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Abstract

In the present study, calcination properties of Hekimhan-Deveci siderite (FeCO,) ore and
the effect of calcination process before the pelletization on strength of pellet were inves-
tigated and evaluated. Two different calcination processes were followed. One of them
is the traditional calcination process and the other one is microwave assisted calcination
process which is a new process for siderite ore. The characterization of the calcined and
uncalcined siderite ore was done using X-ray diffraction, X-ray fluorescence spectrom-
etry and thermogravimetric analysis. The physical and mechanical properties of pellets
which were obtained using the raw siderite and the calcined siderite were compared with
each other. As a result of experimental studies, it was found that the calcination process
decreased the milling time, causing the significant energy saving and the most suitable
calcination process for siderite ore was found as 15 min at 700°C temperature. It was the
first time that the calcination process of the siderite ore was achieved by microwave by
adding 30 wt% sucrose as a thermal auxiliary. The microwave conditions were deter-
mined as 900 W at 3 min. In 3 min, the temperature of the siderite ore increased up to
1100°C and 32.14% weight loss for the sample was achieved.

Keywords: siderite ore, furnace, microwave heating, calcination, pelletizing

1. Introduction

1.1. Importance of the steel and iron industry

The iron and steel industry produces products with desired chemical and physical properties
from the melting iron ore in blast furnaces or the melting scrap in arc furnaces by different
processes [1]. Changing consumer needs, developments in technology and competition are
further increasing the product diversity in the iron and steel sector. Final steel products have
numerous types and different application areas. The iron and steel industry, which is the most
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important of the heavy industry sectors, supplies raw materials to many important indus-
tries such as construction, infrastructure, automotive, white goods and machinery industry.
Therefore, it can be said that industrialization of a country is directly related to its strong iron
and steel sector and consumption [2]. Table 1 gives the top 10 countries producing the crude
steel in the world.

Today iron constitutes the basic raw material of the industry and plays an important role in the
economic development of the countries. The economic development indicators of countries are
also determined by per capita iron and steel consumption. Table 2 shows the consumption of
steel per capita.

In the past, iron ore with the characteristics required for blast furnace charging was met
directly from iron mines. The need for iron in the industry has increased rapidly and also
the reserve of the iron ore which can be directly loaded into the blast furnace has gradually
decreased. Therefore recently, the irons ores with low grade have been started to be evalu-
ated. The crude iron ore reserves and its iron content in the world are given in Table 3.

The main raw material of the iron and steel industry is iron ore. It must be economical to
operate and use a mine as an ore. It is desirable that the blend grade of the iron ores used
in the steel industry is at least 57% Fe grade. The iron ore is found in the form of magnetite
(Fe,O,), hematite (Fe,O,), limonite (FeO(OH)-nH,0), goethite (a-Fe**O(OH)), siderite (FeCO,)
and pyrite (FeS,) minerals in the nature.

1.2. Siderite

The name of the siderite mineral is derived from the word sideros (o{d100c), meaning iron in
Greek. Technically, siderite minerals contains about 48.02% iron (Fe) and be crystal trigonal
(hexagonal scalenohedral) system, mostly rhombohedral crystalline; plate, prismatic, massive;

No Country 2011 2012 2013 2014 2015 2015 (%)
1 China 701.9 731.0 822.0 822.8 803.8 49.60
2 Japan 107.6 107.2 110.6 110.7 105.1 6.48
3 India 734 77.2 81.2 87.2 89.0 5.49
4 USA 86.3 88.6 88.8 88.1 78.8 4.86
5 Russia 68.8 70.2 69.0 714 70.8 4.36
6 South Korea 68.5 69.0 66.0 71.5 69.6 4.29
7 Germany 442 42.6 42.6 429 42.6 2.62
8 Brazil 35.2 34.5 34.1 33.8 33.2 2.04
9 Turkey 34.1 35.8 34.6 34.0 31.5 1.94
10 Ukraine 35.3 32.9 32.7 27.1 229 1.41
EU (28 countries)  177.7 168.5 166.3 169.3 166.1 10.25
World 1538.0 1560.1 1650.3 1669.8 1620.4 100

