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Preface

During the two decades of the 21st century, the yearly steel output grew more
substantially than within the entire previous lifetime of human civilization and so
did the iron ore mining. Thus, despite all the progress we made in the delivery of
novel nonferrous materials, we continue to live in the Iron Age with steel, an alloy of
iron and carbon, being the most important engineering and construction material 
worldwide. Taking into account the very well-known advantages of steel, including 
its nearly 100% recyclability and abundance of iron-ore resources, the importance
of mining and processing iron ores will not vanish for the years to come.

This book covers research areas encompassing the value chain from mining 
to processing of iron ore and is structured into two sections: (i) Genesis and 
Exploitation and (ii) Characterisation and Processing. The chapters are written
by researchers from all over the world covering the multidisciplinary aspects from
geological genesis to historic context of mining and exploitation of deposit and 
from beneficiation and sintering of iron ore to novel reduction techniques and 
application of advanced characterization methods.

I am very grateful to all the authors for their valuable contributions, willingness
to share the research results, and expertise with the reading audience and for their
hard work to make this book happen.

I sincerely thank IntechOpen for the initiative to publish this title. The readers-
researchers, students, and industry professionals, now have a rare opportunity
to find comprehensive, cutting-edge information covering a wide range of
interdisciplinary issues in the domain of science and technology of iron ores in
a single book.

Volodymyr Shatokha
National Metallurgical Academy of Ukraine,

Dnipro, Ukraine
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Chapter 1

Study of Deep-Ocean 
Ferromanganese Crusts Ore 
Components
Alla A. Novakova and Dmitrii S. Novikov

Abstract

A complex layer-by-layer morphology and phase analysis of a ferromanganese 
crust aged about 70 million years, extracted from the rise of the Magellan Mountains 
of the Pacific Ocean, was carried out using several physics methods: digital optical 
microscopy, scanning electron microscopy with high resolution, X-ray fluorescence 
and diffraction analysis and Mossbauer spectroscopy. This analysis showed that the 
crust is an association of several minerals with various dispersion and crystallization 
degree, between which fossilized bacterial mats with Fe- and Mn- oxides are located. 
These phenomena indicate the biogenic nature of the crust. Changes in the crusts 
phase composition from the lower layer to the upper layer indicate changes in the 
external environmental conditions during their formation.

Keywords: Ferromanganese Crusts, X-ray analysis, Scanning electron microscopy, 
Mössbauer spectroscopy, Bacterial activity

1. Introduction

Ferromanganese crusts were first discovered at the bottom of the Pacific Ocean. 
The crusts samples were taken on board by the English ship “Challenger” and 
described in 1873 during the first complex oceanological expedition in the history 
of world science. However, until the middle of the XX century, only the chemical 
composition of crusts was analyzed. It was found out that ferromanganese crusts 
consist of up to 20% Mn, 15% Fe and 0.3–2.5% Co. In addition, they can contain 
complexes of noble, non-ferrous, rare and rare earth metals (up to 70 elements). 
All this data obtained stimulated further complex investigations on the topic. 
Many expeditions, mainly in the Pacific Ocean, were conducted to find and obtain 
ferromanganese crusts by USSR, USA, Germany, China, Japan and other countries 
in 1970–1980. Currently, crusts are found in all oceans, including the Arctic Ocean. 
They are often spread on basalts and clastic volcanic rocks in the depth range of 
400–7000 m. The crusts are relatively thin continuous covers lying on the slopes 
of seamounts of volcanic origin. The thickness of the crusts can reach 26–40 cm. 
The crusts age is usually determined by Be, U, and Os – isotope dating methods [1]. 
The average age reaches several tens of millions of years. The most common crustal 
growth rates found in all oceans vary between 2 and 4 mm/mln.yr.



3

Chapter 1

Study of Deep-Ocean 
Ferromanganese Crusts Ore 
Components
Alla A. Novakova and Dmitrii S. Novikov

Abstract

A complex layer-by-layer morphology and phase analysis of a ferromanganese 
crust aged about 70 million years, extracted from the rise of the Magellan Mountains 
of the Pacific Ocean, was carried out using several physics methods: digital optical 
microscopy, scanning electron microscopy with high resolution, X-ray fluorescence 
and diffraction analysis and Mossbauer spectroscopy. This analysis showed that the 
crust is an association of several minerals with various dispersion and crystallization 
degree, between which fossilized bacterial mats with Fe- and Mn- oxides are located. 
These phenomena indicate the biogenic nature of the crust. Changes in the crusts 
phase composition from the lower layer to the upper layer indicate changes in the 
external environmental conditions during their formation.

Keywords: Ferromanganese Crusts, X-ray analysis, Scanning electron microscopy, 
Mössbauer spectroscopy, Bacterial activity

1. Introduction

Ferromanganese crusts were first discovered at the bottom of the Pacific Ocean. 
The crusts samples were taken on board by the English ship “Challenger” and 
described in 1873 during the first complex oceanological expedition in the history 
of world science. However, until the middle of the XX century, only the chemical 
composition of crusts was analyzed. It was found out that ferromanganese crusts 
consist of up to 20% Mn, 15% Fe and 0.3–2.5% Co. In addition, they can contain 
complexes of noble, non-ferrous, rare and rare earth metals (up to 70 elements). 
All this data obtained stimulated further complex investigations on the topic. 
Many expeditions, mainly in the Pacific Ocean, were conducted to find and obtain 
ferromanganese crusts by USSR, USA, Germany, China, Japan and other countries 
in 1970–1980. Currently, crusts are found in all oceans, including the Arctic Ocean. 
They are often spread on basalts and clastic volcanic rocks in the depth range of 
400–7000 m. The crusts are relatively thin continuous covers lying on the slopes 
of seamounts of volcanic origin. The thickness of the crusts can reach 26–40 cm. 
The crusts age is usually determined by Be, U, and Os – isotope dating methods [1]. 
The average age reaches several tens of millions of years. The most common crustal 
growth rates found in all oceans vary between 2 and 4 mm/mln.yr.



Iron Ores

4

Researchers of ferromanganese crusts have always had 2 questions: 1) where 
do the colossal masses of manganese and iron come from to the places where the 
crusts form? and 2) what is the mechanism of the crusts formation and why does it 
differ a lot from the usual bottom depositions? Until the middle of the XX century, 
the idea of hydrogenic mineralization (the deposition of metals from the oceanic 
water) prevailed. It is known that the flow of substances from various sources into 
the ocean water is dynamically balanced by their removal to the bottom deposi-
tions. Thus, the salt composition of ocean water remains stable. However, model 
experiments and real observations did not reveal the deposition of large amounts 
of iron and manganese to the ocean floor. In the second half of the XX century, 
more attention was paid to the underwater volcanic eruptions, mantle fluid flows 
and post-volcanic hydrothermal activity i.e. processes that are actually recorded, 
which may be the main suppliers of metals for the oxide ferromanganese ores 
formation. Accordingly, the volcanogenic-sedimentary type of mineralization was 
identified.

By the end of the 1990s, marine geologists, microbiologists, and micropaleon-
tologists had developed and validated the biological concept of ferromanganese 
oxide ore formation. According to this concept, crusts are considered as products 
of the vital activity of bacterial communities that can oxidize divalent iron and 
manganese compounds and precipitate metal oxides in a crystalline or amorphous 
form on the cell surface or even within the cell, as well as in the matrix of biological 
films [2, 3]. The biological concept of oxide ferromanganese ore genesis has been 
brilliantly confirmed by scanning electron microscopy [4].

Developing and fossilizing biofilms (0.5 to 2 microns thick or more) form 
bacterial mats with a multilayer structure: stand-alone bundles of biofilms separated 
by cavities, clusters of filamentous bacteria, and layers of glycocalyx. Therefore, 
in bacterial mats, dense, massive micro-layers and porous, loose ones are distin-
guished. It is bacterial mats that form columnar stromatolites of ferromanganese 
crusts, which are the ore components. During the entire time of stromatolite growth 
(millions of years), extreme events periodically occurred (underwater volcanic 
eruptions, tectonic phenomena, global glaciation, etc.) that affected the vital activity 
of microorganisms and were imprinted in the crustal sections by the formation of 
interlayers with different types of columns (the thickness and density of columns 
as well as their growth direction changed, and bushy branches were formed) [5]. 
At the same time, the growing crusts, having a high porosity and a fine structure, 
demonstrate a large sorption capacity. As a result, they are saturated with complexes 
of non-ferrous, rare and rare earth metals. The biofilm matrix contains a significant 
concentration of polysaccharides with a negative charge. Due to this, metal cations 
are able to accumulate on the surface of the extracellular polymer matrix, forming 
strong complexes. These processes can explain the mechanism of enrichment of 
ferromanganese crusts with the ore-compound metals [6].

