquid ratio, was
treated by microwaves to increase its magnetic susceptibility.
Then, the microwave-roasted materials were enriched by the
second magnetic separation. To the best of our knowledge,
microwave-roasting method was applied to a specularite-
type refractory iron ore for the first time. The M-H curves
proved that the magnetic susceptibilities of the microwave-
roasted materials increased. As a result of the experiments
carried out in accordance with the the Box Behnken test
design, a concentrate containing 66.06% Fe was obtained
from the non-magnetic material with 56.39% Fe grade under
these conditions: 0.85 T magnetic field intensity, 0.72 kW
microwave power, 3min exposure time, �150þ 38mm par-
ticle size, and 20% solid to liquid ratio. The Fe recovery
was 82.23%.
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