Table 1. Top 10 countries in world crude steel production (million metric tons) [3].
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Countries/region 2011 2012 2013 2014 2015
South Korea 1190.1 1135.3 1081.7 1155.0 1155.7
Czech Republic 663.1 639.8 641.5 678.6 723.9
Japan 546.9 541.1 558.3 574.9 535.7
Germany 561.3 507.3 517.0 530.1 523.9
China 495.4 507.3 562.0 540.6 509.0
Australia 527.1 488.1 475.1 480.4 466.2
Turkey 389.9 404.6 436.9 422.5 464.7
Canada 456.4 496.3 466.8 492.5 412.5
EU (28 countries) 343.0 306.2 311.1 322.0 331.6
North America 267.4 285.2 276.7 311.1 282.9
Asia 256.4 261.7 282.2 277.8 266.1
Middle East 257.6 250.3 248.8 251.9 2444
World 221.3 223.3 234.5 234.1 2244
South America 126.4 128.0 132.3 122.8 112.4
Africa 30.1 32.8 35.4 35.4 35.7

Table 2. Crude steel consumption per capita of the country and regions (kg/person) [3].

medium-fine grained; rarely kidney, oolitic crystal habits. Siderite minerals have transparent-
semi-transparent appearance and have different colours like yellowish-brown to greyish-
brown, pale yellow to tannish, grey, brown, green, red, black and sometimes nearly colourless;
tarnished iridescent at times; colourless to yellow and yellow-brown in transmitted light. The
specific weight of siderite mineral is 3.96 g/cm® and its Mohs hardness is between 3.5 and 4.5.
A sample of siderite giving large crystals is given in Figure 1.

Massive siderite is commonly found in layered sedimentary beds, especially in mudstones
and marls. In addition, it was found as a gangue mineral in hydrothermal ore vein which con-
tains pyrite, chalcopyrite and galenite. It is also found in basaltic volcanic rocks, sometimes in
pegmatites and metamorphic rocks.

1.3. Calcination

Calcination is the breakdown of carbonates and hydrates by the effect of temperature in order
to obtain oxide form compounds. Calcination not only involves removing of water in the
crystal structure, but also removes carbon dioxide or other chemically bound gases such as
hydrates, carbonates.

All calcination reactions are endothermic. In terms of thermodynamic rule, the decomposition
of a carbonate at a constant temperature is a function of CO, partial pressure. The calcination
reaction is given in the following Eq. (1) for carbonate compounds.

MeCO, — MeO, +CO, (1)
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Countries Reserves

Crude ore Iron content
Australia 52.000 23.000
Russia 25.000 14.000
Brazil 23.000 12.000
China 21.000 7.200
India 8.100 5.200
Ukraine 6.500 2.300
Canada 6.000 2.300
Sweden 3.500 2.200
United States 3.000 790
Iran 2.700 1.500
Kazakhstan 2.500 900
South Africa 1.200 770
Other countries 18.000 9.500
World total (rounded) 170.000 82.000

Table 3. Iron ore reserves and its iron content in the world (million metric tons) [4].

The equilibrium constant of the reaction equals the partial pressure of the CQ, if the solids activi-
ties are equal to one another. Therefore, the complete decomposition temperature of a carbonate
compound is the temperature at which the P°_, pressure equals an atmospheric pressure.

Figure 1. Crystal-shaped siderite sample [5].
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The calcination process for siderite ore aims to remove the bound CQO, in the formation of
FeCQ,. Siderite calcination reactions are given in the following short chemical Eqs. (2)—(4)

FeCO, — FeO+CO, (2)
3FeCO, - Fe,O,+2CO,+CO 3)
3FeO +CO, — Fe,O,+CO 4)

During the calcination process, CO, composition is removed from the siderite ore structure. So, it
lose about 30 wt% of its weight. However, it is necessary to reach a temperature of at least 700°C
for this weight loss. The calcination of siderite ore is mostly carried out in rotary kilns. The ore
entering the rotary kiln as siderite; leaving the furnace turned into a mixture of hematite, mag-
netite and maghemite. The distribution of the minerals in this mixture depends on the working
temperature of the oven and the duration time. At low temperatures, primarily hematite and then
magnetite transformation occurs. However, the mixture is predominantly hematite in every case.

1.4. Traditional and microwave heating methods

Conventional heating principles have been utilized in the heating and/or roasting processes of
some raw ores or materials from the past to the present day. There are three basic mechanisms
of conventional heating, namely convection, conduction and diffusion. These three heat trans-
fer mechanisms in conventional heating heat the material from the outside to the inside. This
method causes large time and energy losses to occur during conduction by conduction into
inside of materials. Microwave energy is non-ionizing electromagnetic radiation (radiation)
having a frequency in the range of 300 MHz to 300 GHz, with intensive application in the field
of communication; only certain frequencies are allowed for industrial, scientific and medical
(ISM) applications [6]. Microwave heating is different from conventional heating because it is
in the form of electromagnetic energy that can penetrate the depths of the sample [7]. The sam-
ples are heated inside to outside in microwave heating systems [8]. The differences between
microwave and conventional heating systems and principles are represented in Figure 2.