The structure, composition and genesis of ferromanganese crusts have been 
studied by scientific laboratories in many countries for more than 50 years (since 
their industrial significance was discovered). However, the nature of the oxide 
ferromanganese ore formation has not been fully revealed yet. This is due to the fact 
that the crusts are very complex in composition and structure layered formations. 
The nanoscale oxide ore components of biogenic origin are also the significant part 
of the crusts composition in addition to numerous clastic and dispersed minerals 
formed as a result of volcanic activity. Therefore, it is obvious that the study of such 
objects requires subtle chemical and physical methods of studying their composi-
tion, structure and morphology, which appeared only at the end of the XX century. 
This work is devoted to such research.
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2.  Analysis of ferromanganese crusts phase composition and 
morphology

A characteristic feature of ferromanganese crusts is their layered structure, 
which shows a history of their origin and growth. If the crust is sliced, one can 
usually observe from 3 to 5 layers with an average thickness of 2–3 cm, differing in 
structure, physical properties and composition of components. Usually, the lower 
layers of the crust are dense and strong, while the upper layers are more porous 
and brittle. It is possible to consistently trace the processes of ore accumulation 
and global changes in the external conditions for the formation of ferromanganese 
crusts by studying the composition and structure of these layers.

2.1 Object of study

Figure 1 shows a section of the crust studied in our work, isolated at a depth 
of 1200 m from the surface of the guyot of the Magellan Mountains of the Pacific 
Ocean. This crust has a special feature: it has a “relic” layer (R) of pre-existed crusts 
that underlies the main section and situated on the weathered basalt. The thickness 
of the R – layer reaches 8 cm. The stratification of the crust section was carried out 
by marine geologists M. Melnikov and S. Pletnev (from the Institute of Oceanology, 
Gelendzhik). The layers are named (below): I-1, I-2, II and III, which were formed 
in the time intervals indicated on the geochronological scale placed to the left of 
the crust.

Figure 1. 
Section of the studied sample of the ferromanganese crust, compared with the geochronological scale (in the 
interval of 70 million years). Optical images of the various layers are on the right.
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The method of layer-by-layer studies of the crust was as follows:

1. Color optical images were obtained from all layers of the crust section using 
the Keyence VHX – 5000 digital optical microscope which allows us to record 
changes in the phase composition of the crust from layer to layer.

2. A TESCAN VEGA scanning electron microscope was used to study the mor-
phology and relative position of various crystal phases, as well as to search for 
traces of bacterial activity that leads to the growth of ore formations

3. The elemental composition of each layer at individual points along its surface 
was determined using a portable X-ray fluorescence analyzer SciAps X-200, 
which has a collimated X-ray beam with a diameter of less than 3 mm. These 
results were then mathematically processed to obtain the average elemental 
composition for each layer of the crust.

4. The results of the elemental composition were entered into the High Score Plus 
program of the PANalytical Empyrean X-ray diffractometer, which was used 
for X-ray diffraction analysis to determine the nature of ore and accessory 
minerals, and assess accompanying growth of ore formations.

5. The Mössbauer spectra were taken and analyzed for each layer to clarify the 
phase composition of the ultrafine iron-containing compounds that make up 
the thoracic component. Mathematical processing of the obtained Mossbauer 
spectra made it possible not only to determine which iron oxide compounds 
are contained in each layer of the crust, but also to trace quantitative and 
qualitative changes in their composition during the transition from one layer to 
another.

2.2 Experimental microscopy results

The surface layers of the ferromanganese crust analysis performed by digital 
optical microscopy (Figure 1) showed that they consist of associations of a large 
number of minerals with different degrees of crystallization and dispersion. There 
is also an increase in yellowish-red inclusions from the lower layer I to the upper 
layer III. These inclusions correspond to iron oxide compounds (goethite, hematite, 
etc.), i.e., there is an increase in the iron-ore component from the lower layer of 
the crust to the upper one, and the proportion of accessory minerals decreases. It is 
difficult to analyze the content of the manganese-ore component in the crust layers 
by this method, since manganese oxides are very dark, and it is hard to distinguish 
them from other dark-colored phases. However, we were able to identify an inter-
esting region that has a colomorphic structure, which is most likely formed by man-
ganese oxides (Figure 2a) by examining the sample from the R-layer in detail [7].

We examined this region of the R-layer using a scanning electron microscope 
(Figure 2b) to clarify the assumption about the manganese nature of the colo-
morphic structure. The Energy Dispersive analysis performed on the electron 
microscope allowed us to obtain a picture of the distribution of chemical elements 
in this region of the R-layer (Figure 3). The analysis shows that manganese and 
oxygen occupy the same positions in the colomorphic structure, which indicates 
that they are combined in the form of manganese oxide. At the same time, calcium 
and phosphorus also occupy identical positions, which indicates that they are con-
nected in a common structure, most likely apatite. No iron compounds were found 
in this area.

7
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DOI: http://dx.doi.org/10.5772/intechopen.98200

By increasing the magnification of the scanning microscope (x10, 000), we 
were able to see columns of stromatolites, layers of bacterial mats with fossilized 
 bacteria, and microcrystals of accessory minerals (Figures 4 and 5).

2.3 X-ray investigation results

Elemental analysis of each layer of the studied crust was carried out at 8 separate 
points of its surface area (a surface area was selected, which will later be analyzed 
using an X-ray diffractometer) using the SciAps X-200 analyzer. The built-in 
camera made it possible to obtain an image of the analyzed area of the sample and 
accurately determine the measurement point of the X-ray spectrum.

Figure 2. 
Optical (a) image of a colomorphic structure on the surface of the R-layer and electron microscopic image  
(b) of the same structure.
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Distribution of chemical elements in a colomorphic structure on the surface of the P-layer and their percentage.
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nected in a common structure, most likely apatite. No iron compounds were found 
in this area.
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Mathematical processing of the obtained data allowed us to find out the 
elemental composition of each layer under study, the numerical data of which are 
presented in Table 1.

According to Table 1, up to 20 different elements – metals, as well as phosphorus 
and silicon-were found in each layer of the studied crust. The average mass ratio 
in the crust is dominated by Fe (%), Mn (%), and P (%). Si and Al are also present 
in significant amounts. All these data were used to conduct a layer-by-layer phase 
analysis of the studied crust.

Figures 6–8 shows X-ray diffractograms of all layers of the studied crust. The dif-
fractograms were decoded for all phases, but we reverse special attention (highlight 
in the diffractograms) on Fe and Mn oxides. The main mineral phase in the relict 
layer (Figure 6a) is Fluorapatite, as well as minerals (calcium silicate, corundum, 
pargasite and pyrosmalite). Fe and Mn oxides compounds are detected in Figure 6b.

It is extremely difficult to perform a quantitative phase X-ray analysis of the studied 
layers of the ferromanganese crust: they consist of associations of a large number of 
minerals and nanoscale, often amorphous, oxide compounds of iron and manganese. 

Figure 4. 
Micrographs of the ferromanganese crust with different magnifications: (a) numerous columns of stromatolites 
are seen (top view); (b) microcrystals of apatite lying on bacterial mats.

Figure 5. 
Micrographs of bacterial mats: (a) a mat completely covered with filamentous bacteria; (b) a mat with void 
zones formed by cyanobacteria.
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As a result, the X-ray reflexes of oxides are very weakened and broadened in comparison 
with the reflexes of minerals of microcrystals. Their intensity is often comparable to the 
error limit of the method (2%). Therefore, we performed only to qualitative analysis.

The observed broad peaks of Mn- oxides were deciphered by introducing todor-
octitis and unstable buserite, which explains significant increase in the intensity 
and area of the peaks in the previously identified diffractogram angles: 35° - 37° 
and 63° - 67°. Iron oxides on diffraction patterns (Figures 6–8) are represented by 
goethite and hematite.

2.4 Mossbauer spectroscopy

More accurate studies of nanoscale iron oxide compounds in different layers of 
CMC can be carried out by the method of Mössbauer spectroscopy on the Co57 iso-
tope. Due to its selectivity (only the Fe57 nuclei reflexes are recorded in the spectra), 
the method makes it possible to separate iron-containing minerals from the total 
mineral mass. According to the parameters of the Mössbauer spectrum. It is possible 
to determine the valence state of iron, the symmetry of its local neighborhood from 
the Mössbauer spectra parameters and therefore to determine the iron-containing 

Sample R I-1 I-2 II III

Al 3.78 1.02 2.17 4.33 3.49

Bi 0.11 0.09 0.00 0.00 0.00

Co 0.28 0.00 0.00 0.00 0.00

Cr 0.00 0.07 0.04 0.13 0.00

Cu 1.64 0.86 0.81 0.75 0.76

Fe 13.06 40.17 37.33 25.74 45.11

Mg 2.15 0.66 1.12 1.00 1.58

Mn 44.81 46.53 33.47 20.64 30.63

Mo 0.11 0.26 0.10 0.03 0.12

Nb 0.03 0.04 0.03 0.07 0.02

Ni 5.16 2.27 1.38 2.06 1.42

P 36.44 0.00 25.82 26.69 9.70

Pb 0.27 1.21 0.62 0.28 0.44

S 0.00 0.00 0.00 1.66 0.00

Sb 0.00 0.12 0.05 0.08 0.00

Si 2.68 2.94 3.97 11.00 8.63

Sn 0.00 0.09 0.00 0.08 0.04

Ti 2.75 2.08 1.79 3.00 1.44

V 0.88 0.37 0.31 0.49 0.21

W 0.08 0.07 0.08 0.09 0.07

Zn 0.91 0.65 0.43 0.48 0.42

Zr 0.46 0.78 0.68 0.74 0.60

The lines of the main elements of the ore component Fe and Mn are highlighted in color for clarity of their change 
from layer to layer.