In microwave heating systems, electromagnetic energy is directly converted into heat inside
of the material and heating starts inside to outside contrary to the conventional heating. The
microwaves propagate at the speed of light and as soon as the source is turned on the elec-
tromagnetic wave immediately penetrates to materials and starts to energy conversion. Long
heating and cooling phases are not required when the source is turned off, since the heating
process is stopped immediately [10].

1.5. Pellets

Pellets are the oval/spherical shaped pieces of ore having high compression strength which
are obtained from fines or from finely ground ores by adding various additives like bentonite
and whose diameter is generally between 8 and 20 mm as shown in Figure 3.
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Heat Source Heat Introduction Temperature Distribution

a Conventional heating: — L #

b Microwave heating: PJ\‘_J. .% -

Figure 2. Schematic representation of the comparison of the microwave and conventional heating process [9].

Iron ore pellets can be used as a substitute to sinter and calibrated lump ores in the blast fur-
nace burden. Apart from these pellets can be applied to some non-ferrous metal ores such as

lead and chromium ores [11].

Since the 1960s, pelletizing technology has been rapidly developed and provided a quality

chargeable material for iron making.

According to 2011 data the world pellet production on the basis of countries and regions is

given in Table 4.

The purpose of the iron pelletizing process is to convert the iron-rich fine-grained minerals
into blast furnace charging material, which is defined as pellet, through agglomeration and
hardening. The pellets are rigid and generally spherical shape and must have the following

properties to be used in the high-temperature furnace:

Figure 3. The pellets form of iron ore.
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Iron ore, world pelletizing capacity by content and country in 2011

Rated capacity gross weight (million metric tons)

North America

Canada 27.5
Mexico 15.0
United States 57.4
Total 99.9
South America

Brazil 56.0
Chile 53
Peru 3.5
Venezuela 11.8
Total 76.6

Europe and Central Eurasia

Kazakhstan 8.4
Netherlands 44
Russia 314
Slovakia 0.4
Sweden 26.0
Turkey 1.5
Ukraine 335
Total 105.6
Asia

Bahrain 11.0
China 135.0
India 24.0
Iran 12.3
Oman 9.0
Japan 3.0
Total 194.3
Ocenia, Australia 4.3
Grand total 480.7

Table 4. Pellet production in the world and in the region (million metric tons) [12].

a. must be free from dust and fines.
b. must show physical strength against breakage during transportation and storage.

c. must be resistant to crumbling which will occur during various reactions occurring in the
blast furnace depending on the heating process.

The ore to be pelletized may be enriched low-grade iron ore or high-grade powder forms
ores which cannot be directly charged into the blast-furnace. The pelletizing process consists
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of two main parts: raw pellet (green ball) and product pellet. The raw pellet is obtained by
mixing the enriched ore with the binders followed by the agglomeration process, the product
pellet is obtained by heating and cooling the raw pellet [13].

The pelletizing process occurs in four basic stages, as shown in Figure 4. First, the ore and the
various additives are mixed to obtain a homogeneous form. The distribution of the materials
forming the pellet cake is of great importance in terms of pellet strength. After mixing opera-
tion, the mixture is transferred balling discs to obtain pellet form.

This product is called green pellet. Optionally, the process may be ended at this step depend-
ing on the needed or, the pellet is transferred to the next device and subjected to the indura-
tion to obtain the product pellet as shown in Figure 5. After this process, the cooled material
is now named the product pellet.

i. Mixing
ii. Agglomeration
iii. Induration

iv. Cooling

Raw materials from
crushing and grinding

Disc filter
3 Binder
v n =
Filtrate
NN
I Mixer
~  Raw mixture
A 4
Balling _

AN

A

Green
balls

Induration strand

Pellets
~ b
= " Product
L storage
TSR

Figure 4. Schematic of a pelletizing plant with wet grinding [14].
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Figure 5. Schematic of the straight grate process [14].

In the process of obtaining the product pellet, the principle is that the material be heated at a
recrystallization temperature according to the compound type. The recrystallization tempera-
ture for siderite is about 1300°C. If this temperature level is exceeded too much, liquid phase
formation is occurred and undesirable sintering process starts.