Table 1. 
Elemental composition obtained by means of X-ray fluorescence analysis.
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mineral [8], as well as to estimate the particle sizes of iron compounds from the 
temperature dependence of Mössbauer spectra [9, 10].

We performed the Mossbauer investigation of all the Iron-manganese crust 
layers (Figure 1) at room temperature. Five spectra of the different layers are 
presented in Figure 4.

All the spectra are broadened paramagnetic doublets, which indicates the 
superparamagnetic state of the iron oxide particles [11]. Mathematical processing 
of the spectra made it possible to decompose them into components corresponding 
to various iron oxides. Thus, a layer-by-layer quantitative phase analysis of the iron 
compounds of the studied crust was carried out. The figure shows that the smallest 
effect value (4.6%) is observed in the relic layer. There are significantly fewer iron-
containing minerals in R-layer than in layers I. 1 and I. 2 (7.4% and 6.8%), in which 

Figure 6. 
X-ray diffractogram of the relic layer of the ferromanganese crust: (a) analysis of minerals components;  
(b) analysis of Fe- and Mn- oxides.
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bacterial activity is already observed. The R-layer phase compositions differs from 
the subsequent layers: in addition to trivalent oxides, it contains amorphous fer-
rihydrite (5Fe2O3. 9H2O) and divalent (FeO) wustite. In the subsequent layers I. 1 and 
I. 2, only trivalent iron oxides are present, which is explained by the active activity 
of iron-oxidizing bacteria. A comparative analysis of the Mossbauer spectra taken 
at room and nitrogen temperatures allowed us to estimate the size of these super-
paramagnetic particles. They are lesser than 7 nm for goethite, and lesser than 5 nm 
for hematite. The obtained estimate of the particle sizes of goethite and hematite 
corresponds to the sizes of biogenic nanoparticles [12]. Results are shown in Figure 8.

Figure 7. 
X-ray diffractograms of layer I-1, I-2.

Figure 8. 
X-ray diffractograms of layer II, III.



Iron Ores

10

mineral [8], as well as to estimate the particle sizes of iron compounds from the 
temperature dependence of Mössbauer spectra [9, 10].

We performed the Mossbauer investigation of all the Iron-manganese crust 
layers (Figure 1) at room temperature. Five spectra of the different layers are 
presented in Figure 4.

All the spectra are broadened paramagnetic doublets, which indicates the 
superparamagnetic state of the iron oxide particles [11]. Mathematical processing 
of the spectra made it possible to decompose them into components corresponding 
to various iron oxides. Thus, a layer-by-layer quantitative phase analysis of the iron 
compounds of the studied crust was carried out. The figure shows that the smallest 
effect value (4.6%) is observed in the relic layer. There are significantly fewer iron-
containing minerals in R-layer than in layers I. 1 and I. 2 (7.4% and 6.8%), in which 

Figure 6. 
X-ray diffractogram of the relic layer of the ferromanganese crust: (a) analysis of minerals components;  
(b) analysis of Fe- and Mn- oxides.

11

Study of Deep-Ocean Ferromanganese Crusts Ore Components
DOI: http://dx.doi.org/10.5772/intechopen.98200

bacterial activity is already observed. The R-layer phase compositions differs from 
the subsequent layers: in addition to trivalent oxides, it contains amorphous fer-
rihydrite (5Fe2O3. 9H2O) and divalent (FeO) wustite. In the subsequent layers I. 1 and 
I. 2, only trivalent iron oxides are present, which is explained by the active activity 
of iron-oxidizing bacteria. A comparative analysis of the Mossbauer spectra taken 
at room and nitrogen temperatures allowed us to estimate the size of these super-
paramagnetic particles. They are lesser than 7 nm for goethite, and lesser than 5 nm 
for hematite. The obtained estimate of the particle sizes of goethite and hematite 
corresponds to the sizes of biogenic nanoparticles [12]. Results are shown in Figure 8.

Figure 7. 
X-ray diffractograms of layer I-1, I-2.

Figure 8. 
X-ray diffractograms of layer II, III.



Iron Ores

12

Based on the results obtained, it is possible to trace the changes that occurred 
in the crusts over millions of years and make assumptions about the changes in the 
external conditions of their formation (Figures 9 and 10).

Since the main source of iron in the crusts was the products of volcanic erup-
tion and collapsing basalts, the iron presented in the base of the crust in a metallic 
or divalent state. After that, under the influence of oxidizing bacteria, iron ions 
are oxidized to a trivalent state. This explains the presence of low concentrations 
of divalent wustite in the relict layer and the high content of trivalent iron in the 
composition of nanosized oxides: amorphous ferrihydrite, goethite, and hematite. 
In the subsequent layers I-1 and I-2, in which iron-oxidizing bacteria are active and 
ore-bearing stromatolites appear, an increase in the magnitude of the effect of the 
goethite and hematite phases is observed, with goethite as the most intensive phase.

In layer II, one can notice significant changes that have occurred with the iron 
oxides in the crust. Probably, during the global glaciation corresponding to the age 
of this layer (3.8–2.4 million years), other types of bacteria appeared with changes 

Figure 9. 
Mössbauer spectra of various layers of the crust.

13

Study of Deep-Ocean Ferromanganese Crusts Ore Components
DOI: http://dx.doi.org/10.5772/intechopen.98200

in external conditions (changes in pH, temperature, environmental composition, 
including a large content of decaying endangered organisms). It leads to the triva-
lent iron contained in nanoscale goethite and hematite transformation to divalent in 
wustite and partially divalent in magnetite.

In layer III, the phases of goethite and hematite are again observed. Probably, by 
the time of the formation of this layer, the reduction processes in the environment 
stopped and the colonies of oxidizing bacteria began to work actively again.

3. Conclusion

A comprehensive layer-by-layer analysis of the ferromanganese crust showed 
that the crust is practically a composite consisting of clastic and volcanogenic 
micron-sized minerals and stromatolites, consisting of fossilized biofilms filled 
with nanoparticles of iron and manganese oxide compounds, which are bacteria 
waste products. The lower layers of the crust are very dense: they contain many 
clastic minerals, and ore-bearing stromatolites grow between them. During the 
growth of the crust, bacteria constantly carry out their vital activity, therefore 
stromatolites grow continuously, occasionally changing their direction and shape 
under the influence of external conditions. And minerals: apatite, quartz and others 
come to the place of crust growth only occasionally - after a volcanic eruption. 
Therefore, the proportion of the iron-ore and manganese-ore components increases 
from the lower crust layer to the upper layer, which is almost entirely composed of 
these components. This leads to the fragility of the upper layers of the crust.

Experimental methods have provided objective evidence of the biogenic nature 
of the ore components of ferromanganese crusts. And the method of Mössbauer 
spectroscopy, first applied to these objects, made it possible to obtain a quantita-
tive phase analysis of iron ore components in different layers of the crust. Based on 
this analysis, it was possible to trace how the composition of iron oxides changes in 
different layers of the crust, depending on changes in external conditions.

Figure 10. 
Quantitative phase composition diagrams of all layers of the studied crust.
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Chapter 2

History and Current State of 
Mining in the Kryvyi Rih Iron Ore 
Deposit
Mykola Stupnik and Volodymyr Shatokha

Abstract

In 2021 one of the world’s largest iron ore deposit in Kryvyi Rih (Ukraine) 
 celebrates 140 years of its exploitation history. During the whole period of its exis-
tence the deposit has played and continues to play an important role in the develop-
ment of Ukraine’s economy, being the main basis of its iron and steel industry. More 
than 6 billion tons of marketable iron ore extracted during this period and some 
20 billion tons of waste rock has been mined. The deposit constitutes 82% of Ukraine’s 
iron ore output making the country the 7th biggest producer and 5th biggest iron ore 
exporter with value of USD 4 billion in 2019. In this chapter the historic aspects of 
deposit’s development and current state of its exploration are analyzed, including pro-
cessing techniques employed to produce high grade iron ore concentrate, sinter and 
pellets. Characteristics of iron ores’ mineralogical composition and the features of the 
deposit’s geological genesis are also presented. Special attention is paid to the ongoing 
and planned modernization and deployment of innovative technologies aimed to 
enhance the competitiveness and to reduce environmental footprint of exploration.

Keywords: iron ore, deposit exploitation, beneficiation, sintering, pelletizing

1. Historic introduction

In 140 years of history, Kryvyi Rih has gone through an impressive path of 
transformation: from a provincial town in the South of the Russian Empire to the 
main iron ore base of the Soviet, then – Ukrainian, steel industry, closely involved 
in the processes of global trade. At present, proven resources of iron ore in Ukraine 
are estimated at 6.5 billion tons of crude ore (the fifth largest reserve in the world) 
[1] of which around 70% is deposited in Kryvyi Rih.