2. Materials

2.1. Ore and chemicals

In this study, siderite ore was obtained from the Deveci district of Hekimhan Malatya Province.
Figure 6 shows the pictures of the raw siderite ore and the calcined siderite ore used in the
study. The elemental analyses of raw siderite ore is given in Table 5.

In addition, the bentonite which was used during the pelletizing process was also obtained from
Hekimhan/Malatya. Its density is 2.60 g/cm® and colours are white, grey, yellow, pink and green.
Bentonite, a volcanic mineral formed by the decomposition of volcanic ash in situ and composed
of montmorillonite clay mineral of large size which absorbs water and is used commercially in
drilling mud, catalyst, paint, plastic filling works [15].

In the microwave experiment part, sucrose—C_H, O, (Merck 99.5%) and urea CHN,O
(Merck 99.5%) was used as a thermal auxiliary and consolidate purposes, respectively.
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Figure 6. Raw siderite (on the left) and calcined siderite (on the right).

3. Experimental part

3.1. Milling operation

The raw siderite ore used in the study was sieved and weighed. The results of the sieve analy-
sis are given in Figure 7. When the graph was examined, it was determined that P, (80% of the
feed passed through the sieve) was 7.9 mm and d,; (50% of the feed passed through the sieve)

was 5.6 mm.

The raw siderite ore was both directly grounded and calcined before grinding operation.
During this calcination process, CO, is removed by the effect of temperature, causing the cap-
illary cracks in the ore, as a result fragmentation and crumbling is occurred. This situation is
evident in the cumulative undersize graph given in Figure 8 showing that calcination process
slightly decreased the particle size of the siderite.

Component Concentration (%)
Fe,0, (Fe %) 53.21 (37.25)

MgO 18.88

ALO, 0.25

SiO, 4.42

SO, 0.84

K,0 0.81

CaO 9.87

MnO 11.39

Table 5. Chemical analysis of raw siderite ore sample.
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RAWSIDERITE ORE PARTICLE SIZE ANALYSIS

100
90
80
70
60 —&—Raw Siderite
50
40
30
20
10

CUMULATIVE UNDERSIZE (%)

10 100 1000 10000
PARTICLE SIZE (microns)

Figure 7. Cumulative undersize graph of raw siderite.

Grinding operation was done by a laboratory-type ball mill not only to examine the grind-
ability properties of the siderite ore but also to produce fine fractions required for pelletizing.
Figure 9 shows the undersize graphs of raw siderite ore grounded at different times.

As milling media, four different sizes of balls were charged with diameters of 20, 25, 30 and
40 mm and milling parameters are given in Table 6.

RAW AND CALCINED SIDERITE ORE PARTICLE SIZE ANALYSIS

100
90
80
70 —e— Raw Siderite
60
50
40
30
20
10

—m— Calcined Siderite

CUMULATIVE UNDERSIZE (%)

10 100 1000 10000
PARTICLE SIZE (microns)

Figure 8. Comparison of raw and calcined siderite cumulative undersize graphs.
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RAW SIDERITE PARTICLE SIZE ANALYSIS

100
g 90
] 80 —e— Raw Siderite (Unground)
g 70
§ 60 ~—li— Raw Siderite (Ground 45min)
=
= &0 —#— Raw Siderite (Ground 60min)
>
g 40 —é— Raw Siderite (Ground 75min)
g 30 =~ Raw Siderite (Ground 90min)
5 20
Q

10

10 100 1000 10000
PARTICLE SIZE (microns)

Figure 9. Cumulative undersize graphs of raw siderite ore that milled at different times.

The raw siderite was also calcined and then subjected to grinding. The cumulative undersize
curves of calcined siderite ore are given in Figure 10.

Aforementioned, the cracking occurs in the siderite structure due to CO, escaping from its
body during the calcination process. A similar situation is also in the grinding process. The
calcined siderite was ground much easier than raw siderite when the raw and calcined sider-
ite were grounded at the same conditions (90 min) as shown in Figure 11.

As can be seen from the above graph, the size fraction of both raw siderite and calcined sid-
erite is quite different with each other after the same milling operation. In the graph, the size
of d,, grain for the raw siderite is 66 um while calcined siderite for d, is found as 54 um.
Although there are minor differences in the small size fraction, the raw and the calcined sider-
ite are not noteworthy in scale. However, it is not possible to mention about fractions of large
grain size from the same situation. The value of P, for the raw siderite is 4.75 mm while for the
calcined siderite this value is 110 um. Py, value of the calcined siderite is about 43 times smaller
than that of the raw siderite. Thus, the grinding effect of the calcination process increases as
the size increases. Moreover, calcined siderite has reached these grinding values with a feed
of 40% higher than the raw siderite volume.

Ball diameter Ball mass (g) Charge Real and bulk Ball charge Feed (g) Feedratio  Calcined siderite

(mm) (piece) density ratio (% volume) feed (% volume)
(g/cm®) (% volume)

20 32.78 30 7.82-4.57 32 3000 20 28

25 64.00 20

30 110.70 20

40 262.34 17

Table 6. Grinding parameters.
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CALCINED SIDERITE PARTICLE SIZE ANALYSIS

100
90
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—o— Calcined Siderite (Unground)

——Calcined Siderite (Ground 15min)
~—Calcined Siderite (Ground 30min)
—=(Calcined Siderite (Ground 45min)
—4f— Calcined Siderite (Ground 60min)

CUMULATIVE UNDERSIZE (%)

—0—Calcined Siderite (Ground 90min)

10 100 1000 10000
PARTICLE SIZE (microns)

Figure 10. Cumulative undersize graphs of calcined siderite ore, which were milled at different times.

Minimizing the size of raw materials such as ores and rocks also seriously damages the
machinery and milling equipments, as well as the enormous energy consumption. Today,
about 40% of the energy consumed in mining operations is spent for size reduction. It takes
3.3% of the total electricity energy consumed in the world. This demonstrates the importance
of energy efficiency in size reduction processes [10, 16].

In this respect, the production of the fine material required for the production of the pellet
should be done after the calcination step. In this way it will be possible to save a great deal
of energy and extend the life of grinding machines. This is only one of the advantages to be
achieved as a result of making changes in the pellet production process.

RAW SIDERITE ORE PARTICLE SIZE ANALYSIS

100
90
80
70
60
50
40
30
20
10

—— Raw Siderite (Ground 90min)

—#— Calcined Siderite (Ground 90min)

CUMULATIVE UNDERSIZE (%)

10 100 1000 10000
PARTICLE SIZE (microns)

Figure 11. Cumulative undersize graphs of raw and calcined siderite at equidistant times.
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3.2. Calcination experiments

Thermogravimetric analysis (TGA) was used to determine the weight loss of raw siderite
exposed to temperature and the result is given in Figure 12. Calcination experiments of sid-
erite ore were carried at temperatures of 465-500-550-600-650-700-750-800°C. In these experi-
ments; the effects of two different sizes, large (-14 +4.35 mm) and small (=300 pm), calcination
temperatures and duration time on the calcination yields were investigated.

The optimum calcination temperature was determined as 700°C based on the calcination
experiments and the TGA graph (Figure 12). The weight loss depending on the duration time
at 700°C is given in Figure 13. In the same graph, the effects of size were also investigated.

In the calcination experiments, weight loss of the siderite ore was found to be 31.01 wt%.
According to above graphs, it was found that the CO, in the siderite was completely removed
from the body in terms of weight loss (calcination loss: 31.04%) at the temperature of 700°C
and for 15 min and these calcination conditions were selected as a reference conditions and
applied in subsequent experiments. No remarkable difference was recorded for the weight
loss and magnetic susceptibility balance (Table 7) after 15 min at 700°C. It is therefore unnec-
essary to keep the calcination time longer than 15 min.

Also at this point it was found that the material grain size had no effect on the calcination
process (except when it has a heat capacity that is too high to slow the heat transfer too
much). The large particle size is also advantageous because it easily provides a comfortable
circulation of hot air flow.

Calcination experiments were also carried out in a microwave oven. Microwave oven applica-
tion offers great advantages especially for short heating and calcination time [17]. In microwave

TGA

100 * + %

95 -
90 -
85 -
—e—Raw Siderite

80 -

75 1

WEIGHT LOSS (%)

70 1

65

60

0 100 200 300 400 500 600 700 800
TEMPERATURE (°C)

Figure 12. Thermogravimetric analysis (TGA) of siderite ore.
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CALCINATION GRAPH AT 700°C
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Figure 13. Calcination graph of raw siderite ore at 700°C.

heating method, 32.14% weight loss of the siderite was detected. In microwave calcination
operation, the siderite ore was mixed with the sucrose (30 wt% by weight of siderite) and the
mixture was put into the microwave oven. After 3 min, the temperature of the mixture was
detected as 1100°C. In the microwave heating method, sucrose was used as thermal auxiliary to
heat siderite ore. The calcination results, showing the weight loss versus time, of the electrical
furnace and the microwave furnace are given in Figure 14. Apart from the partial reduction in
the magnetic susceptibility balance, the microwave oven has no disadvantages over the electri-
cal furnace. On the contrary, higher weight loss was achieved.