The Kryvyi Rih iron ore deposit experienced ups and downs with several 
distinct periods of formation and development. The settlement of Kryvyi Rih, 
established as the Cossacks winter-abode in the XVIII century, remained rather 
unremarkable tiny inhabited area for a long time. The situation changed drastically 
in the XIX century greatly after the beginning of iron ore industrial mining.

Iron ore deposits were discovered in late 30s of the XIX century. Substantial studies 
conducted by local entrepreneur Alexander Pol proved the feasibility of the deposit 
development and in 1880 he initiated the establishing in Paris of the company Societe 
Anonyme Minerais de Fer de Krivoi Rog with the capital of Franc 30 million owned by 
French major shareholders (Figure 1), which started the iron ore mining in 1881.
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Figure 2. 
Iron ore mining in Kryvyi Rih (1899).

Initially, iron ore mining was made almost completely manually (Figure 2). 
Most part of the mined ore was delivered eastwards over the distance of roughly 
400 km by horse and cart (including crossing ca 1 km wide Dnipro river by ferry) 
to the factories of Novorossiysk Coal, Iron & Rail Production Company. This 
company was established yet in 1869 (first blast furnace was blown-in in 1871) by 
a British-Russian consortium initiated in the Donetsk region by John Hughes, a 
Welsh entrepreneur. Transportation conditions remarkably changed after launch-
ing of the railway connecting Kryvyi Rih iron ore deposit with coal deposits of 
Donbass via the bridge across the river of Dnipro commissioned in 1884, which 
boosted industrialization over the large, previously rural, area along the railroad.

Figure 1. 
Share of Societe Anonyme Minerais de Fer de Krivoi rog.
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In 1885 the mentioned above Novorossiysk Company started also iron ore min-
ing in Kryvyi Rih area, based on British funds. It was followed by starting several 
other mines, owned mostly by international capital represented with Belgium, 
Great Britain, France and Switzerland. In addition to manufacturing organization, 
leading foreign experts have been assigned to deliver mining and metallurgical 
businesses towards the best European practice. Already by 1887, Kryvyi Rih became 
the dominant iron ore extraction site of the Russian Empire. In 1892 Gdantsevka 
Ironmaking Plant (Figure 3), also owned by Societe Anonyme Minerais de Fer de 
Krivoi Rog, was put into operation in the outskirts of Kryvyi Rih. The major part 
of iron ore extracted in Kryvyi Rih deposit was consumed in Russian Empire, and 
10-20% was exported.

In the beginning of the XX century as many as 63 mines have been in operation 
with cumulative depth of more than 100 km [2]. Each mine was a separate unit 
with its own infrastructure and administration. The largest production volume of 
6.2 Mt. was achieved in 1913, constituting 72% of total production of iron ore in the 
Russian Empire. Almost 20 thousand employees worked at the mines, 40 engineers 
controlled the production, 7 of them were foreigners.

However, during World War I followed by the Bolshevik Revolution (1917) and 
civil war lasted through 1921, the extraction of ore practically ceased: during seven 
months from January to July 1918 just 264 kt of iron ore was supplied, whereas 
before the war average monthly supply was around 480 kt. By August 1918 all iron 
ore mines in Kryvyi Rih were stopped and most of them – flooded [3].

2. Post WWI reconstruction and industrialization

After a kaleidoscopic change of ruling powers, Soviet regime was established in 
Kryvyi Rih region by the beginning of 1920. Iron ore was essential for reconstruc-
tion of industry, so local authorities were subordinated directly to Kharkiv, the first 
capital of the Ukrainian Soviet Republic. Initially, within the Kryvyi Rih deposit the 
martial law was imposed, but such measure was not successful and therefore it was 
decided to return to economic management instruments.

Figure 3. 
Gdantsevka ironmaking plant (1899).
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Reconstruction took place in very difficult conditions: famine, ruin, lack of 
materials, and shortage of workers. Initially, only seven mines were brought into 
operation. In 1927 as much as 3.5 Mt. of iron ore was mined being just 56% from 
1913 level.

Since 1927 the new mining technologies have been introduced replacing the 
widely used cut and fill stoping method. In 1928 the first “Bucyrus” excavators were 
supplied from the USA along with 12 scraper winches, 7 conveyers and hammer 
drills of various manufacturers. The iron ore output in 1930 reached 9.78 Mt., 
77% of which was produced by underground mining. Fifteen new mines equipped 
with an up-to-date machinery were built during the First Five-Year Plan period 
(1928-1932). Further mechanization of mining operations resulted in drastic 
increase in labor productivity and by 1940 the annual output reached 19 Mt. [4].

The mining was ceased by August 8th, 1941 - few days before Kryvyi Rih was 
occupied during World War II. To prevent usage of mines by the invaders, most of 
the equipment was transported to the mining enterprises of Ural. Units weighting 
over 100 t were blasted. Most of miners were also evacuated. However, more than 
16 Mt. of iron ore was left in stocks.

Reconstruction of mining enterprises during German occupation was slug-
gish, focused mostly on nearby Nikopol manganese ore deposit being essential for 
the manufacture of advanced steel grades, whereas Kryvyi Rih with its iron ore 
stock and a huge amount of equipment turned into scrap was used as auxiliary 
source of iron charge in steelmaking. Demand for iron ore was hindered by slow 
reconstruction of coal mines in Donetsk deposit and of steelmaking enterprises on 
the occupied area, destroyed before the Soviet Army retreat. As a result, iron ore 
mining did not began until the end of 1942 and extraction of high-grade ore was 
started only in May 1943.

In June 1942, the removal of ore from the stock began, resulting in usage of 
347 kt by the end of the year. In addition to this, from April to September 1943 
about 385 kt of ore was mined. As the whole, during the period of occupation 
1.78 Mt. of iron ore was taken, out of which 1.4 Mt. from the stocks [5].

In November 1943, anticipating Soviet Army’s offensive, the invaders destroyed 
equipment, transport facilities and workshops of almost all reconstructed enter-
prises. As the result, out of 77 producing and servicing shafts, 54 shaft mouths 
were exploded or destroyed completely to the depth from 6 to 15 m. So, within 
30 months the mines and the equipment have been destroyed twice.

3. Post WWII reconstruction and further development

Reconstruction of industry with the implementation of large-scale projects 
has started after the liberation of Kryvyi Rih in February 1944. While the min-
ers began to return from evacuation, the government adopted the law stipulating 
reconstruction of mines and of mining industry’s infrastructure. In just in one year, 
32 mines were reconstructed and put back into operation. Another 11 large mines 
and 15 ventilation units were put into operation in 1946 and annual output reached 
6 Mt. The plan of reconstruction and development of Kryvyi Rih mines was drawn 
up aiming to reconstruct and build 35 large and medium-sized mines with a total 
annual designed capacity of 26 Mt. This plan was successfully fulfilled and by 
1950 ore mining exceeded pre-war level.

Initially, to modernize the facilities and improve performance, mostly inexpen-
sive and simple in implementation measures have been applied; however, since the 
beginning of 1960s, general reconstruction of mines included application of new 
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technologies and equipment aimed at advanced level of mining operations. This 
included deepening of more than 40 mines to the depth from 200 to 1250 m with 
the cumulative deepening by about 28 km. Mines with inclined shaft were also built 
during this period.

Construction of Mining and Processing Plants (MPP), large factories com-
prehensively encompassing production steps from mining through high grade 
concentrate (some factories also produced pellets or sinter), manifested begin-
ning of new era of mining development in Kryvyi Rih. Supply of high quality 
agglomerated iron ore materials also greatly contributed to boost development of 
steelmaking industry.

The first attempts to beneficiate ferruginous quartzite were made in 1930s at the 
experimental plant, and studies in this direction have been continued after WWII, 
so research and industrial expertise had been already in place when the decision to 
build the Southern MPP was adopted in 1952, which produced its first concentrate 
in 1956. The success of the enterprise with annual mining and beneficiation capac-
ity of 9 Mt. facilitated further construction of similar enterprises and increase 
in production capacity of existing plants. From 1959 through 1966 another four 
MPPs - Novokryvorizkyi, Northern, Central and Ingulets - were built on different 
sites in and around the city of Kryvyi Rih. All plants had almost identical structure 
including open pit mines for iron ore extraction and beneficiation plants to produce 
concentrate (Figure 4). All MPPs except of Ingulets have been also equipped with 
plants producing sinter or pellets. Production of iron ore in Kryvyi Rih peaked in 
1978 at 120 Mt., when in the aftermath of economic stagnation the demand for iron 
ore ceased to grow.