Calcination procedures which were carried out using the electrical furnace and the micro-
wave oven were achieved. The results showed that necessary weight losses and high iron
content in the calcined samples were obtained and the calcination process in electrical furnace
and microwave oven caused the hematite transformation which was provided the magnetic
properties. The chemical structure of the raw siderite and the calcined siderite in the electrical
furnace and the microwave oven were checked using Rigaku Miniflex 600 XRD (Cu Ka (40 kV,
15mA, A: 1.54051 A). Comparison of the XRD patterns (Figure 15) showed that by addition of
sucrose the siderite can be calcined by using microwave oven in 3 min.

Sample no Calcination temperature (°C) Magnetic susceptibility (x10"® m*/kg)
1 465 1708.16

2 500 17690.50

3 600 19780.03

4 700 19530.93

5 1100 (microwave method) 15410.03

Table 7. Magnetic susceptibility balance values.
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Figure 14. The weight loss versus time obtained from the electrical furnace and the microwave oven.
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Figure 15. XRD patterns of the raw and the calcined siderite.
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3.3. Pelletizing experiments

The green pellets were obtained by pelletizing machine which has a disc diameter of 60 cm
and an angle of 50° and operated at a speed of 20 rpm. Pellets were produced by adding
bentonite in proportions of 8, 10, 12% by weight into the raw and calcined ore. The mixture
conditions are given in Table 8. The best pellet strength results were obtained for the calcined
siderite sample with 10% bentonite addition which had been subjected to 90 min in mill.

Figure 16 indicates the raw pellets which were obtained from the raw and calcined siderite.

Examples of product pellets which were obtained using the electrical chamber furnace are
given in Figure 17. After heating process, there was no visual difference observed between the
pellets made with the raw siderite and the calcined siderite.

The SEM images belonging to the pellets obtained by mixing the siderite and 10 wt% benton-
ite are given in Figure 18. Trigonal crystals were observed in the SEM images, indicating the
recrystallized hematite minerals. It can be said that the pellet heating process is performed at
the proper temperature.

The resulting product pellets were subjected to a compressive strength test at a constant load-
ing rate of 10 mm/min according to ISO/TC 102/SC 3 ISO 4700: 2015 coded standards of the
International Organization for Standardization. The data obtained in the test result are pre-
sented in Table 9. According to the results, the pellets with the highest compressive strength
obtained from the raw material added with 10% bentonite and milled for 90 min after being
calcined.

The compressive strengths of the obtained pellets are shown on the graph in Figure 19. As
it can be seen in the graph pellets obtained from calcined ores have more strength than that
obtained from uncalcined ore. The improvements in the milling parameters of the calcined

Sample type Clay ratio (%)

Raw siderite (90 min milling) 8
10
12

The calcined siderite (60 minutes milling) 8
10
12

The calcined siderite (90 minutes milling) 8
9
10
11

12

Table 8. Raw materials and clay rates used in pelletizing.
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Figure 16. The pellets obtained from the raw and calcined siderite.

siderite ore was further reduced the size distribution in the raw material, making it possible to
do more durable pellets. The smaller the size distribution in a raw material, the more resistant
the pellets to be obtained from it [18].

The most basic way to increase the specific surface area is milling operation. In the previous sec-
tions, we have mentioned that grinding is not a very economical process in terms of both machine-
equipment and energy costs, and that work should be done in large grain sizes as possible. For
this reason, in order to investigate the possibility of using large grain size materials for pellet
production, an urea (30% by weight) was added into the raw siderite with the size of the 150 +
75 um, which cannot be pelletized by conventional methods. The mixture was put into the micro-
wave oven with a frequency of 900 W for 5 min. The photo of the pellets is given in Figure 20.

The pellets which were obtained by this method had very high porosity. It is very advanta-
geous to use large-sized material as pellet raw material. For example, with the aid of a sieve
to be used after grinding, the product can be divided into two different fractions. The small
size fractions may be fed to the conventional pelletizing plant and the large size may be fed
into the microwave pelletizing plant.

Figure 17. The products pellets.
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Figure 18. SEM images of the pellets.