Kryvyi Rih was also one of the major suppliers of iron ore materials to the 
Central-East European Countries members of former Council of Mutual Economic 
Assistance (CMEA). In 1984 Soviet Union, East Germany, Czechoslovakia, 
Romania and Hungary initiated the latest large collaborative project of CMEA - 
construction of new iron ore beneficiation plant near Kryvyi Rih to produce for the 
countries involved the iron ore concentrate from oxidized quartzites with annual 
designed capacity of 9.1 Mt. of concentrate. Romania alone invested US$526 m out 
of US$1.6bn totally spent. However, following the collapse of communist regimes, 
the construction has never been finished [6].

Figure 4. 
One of the world largest open pits of Ingulets MPP: Depth 520 m, designed capacity by crude ore - 38 Mt./year.
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4. Sector development in modern Ukraine

4.1 General development trends

Collapse of the USSR in 1991 broke established supply chains and stopped large 
infrastructural projects thus substantially reducing demand for steel. Therefore, the 
iron ore production in Kryvyi Rih in early 1990s plunged down as shown in  
Figure 5. Mining enterprises faced a severe financial situation. Profit and available 
capital decreased drastically: up to 80% of transactions in the steel sector were made 
via barter schemes during this period, impeding accumulation of capital [8].

Further drop of iron ore output was prevented in the frames of a large scale 
“sectorial experiment” covering the entire mining-metallurgical complex of 
Ukraine and conducted from August 1999 to January 2003, providing enterprises 
with state assistance and allowing companies to accumulate finances for improving 
technologies and environmental safety under special taxation regime [8]. The state 
of Ukraine’s mining sector was improved and iron ore output started to rapidly 
grow, as shown in Figure 5. Meanwhile export opportunities have been gradually 
exploited, especially after 2008, when the domestic demand shrank drastically 
in the aftermath of financial crisis followed by recession. Figure 6 compares iron 
amount of the produced ore with the output of pig iron (blast furnace ironmak-
ing is the sole large consumer of iron ore products - sinter and pellets in Ukraine). 
The both values, after being fluctuating almost in parallel, since 2009 gradually 
decouple from each other, and in 2019, first ever, output of pig iron drops by 2.4% 
although the iron amount of the produced ore grew by 2.8%. This illustrates orien-
tation of mining sector rather not on the domestic needs but on the global markets - 
as shown in Figure 7, since 2015 over 60% of the iron ore output is exported.

4.2 Current characteristics of deposit

In Ukraine, by the exploration stages, reserves are coded differently from 
International system applied by CRIRSCO (Committee for Mineral Reserves 
International Reporting Standards) and the Table 1 for conversion is shown below. 
Collectively, the sum of A + B + C1 categories is referred to as a proven reserve.

Figure 5. 
Production and export of usable ore (elaborated by authors on [7]).
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Figure 6. 
Iron amount of the produced ore versus output of pig iron in Ukraine (elaborated by authors on [7, 9]).

Figure 7. 
Share of export in the usable iron ore production.

CRIRSCO Classification Measured Indicated Inferred

Level of 
confidence

High Reasonable Low

Former 
Soviet code

Classification A - fully 
explored

B - studied 
based on 
industrial 
development

C1 - studied 
based on the 
results of pilot 
development 
and testing

C2 - studied 
based on the 
results of 
testing and 
exploration

Level of 
confidence

Proven Probable

Table 1. 
Table of correspondence between CRIRSCO and former soviet codes.
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Iron amount of the produced ore versus output of pig iron in Ukraine (elaborated by authors on [7, 9]).

Figure 7. 
Share of export in the usable iron ore production.

CRIRSCO Classification Measured Indicated Inferred

Level of 
confidence

High Reasonable Low

Former 
Soviet code

Classification A - fully 
explored

B - studied 
based on 
industrial 
development

C1 - studied 
based on the 
results of pilot 
development 
and testing

C2 - studied 
based on the 
results of 
testing and 
exploration

Level of 
confidence

Proven Probable

Table 1. 
Table of correspondence between CRIRSCO and former soviet codes.
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Figure 8. 
The ratio between an underground and an open pit iron ore mining in Kryvyi Rih (%).

Over 70% of Ukraine’s proven reserve is located in Kryvyi Rih iron ore deposit. 
Iron ores mainly belong to the following three geo-industrial types: rich magnetite–
hematite-martite ores, ferruginous quartzites and brown ironstones. Rich ores are 
used without concentration. Magnetite and cummingtonite-magnetite quartzites 
and brown ironstones of Kryvyi Rih deposit are concentrated by relatively simple 
methods – washing and magnetic separation. Oxidized quartzites and brown iron-
stones require roasting-magnetic and gravity-floatation methods of concentration.

Rich ores occur in bodies of 10-60 m and, occasionally, up to 100 m thickness. 
The iron content varies from 46% to 70%, phosphorus and sulfur contents – from 
0.01% to 0.03%.

Magnetite and oxidized ferruginous quartzites are encountered in bodies of up 
to 100-200 m and, occasionally, up to 500 m thickness. The iron content in such 
ores varies from 14% to 46%, phosphorus content - from 0.03% to 0.16% and 
sulfur content - from 0.02% to 0.24%.

Currently, approximately 51% of all proven reserve is exploited. Substantial part 
of the reserve is not considered for mining in the near future for economic reasons. 
Along with underground enterprises, five large enterprises mine the ore in 10 open 
pits at depths of 150-450 m with further processing. Since the early 1970s the open 
pit mining method became and to date remains predominant as shown in Figure 8. 
In terms of maintaining production on current level, available reserves of iron ores 
covered by ongoing open pit mining activities remain sufficient to ensure function-
ing of mining and processing plants in the long term perspective as shown in Table 2.

Currently, rich iron ores and magnetite quartzites are mined via the under-
ground method by Kryvyi Rih Iron Ore Plant, ArcelorMittal Kryvyi Rih and Sukha 
Balka. Magnetite and oxidized quartzites are mined using the open pit method 
by Ingulets MPP, Southern MPP, Northern MPP and Arcelor Mittal Kryvyi Rih, 
whereas Central MPP applies both underground and open pit mining methods.

The depth of occurrence of commercial reserves of iron ore in Kryvyi Rih 
reaches 2.7 km, therefore underground mining remains essential. However, mining 
conditions are rather complicated - eight underground iron ore mines are function-
ing with mining operations conducted at depths of 600-1300 m in particularly risky 
underground conditions. Three of underground mines are operating in a flooding 
prevention mode.
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Figure 8. 
The ratio between an underground and an open pit iron ore mining in Kryvyi Rih (%).

Over 70% of Ukraine’s proven reserve is located in Kryvyi Rih iron ore deposit. 
Iron ores mainly belong to the following three geo-industrial types: rich magnetite–
hematite-martite ores, ferruginous quartzites and brown ironstones. Rich ores are 
used without concentration. Magnetite and cummingtonite-magnetite quartzites 
and brown ironstones of Kryvyi Rih deposit are concentrated by relatively simple 
methods – washing and magnetic separation. Oxidized quartzites and brown iron-
stones require roasting-magnetic and gravity-floatation methods of concentration.

Rich ores occur in bodies of 10-60 m and, occasionally, up to 100 m thickness. 
The iron content varies from 46% to 70%, phosphorus and sulfur contents – from 
0.01% to 0.03%.

Magnetite and oxidized ferruginous quartzites are encountered in bodies of up 
to 100-200 m and, occasionally, up to 500 m thickness. The iron content in such 
ores varies from 14% to 46%, phosphorus content - from 0.03% to 0.16% and 
sulfur content - from 0.02% to 0.24%.

Currently, approximately 51% of all proven reserve is exploited. Substantial part 
of the reserve is not considered for mining in the near future for economic reasons. 
Along with underground enterprises, five large enterprises mine the ore in 10 open 
pits at depths of 150-450 m with further processing. Since the early 1970s the open 
pit mining method became and to date remains predominant as shown in Figure 8. 
In terms of maintaining production on current level, available reserves of iron ores 
covered by ongoing open pit mining activities remain sufficient to ensure function-
ing of mining and processing plants in the long term perspective as shown in Table 2.

Currently, rich iron ores and magnetite quartzites are mined via the under-
ground method by Kryvyi Rih Iron Ore Plant, ArcelorMittal Kryvyi Rih and Sukha 
Balka. Magnetite and oxidized quartzites are mined using the open pit method 
by Ingulets MPP, Southern MPP, Northern MPP and Arcelor Mittal Kryvyi Rih, 
whereas Central MPP applies both underground and open pit mining methods.

The depth of occurrence of commercial reserves of iron ore in Kryvyi Rih 
reaches 2.7 km, therefore underground mining remains essential. However, mining 
conditions are rather complicated - eight underground iron ore mines are function-
ing with mining operations conducted at depths of 600-1300 m in particularly risky 
underground conditions. Three of underground mines are operating in a flooding 
prevention mode.
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Generally, the analysis of the situation of underground mining in Kryvyi Rih 
reveals a threat of gradual reduction of the resource provision and consequent decline 
of the commercial potential. Iron ores in the amounts of the billions of tons are 
accounted at underground mining enterprises as so called balance iron ore reserve 
(meaning the resource which mining is economically feasible and which parameters 
satisfy accounting requirements). This resource can provide the basis for mining 
development for more than 100 years ahead. However, in fact, the situation is far from 
optimistic for individual enterprises and for the deposit as a whole. Currently, under-
ground mining of naturally rich iron ores is carried out only at seven mines of three 
mining enterprises and one more underground mine exploits magnetite quartzites.

Overall, during the last 10-15 years, the gap between the designed capacity and 
actual production of enterprises was reduced due to pressure from the market that 
forces the enterprises to adapt design solutions of current and new projects in order 
to minimize expenditures, increase technological efficiency and enhance competi-
tiveness. However the drawbacks are not yet overcome and technology still lags 
behind the market demands, so capacity utilization of most mines does not exceed 
70-80%. Such capacity utilization weakens competitiveness on the global market 
and undermines Kryvyi Rih deposit’s production potential.

In 1990, the share of rich ore in the total iron ore production in Kryvyi Rih 
was 26.3%, while in 1995 it was reduced to 23.5%, and at the end of 2019 – to 14%. 
Currently, compared to 2007 (the most successful year in the period from 1995 to 
2019), the production volume decreased from 62.98 Mt. to 58.27 Mt. or by 7.5%. A 
more significant drop is observed in comparison to 1990, making 59%.

Key reasons for production decline of rich iron ores in Kryvyi Rih can be 
summarized as follows:

1. Continuous and intensive exploitation of deposit as a whole, delineation of 
individual deposits to greater depths, decommissioning of unprofitable mines, 
and depletion of reserves result in lower resource endowment of existing mines.

2. Lack of efficient technologies for processing of extracted raw ore result in 
relatively low iron content of ore (55-57%), high losses (up to 12-15%) and ore 
dilution (up to 10%) in mining.

3. High rate of mining operations deepening (13-16 m per year) is coupled with 
limited technical capacity of hoisting installations as well as with general 
deterioration of mining and geological conditions at deeper horizons are 
followed by a decrease in the mines’ productivity.

4. Financial aspects include constant growth in maintenance costs of existing 
facilities due to reduced levels of mining, increased mining capital and high 
development cost at new deeper horizons. Increased cost of fuel, energy and of 
processing equipment only exacerbate the current situation.

5. Some market-related problems shall be noted such as insufficient competitive-
ness of marketable products compared with the major global producers, low 
domestic demand and increasing volumes of sinter grade ore imports.

6. Investments to R&D are continuously insufficient thus impeding delivery of 
innovative technologies capable for addressing current industrial needs.

The problems listed above are accompanied by the lack of scientifically sound 
strategy for underground mining on the national level. Due to long term and 
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intensive exploitation of underground mines in Kryvyi Rih, the reserves of natu-
rally rich iron ore significantly decreased and make 309.2 Mt. at the depth above 
1500 m. The depth of mining has reached 1200-1400 m and approaches the critical 
lifting capacity of mines. The average reserve endowment makes 22.4 years, which, 
at first glance, is sufficient for economically sustainable development of under-
ground mining enterprises. However, taking into account the duration of all the 
operations required for commissioning of new deeper horizons as well as subse-
quent involvement of new iron ore material types or transition to a combined two-
step mining and hoisting scheme, the development perspective is rather uncertain.

When evaluating the state of the raw material base, we cannot omit the fact that 
exclusion of low-grade lump ores from the total unprocessed ore supply in order 
to achieve required quality of marketable products results in even more intense 
exhaustion of the reserves. The yield of marketable products at different mining 
enterprises varies in the range from 84% to 86%. But even with this yield, the iron 
content of marketable iron ore products usually reaches just 57.5-59.0%, which 
is not sufficient for competitiveness. Noteworthy, in the longer perspective the 
discharge of substandard raw materials is not only inevitable, but can even increase.

Considering the current state of the deposit, we anticipate that, in the next 
5-10 years, the enterprises can face a number of difficulties in maintaining optimal 
production capacity and, in 15-20 years, a greater reduction in output and closure 
of some mines. This process is irreversible from technical and economic points of 
view, and will have sensitive social consequences in the region.

At the same time, as much as 589.7 Mt. of rich iron ore is deposited at depth from 
1500 to 2500 m. In addition, 4.2 Gt of easily concentrated magnetite quartzites 
locates at depth of 30-1500 m (2.2 Gt at operating mines and 2 Gt at temporarily 
closed mines). Most of magnetite quartzites occur at depth of up to 700 m.

4.3 Environmental aspects

Analysis of the environmental issues of iron ore mining requires separate study 
and goes beyond the scope of current chapter. Therefore we address this topic here 
very briefly.

Currently operating mining enterprises of Kryvyi Rih, including those operating 
in the flooding prevention mode, pump up to 40 Mm3 of ground water from mines 
and pits annually, of which highly mineralized water makes 16-17 Mm3 annually. 
Nearly 30 Mm3 of return water is in a continuous technological loop at the 5 MPPs. 
Tailing ponds (6 operating and 2 closed ones) of the mining enterprises occupy the 
area of 5 000 ha and contain over 2 billion m3 of ore concentration wastes. Dumps 
contain over 13.0 billion t of overburden rocks. Underground voids reach volume 
of 50 Mm3. Overall, in Kryvyi Rih iron ore deposit on the area of 300 km2, a great 
number of potentially hazardous objects such as underground mines, open pits, 
tailing ponds, industrial sites, disturbed land and underground voids are located.

4.4 Iron ore quality

The global output of iron ore is in compliance with dynamics of the world economy, 
yet, in general, development of iron ore mining is quite steady. Total production of 
crude iron ore has exceeded 3 billion t per year and has tripled since 1999. As antici-
pated by Fitch in Global Iron Ore Mining Outlook, global crude iron ore production 
will grow modestly from 3.348 billion t in 2019 to 3.482 billion t in 2028, which repre-
sents average annual growth of 0.2% during this period being a significant slowdown 
from an average growth of 4.5% during 2009-2018 [11]. Therefore, taking into account 
growing iron ore mining capacities, especially in Brazil, iron ore market shall become 
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even more competitive. In terms of international competiveness, the position of 
Ukraine amongst the other major global suppliers is rather uncertain. For instance, iron 
content in sinter grade ore supplied from Brazil is 66-67%, from Australia – 61-62%, 
from Sweden – 67% with silica content in the range of 0.5-3.5%, whereas iron content 
in Ukraine’s sinter grade ore makes 56-61% with silica content of 18-21.5% [1].

At present, Kryvyi Rih underground mines enhance quality of marketable ore 
through increasing iron content in the last portion of ore drawn from blocks to 
50-52% instead of previously standard 46% as well as through screening out the 
lean lumps with iron content of 43-48% at the crushing-grading factory. Although 
this assisted to a general trend of increasing the iron content in the concentrate 
(evolution of average value for Ukraine is shown in Figure 9), application of such 
methods increases also ore losses in situ and iron losses during concentration and, 
finally, negatively impacts the enterprise’s economy. At the same time, quality of 
ferruginous quartzites mined at open pits in terms of iron content and content of 
impurities was not improved. Generally, the quality of marketable iron ore product 
remains well behind the advanced foreign practices, despite certain improvements 
achieved at some enterprises [12].

4.5 Insights for the development strategy

In the current situation, the identification of the priority directions for the further 
development of the Kryvyi Rih iron ore deposit with the involvement of R&D institu-
tions within the framework of the national and regional economic development 
strategy is on demand. A broad assessment of the actual condition of the raw material 
base and, first of all, rich iron ore reserves at depth above 1500 m, allows to foresee 
four possible options for further long-term development of underground mining:

1. Mining of rich iron ores to the depth of the engineering capacities of the 
existing hoisting facilities (1500-1600 m) with subsequent closure or 
conservation of the mines.

2. Mining of rich iron ores below 1500 m with the use of two-stage ore body 
opening-up schemes or by radical reconstruction of hoisting complexes’ infra-
structure in order to enable the ore hoisting from deep horizons to the surface.

Figure 9. 
Average Fe content in iron ore concentrate produced in Ukraine, %.
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3. Continuation of rich iron ores’ mining above the 1500 m depth followed with the 
gradual involvement of magnetite quartzites in the areas of operating and tempo-
rarily suspended mines and further increasing of the mines’ production capacity.

4. Simultaneous mining of rich ores and magnetite quartzites in the fields of 
operating and temporarily suspended mines.

Since the average supply of rich minerals of underground mining enterprises 
is only about 22 years, the Option 1 leaves no long-term prospects for the develop-
ment. For some major mines, for example, Ternovskaya (18 years) and Rodina 
(17 years), the choice becomes critical. The social consequences of the complete 
decommissioning of the underground mines throughout the industrial region of 
Kryvyi Rih will be also very challenging. Moreover, the adjacent territories are 
likely to be inundated with mining water and water inflows in some pits will also 
increase. The wet and, in particular, dry conservation of mines requires significant 
costs for their maintenance. For example, Gigant-Glubokaya and Pervomayskaya 
mines (both state owned) are currently at the stage of dry conservation and provide 
flooding prevention for existing mines, pits and adjacent areas. In the case of wet 
conservation, an irreversible loss of part of the ore reserves, siltation of excavated 
sites and worsening of the flooding hazard at mining sites and surrounding areas 
are highly possible.