Sample type and grinding time  Clay ratio (%) Density (g/cm®)  Pellet diameter (mm)
9 10 11 12 13
Compressive strength (kgf)
Raw siderite 90 min 8 4.05 129 146 153 179 199
10 3.77 155 164 179 191 211
12 3.52 139 152 160 167 200
Calcined siderite 60 min 8 4.38 139 147 156 168 189
10 4.28 159 162 166 176~ 205
12 4.06 149 154 165 182 213
Calcined siderite 90 min 8 3.86 155 159 164 169 198
9 3.84 174 190 192 200 207
10 3.84 199 215 225 232 268
11 3.81 149 183 205 230 258
12 3.75 142 144 146 156 171

Table 9. Pellet compression strengths according to pellet diameters and clay rate.
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Figure 19. The effects of the bentonite ratio on the compressive strength of the pellets.

Figure 20. 30% by weight urea-added pellet obtained by microwave irradiation.

4. Conclusions

The raw siderite samples from the Hekimhan/Deveci region were subjected to calcination treat-
ments at different temperatures (465, 500, 550, 600, 650, 700, 750, 800°C) for various duration time
(5, 10, 15, 30, 45, 60 min) using the electrical furnace. Both the results of the experiments and the
thermogravimetric analysis (TGA) showed that the most suitable calcination process was decided
as 700°C for 15 min. The raw siderite (45, 60, 75, 90 min) and siderite calcined at 700°C (15, 30,
45, 60, 90 min) were milled. Significant behavioural differences between the two materials were
identified. Calcination makes the grinding process much easier. The raw pellets were prepared
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by adding different bentonite ratios (8, 9, 10, 11, 12%) to the raw siderite and the calcined siderite
which were milled for 90 and 60 min, respectively. The raw pellets were heated at a temperature
of 1300°C which is the recrystallization temperature of hematite. Recrystallization was confirmed
by SEM images and the process was confirmed to be successful. The product pellets were tested
for compressive strength. The highest level of pellet strength was determined from the material
obtained by grinding calcined siderite for 90 min. This pellet, which has a maximum strength
value of 268 kgf, has an average durability of 28% higher than the pellet made of the raw siderite.

The results obtained in this study are listed below:

1.

Calcination treatment caused big difference in the grinding behaviours of the ore. It has
been found that the milling of the ore after calcination is much easier than the raw siderite.

The 31.01% weight loss material that was obtained from the calcination process with the
conventional heating method will have great benefits from cost of transportation both in
the plant and outside of the plant.

It has been determined that the most suitable calcination process for siderite ore is to be
carried out at 700°C for 15 min.

The calcination process increased the Fe content from 37.25 to 55.61%.

The raw siderite was treated by microwave radiation (P: 900 W, f: 2.45 GHz) but neither
heating nor weight loss was detected.

The addition of the 30 wt% sucrose into the raw siderite before the irradiation of micro-
wave increased the temperature up to 1100°C in a 3 min. The XRD result showed that the
calcination was successfully accomplished in 3 min by microwave. However, in terms of
magnetic susceptibility balance, microwave-derived calcined siderite has lower values of
about 23% than the conventional method.

Pellets obtained from calcined ores have more strength than that obtained from uncalcined
ore. The highest compressive strength was obtained with addition of 10% bentonite and
ground for 90 min. The highest compressive strength of this pellet is determined as 268 kgf.
This pellet is about 28% more durable than the others.

As it is known, the strength of the pellets, which are blast furnace charging materials,
determines the charge amount of the furnaces. The material charge to the blast furnaces is
such that the pellets at the bottom end are not broken. More durable pellets were obtained
in the present study.

Pellets with the addition of 30 wt% urea admixture into the coarse size of —150 + 75 um
the siderite ore were obtained using microwave. This method is promising in terms of the
reducing the grinding costs.

Acknowledgements

This research was supported by Inonu University with the project numbers of 2015/54 and
2016/120.

101



102

Iron Ores and Iron Oxide Materials

Author details

Mehmet Celikdemir'*, Musa Sarikaya', Tolga Depci?, Ramazan Aydogmus' and
Aysegul Yucel'

*Address all correspondence to: celikdemirmehmet@gmail.com

1 Inonu University, Malatya, Turkey

2 Iskenderun Technical University, Hatay, Turkey

References

(1]

(2]

[6]

[7]

[8]

[9]

TOBB. Turkiye Demir ve Demir Disi Metaller Meclisi Sektor Raporu [Internet]. 2014
[Updated: 2014]. Available from: https://www.tobb.org.tr/Documents/yayinlar/2014/
Demir%20ve%20Demir%20D %C4%B1%C5%9F%C4%B1%20Rapor%20web.pdf
[Accessed: 9 September 2017]