Options 2, 3 and 4, despite essential difference in the approaches, ensure a 
certain long term development perspective for mining operations. The advantages 
are as follows:

1. Retaining of the production and export potential of underground mines and 
their raw material base is ensured.

2. More holistic approach to development of the iron ore deposits can be applied.

3. Production of high-quality iron ore raw materials through the development of 
easy-to-process magnetite quartzites present in operating minefields can be 
increased. The beneficiation of these quartzites using traditional wet magnetic 
separation technology allows the production of high grade concentrates with 
iron content of 69-70%.

4. Increasing of production capacity and reducing the hoisting height to the 
surface may cut the cost of mining in some cases.

However, the choice of the strategy for underground mining shall be based 
on thorough modeling of the development scenarios for each mining enterprise 
and for the deposit as the whole. Moreover, the directions of the Kryvyi Rih iron 
ore deposit development should be seen in the context of both underground and 
open pit mining, coupled with development of the processing plants. The extrac-
tion of magnetite quartzites by the underground method is feasible only in case 
if the beneficiation facilities sufficient to process the mined ore and to ensure 
desirable iron content in the concentrate are available. Further deepening of iron 
ore pits leads to an increase in the haulage distance of rock mass and waste, and, 
therefore, in the cost of salable products. The gigantic amounts of mined ore 
and rocks require the additional land allocation for the construction of tailings 
storage facilities – mostly on highly productive agricultural soils. All of these 
aspects shall be also taken into account in developing of a strategy for the deposit 
exploitation.



Iron Ores

28

even more competitive. In terms of international competiveness, the position of 
Ukraine amongst the other major global suppliers is rather uncertain. For instance, iron 
content in sinter grade ore supplied from Brazil is 66-67%, from Australia – 61-62%, 
from Sweden – 67% with silica content in the range of 0.5-3.5%, whereas iron content 
in Ukraine’s sinter grade ore makes 56-61% with silica content of 18-21.5% [1].

At present, Kryvyi Rih underground mines enhance quality of marketable ore 
through increasing iron content in the last portion of ore drawn from blocks to 
50-52% instead of previously standard 46% as well as through screening out the 
lean lumps with iron content of 43-48% at the crushing-grading factory. Although 
this assisted to a general trend of increasing the iron content in the concentrate 
(evolution of average value for Ukraine is shown in Figure 9), application of such 
methods increases also ore losses in situ and iron losses during concentration and, 
finally, negatively impacts the enterprise’s economy. At the same time, quality of 
ferruginous quartzites mined at open pits in terms of iron content and content of 
impurities was not improved. Generally, the quality of marketable iron ore product 
remains well behind the advanced foreign practices, despite certain improvements 
achieved at some enterprises [12].

4.5 Insights for the development strategy

In the current situation, the identification of the priority directions for the further 
development of the Kryvyi Rih iron ore deposit with the involvement of R&D institu-
tions within the framework of the national and regional economic development 
strategy is on demand. A broad assessment of the actual condition of the raw material 
base and, first of all, rich iron ore reserves at depth above 1500 m, allows to foresee 
four possible options for further long-term development of underground mining:

1. Mining of rich iron ores to the depth of the engineering capacities of the 
existing hoisting facilities (1500-1600 m) with subsequent closure or 
conservation of the mines.

2. Mining of rich iron ores below 1500 m with the use of two-stage ore body 
opening-up schemes or by radical reconstruction of hoisting complexes’ infra-
structure in order to enable the ore hoisting from deep horizons to the surface.

Figure 9. 
Average Fe content in iron ore concentrate produced in Ukraine, %.
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5. Conclusions

1. Kryvyi Rih iron ore deposit played tremendous role in industrialization of 
Russian Empire and Soviet Union, and continues to be indispensable part of 
modern Ukraine’s industrial development and the wealth creation.

2. Currently, approximately 51% of all proven reserve is exploited, whereas 
substantial part of the reserve is not considered for mining in the near future 
for economic reasons. Since the early 1970s, the open pit mining became and to 
date remains predominant. Available reserves of iron ores covered by ongoing 
open pit mining activities are sufficient to ensure functioning of mining and 
processing plants in the long term perspective.

3. Due to long term and intensive exploitation of underground mines, the reserves 
of naturally rich ore significantly decreased and make 309.2 Mt. at the depth 
above 1500 m. The depth of mining has reached 1200-1400 m and approaches 
the critical lifting capacity. The average reserve endowment of 22.4 years 
may seem sufficient for further development; however, taking into account 
the duration of operations required to involve new deeper horizons as well as 
subsequent involvement of new iron ore types and transition to a combined 
two-step mining and hoisting scheme, the development perspective is rather 
uncertain. Scientifically sound strategy for underground mining is lacking.

4. Generally, the quality of marketable iron ore product remains behind the 
advanced foreign standards, despite certain improvements achieved at some 
enterprises; therefore, international competiveness of Ukraine amongst the 
other major global iron ore suppliers is rather uncertain.

5. The directions of the Kryvyi Rih iron ore deposit development should be 
seen in the context of both underground and open pit mining, coupled with 
development of the processing plants.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

31

History and Current State of Mining in the Kryvyi Rih Iron Ore Deposit
DOI: http://dx.doi.org/10.5772/intechopen.96120

[1] U. S. Geological Survey, Mineral 
Commodity Summaries, January 2020.

[2] Jules Cordeweener. La crise 
industrielle Russe: Krivoї-Rog, le Donetz, 
Kertsch. Bruxelles, Paris, 1902, 329 p.

[3] Shatokha V., Tarakanov A. The iron 
and steel industry in the Ukraine during 
World War I. Steel+Technology, 1, 2019, 
pp. 88-32

[4] Kryvyi Rih iron ore deposit. 
To 125-anniversary from the start 
of industrial iron ore mining. 
Vilkul Y., Doyar L., Dioadechkin M 
et al. Publishing center of Kryvyi Rih 
Technical University, 2006. 584 p. (in 
Russian language)

[5] Vilkul Y., Ischenko N., Rukavitsyn I., 
Stupnyk M. Iron ore mining in Kryvyi 
Rih – sight 135 year’s long. History 
in photographs and documents 
1881 – 2016. Knyha plus, 2016. - 124 p 
(in Russian language).

[6] Shatokha V. Post-Soviet issues and 
sustainability of iron and steel industry 
in Eastern Europe. Mineral Processing 
and Extractive Metallurgy (Trans. Inst. 
Min. Metall. C). 2017, 126 (1-2) pp. 
62-69 http://dx.doi.org/10.1080/0371955
3.2016.1251750

[7] National Minerals Information 
Center. https://www.usgs.gov/
centers/nmic/iron-ore-statistics-and-
information Accessed: October 28, 2020.

[8] Hanzl, D. and Havlik, P. 2004. 
Metals sector in CEECs and Russia: a 
comparative analysis in the European 
context. East-West Journal of 
Economics and Business, 7, pp. 81-99.

[9] World Steel Association. Statistical 
reports. https://www.worldsteel.org/
steel-by-topic/statistics/steel-statistical-
yearbook.html Accessed: October 
28, 2020

[10] Vilkul Yu. G., Azaryan A.A., 
Azaryan V.A., Kolosov V.A. Quality of 
iron ore raw materials of underground 
and surface mining as a basis for mining 
industry of Ukraine competitiveness. 
Metallurgical and ore mining industry. 
2012, 5, pp. 1-4 (in Russian language).

[11] Global Iron Ore Mining Outlook. 
Fitch Solutions (17 May, 2019) https://
www.fitchsolutions.com/corporates/
metals-mining/global-iron-ore-mining-
outlook-17-05-2019 Accessed: October 
28, 2020

[12] Kolosov V.A., Golyarchuk N.I. 
Problems of enhancement of iron ore 
raw material quality in Ukraine. Quality 
of mineral raw materials: Collection 
of scientific papers. Kryvyi Rih. 2005. 
pp. 36-45 (in Russian language).

References



Iron Ores

30

Author details

Mykola Stupnik1 and Volodymyr Shatokha2*

1 Kryvyi Rih National University, Kryvyi Rih, Ukraine

2 National Metallurgical Academy of Ukraine, Dnipro, Ukraine

*Address all correspondence to: shatokha@metal.nmetau.edu.ua

5. Conclusions

1. Kryvyi Rih iron ore deposit played tremendous role in industrialization of 
Russian Empire and Soviet Union, and continues to be indispensable part of 
modern Ukraine’s industrial development and the wealth creation.

2. Currently, approximately 51% of all proven reserve is exploited, whereas 
substantial part of the reserve is not considered for mining in the near future 
for economic reasons. Since the early 1970s, the open pit mining became and to 
date remains predominant. Available reserves of iron ores covered by ongoing 
open pit mining activities are sufficient to ensure functioning of mining and 
processing plants in the long term perspective.