T.C. Dogu Akdeniz Kalkinma Ajansi. Demir Celik Sektor Raporu [Internet]. 2014 [Updated:
2014]. Available from: http://www.dogaka.gov.tr/Icerik/Dosya/www.dogaka.gov.tr_523_
TN1D55SP_Demir-celik-Sektor-Raporu-2014.pdf [Accessed: 9 September 2017]

World Steel Association Economics Committee. World Steel Statistical Yearbook 2016
[Internet]. 2016 [Updated: 2016]. Available from: https://www.worldsteel.org/en/dam/
jer:37ad1117-fefc-4df3-b84£-6295478ae460/Steel+Statistical+Yearbook+2016.pdf [Accessed:
9 September 2017]

United State Geological Survey (USGS). Mineral Commodity Summaries 2017 [Internet].
2017 [Updated: 2017]. Available from: https://minerals.usgs.gov/minerals/pubs/mcs/2017/
mcs2017.pdf [Accessed: 5 October 2017]

Anonymous. Rocks [Internet]. 2017 [Updated: 2017]. Available from: http://www.rock-
srock.com.au/wp-content/uploads/2017/02/IMG_0008.jpg [Accessed: 5 September 2017]

Toraman OY, Depci T. Komurde Mikrodalga ile Onislem Uygulamalari. Madencilik.
2007;46:43-53

Jones DA, Lelyveld TP, Mavrofidis SD, Kingman SW, Miles NM. Microwave heating
applications in environmental engineering—A review. Resources, Conservation and
Recycling. 2002;34:75-90

Kingman SW, Rowson NA. The effect of microwave radiation on the magnetic properties
of minerals. Journal of Microwave Power and Electromagnetic Energy. 2000;35:144-150

Anonymous. Microwave heating [Internet]. 2017 [Updated: 2017]. Available from:
https://wiki.anton-paar.com/wp-content/uploads/05_microwave-heat-introduction.jpg
[Accessed: 5 October 2017]



[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

Calcination and Pelletizing of Siderite Ore
http://dx.doi.org/10.5772/intechopen.72808

Eskibalci MF. Investigating of conventional and microwave heat effect on grindability of
quarsite. Erzincan University Journal of Science and Technology. 2014;7(2):169-190. DOI:
10.18185/eufbed.38561

Mohammed OA, Shalabi MEH, El-Husiny NA, Khedar MH, Mostafa F. The role of normal
and activated bentonite on the pelletization of barite iron ore concentrate and the quality of
pellets. Powder Technology. 2003;130(1-3):277-282. DOI: 10.1016/50032-5910(02)00205-X

United State Geological Survey. 2011 Mineral Yearbook [Internet]. 2013 [Updated:
2013]. Available from: https://minerals.usgs.gov/minerals/pubs/commodity/iron_ore/
myb1-2011-feore.pdf [Accessed: 9 October 2017]

Yildiz N. Demir Cevherinin Peletlenmesi. Madencilik. 2014;29:88-92

European Commission. Best Available Techniques (BAT) Reference Document Iron and
Steel Productions [Internet]. 2010 [Updated: 2010]. Available from: http://eippcb.jrc.
ec.europa.eu/reference/BREF/1&S/IS_Published_0312.pdf [Accessed: 11 October 2017]

Cosar S. Demir Konsantrelerinin Peletlenmesinde Bor Minerallerin ve Atiklarinin Kullani-
minin Arastirilmasi [thesis]. Istanbul: Istanbul Technical University; 2006. 93p. Available
from: https://polen.itu.edu.tr/bitstream/11527/8396/1/4352.pdf

United States Department of Energy. Mining industry energy bandwidth study [Internet].
2007 [Updated: 2008]. Available from: https://www1.eere.energy.gov/manufacturing/
resources/mining/pdfs/mining_bandwidth.pdf [Accessed: 5 October 2017]

Celikdemir M, Sarikaya M, Depci T, Aydogmus R. Influence of microwave heating and
thermal auxiliary on decomposition of siderite. IOP Conference Series: Earth and Envi-
ronmental Science. 2016;44:052002

Sevinc N, Tosun Y. Hekimhan Siderit Demir Cevheri Tozundan Pelet Uretilmesi. In: 5.
Metalurji Kongresi, TMMOB Metalurji Muhendisleri Odasi, Ankara, Turkiye, November
21-25, 1988. pp. 302-325

103



ntechOpen

ntechOpen