3. Due to long term and intensive exploitation of underground mines, the reserves 
of naturally rich ore significantly decreased and make 309.2 Mt. at the depth 
above 1500 m. The depth of mining has reached 1200-1400 m and approaches 
the critical lifting capacity. The average reserve endowment of 22.4 years 
may seem sufficient for further development; however, taking into account 
the duration of operations required to involve new deeper horizons as well as 
subsequent involvement of new iron ore types and transition to a combined 
two-step mining and hoisting scheme, the development perspective is rather 
uncertain. Scientifically sound strategy for underground mining is lacking.

4. Generally, the quality of marketable iron ore product remains behind the 
advanced foreign standards, despite certain improvements achieved at some 
enterprises; therefore, international competiveness of Ukraine amongst the 
other major global iron ore suppliers is rather uncertain.

5. The directions of the Kryvyi Rih iron ore deposit development should be 
seen in the context of both underground and open pit mining, coupled with 
development of the processing plants.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

31

History and Current State of Mining in the Kryvyi Rih Iron Ore Deposit
DOI: http://dx.doi.org/10.5772/intechopen.96120

[1] U. S. Geological Survey, Mineral 
Commodity Summaries, January 2020.

[2] Jules Cordeweener. La crise 
industrielle Russe: Krivoї-Rog, le Donetz, 
Kertsch. Bruxelles, Paris, 1902, 329 p.

[3] Shatokha V., Tarakanov A. The iron 
and steel industry in the Ukraine during 
World War I. Steel+Technology, 1, 2019, 
pp. 88-32

[4] Kryvyi Rih iron ore deposit. 
To 125-anniversary from the start 
of industrial iron ore mining. 
Vilkul Y., Doyar L., Dioadechkin M 
et al. Publishing center of Kryvyi Rih 
Technical University, 2006. 584 p. (in 
Russian language)

[5] Vilkul Y., Ischenko N., Rukavitsyn I., 
Stupnyk M. Iron ore mining in Kryvyi 
Rih – sight 135 year’s long. History 
in photographs and documents 
1881 – 2016. Knyha plus, 2016. - 124 p 
(in Russian language).

[6] Shatokha V. Post-Soviet issues and 
sustainability of iron and steel industry 
in Eastern Europe. Mineral Processing 
and Extractive Metallurgy (Trans. Inst. 
Min. Metall. C). 2017, 126 (1-2) pp. 
62-69 http://dx.doi.org/10.1080/0371955
3.2016.1251750

[7] National Minerals Information 
Center. https://www.usgs.gov/
centers/nmic/iron-ore-statistics-and-
information Accessed: October 28, 2020.

[8] Hanzl, D. and Havlik, P. 2004. 
Metals sector in CEECs and Russia: a 
comparative analysis in the European 
context. East-West Journal of 
Economics and Business, 7, pp. 81-99.

[9] World Steel Association. Statistical 
reports. https://www.worldsteel.org/
steel-by-topic/statistics/steel-statistical-
yearbook.html Accessed: October 
28, 2020

[10] Vilkul Yu. G., Azaryan A.A., 
Azaryan V.A., Kolosov V.A. Quality of 
iron ore raw materials of underground 
and surface mining as a basis for mining 
industry of Ukraine competitiveness. 
Metallurgical and ore mining industry. 
2012, 5, pp. 1-4 (in Russian language).

[11] Global Iron Ore Mining Outlook. 
Fitch Solutions (17 May, 2019) https://
www.fitchsolutions.com/corporates/
metals-mining/global-iron-ore-mining-
outlook-17-05-2019 Accessed: October 
28, 2020

[12] Kolosov V.A., Golyarchuk N.I. 
Problems of enhancement of iron ore 
raw material quality in Ukraine. Quality 
of mineral raw materials: Collection 
of scientific papers. Kryvyi Rih. 2005. 
pp. 36-45 (in Russian language).

References



33

Section 2

Characterisation  
and Processing



33

Section 2

Characterisation  
and Processing



35

Chapter 3

Magnetic Separation of Impurities 
from Hydrometallurgy Solutions 
and Waste Water Using Magnetic 
Iron Ore Seeding
Haisheng Han, Wenjuan Sun, Wei Sun and Yuehua Hu

Abstract

The removal of iron ion from leaching solution is critical for the recovery of value 
metals, with the method of choice commonly being crystallization (precipitation). 
This paper summarized the new improvements in iron removal by precipitation 
methods in recent years and proposed a novel process, magnetic seeding and separa-
tion. The new process can promote iron precipitate aggregation and growth on the 
surface of the magnetic iron ore seeds. A core-shell structure was formed of iron 
precipitate and magnetic iron ore seeds, which can be magnetized and coalesced in 
magnetic field, accelerating the solid-liquid separation. The efficient magnetic floc-
culation and separation offset the poor settleability and filterability of the residues, 
contributing to the development of the hydrometallurgy process. Moreover, mag-
netic seeding and separation was also used for the removal of organic and inorganic 
contaminants from wastewater, significantly improving the purification efficiency. 
Therefore, iron ore not only played an important role in mining and steel manufac-
ture, but also can be used to solve some problems in crossing fields.

Keywords: leaching solution, goethite process, iron removal, magnetic seed

1. Introduction

Iron is one of the most abundant elements in the earth’s crust. It always coexists 
with metals in the ore, mainly exists in the form of hematite, magnetite and mus-
covite on the surface of particles or in the inclusions inside crystals [1]. In hydro-
metallurgy, iron, although is converted into insoluble precipitates and removed in 
advance by sulfation roasting, soda roasting, acid leaching, etc. during ore pretreat-
ment, still inevitably goes to the aqueous solution with the dissolution of the target 
metal during the leaching process [2–4]. The classical methods for removing iron in 
the leaching solution are precipitation, extraction, ion exchange, displacement, and 
electrowinning [4]. The commonly used method is the precipitation method, which 
separates iron ions by converting to iron precipitation compounds. According to 
the different iron precipitation compounds, it can be divided into jarosite [5–6], 
hematite [7], iron(III) oxide-hydroxide [8] and goethite [9–10] method, etc. The 
jarosite method produces a large amount of low-grade iron-bearing slag in the 
application, which is difficult to handle, consumes a large amount of sulfate, and 
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causes certain environmental problems [5–6]; the hematite method needs to be 
carried out under high temperature and pressure, which consumes large energy and 
high CAPEX (capital expenditure) [7]. The filtration efficiency of Fe(OH)3 colloid 
precipitation method is low, and it is easy to adsorb a large amount of other valuable 
metals, causing large metal loss [8].

The goethite method is widely used in hydrometallurgical plants for zinc, 
copper and nickel as the main process for removing iron because of its low 
CAPEX and environmentally friendly products [9–10]. In order to ensure the 
effect and efficiency of iron removal, the goethite process must strictly control 
the concentration of Fe3+ below 1 g/L, and thus developed the two commonly 
used processes - VM method and EZ method [8–9, 11]. The former firstly 
reduces all the iron ions to Fe2+, and then slowly oxidizes the Fe2+ to Fe3+ under 
hydrolysis conditions to control the content of Fe3+ [9], and the latter slowly adds 
the concentrated pressure leachate containing Fe3+ in the precipitation vessel 
with addition rate of less than the Fe3+ hydrolysis rate, thereby forming goethite 
precipitation [11]. The pH in goethite process is common lower than 4.0, and 
calcium hydroxide or calcium carbonate is usually used as neutralizer, which 
will result in a large amount of calcium sulfate mixed with the goethite residue 
[12]. These mixed residues reduce the filtration efficiency and cause the loss of 
valuable metals such as Zn and Ni [5, 13–14]. In addition, the residue mixture 
accumulated in the tailings pond contains heavy metals such as Pb, As, and Cr, 
which causes pollution of local water and soil. Therefore, improving filtration 
performance and reducing the loss of valuable metals are two problems that need 
to be solved urgently in the traditional goethite precipitation method.

This article summarizes the new improvements in iron removal by precipitation 
methods in recent years, and on this basis, proposes a novel iron removal process - 
magnetic seeding and separation. A core-shell structure is formed by precipitating 
and growing iron on the magnetic seeds surface, and achieves high-efficiency solid-
liquid separation by magnetic separation. The new process remarkably reduces the 
loss of valuable metals in iron removal. Magnetic seeding and separation processes 
have not only been successfully used in the removal of iron from hydrometallurgical 
leachate, but also shown good application prospects in wastewater and soil pollu-
tion treatment.

2. Iron removal in nickel and zinc leaching solution

2.1 Magnetite precipitate process

Magnetic flocculation and separation based on the magnetic difference of 
materials can easily separate magnetic solids from mixtures. It shows higher 
selectivity and efficiency than centrifugation and filtration, and has been widely 
used in water treatment, biotechnology and minerals separation [15–18]. As is 
shown in Figure 1, Han et al. [3] studied the feasibility of magnetite precipitation 
in the hydrometallurgical nickel leaching solution. Under lower oxidation potential, 
at pH 2.0–2.2 and 90–100°C, the iron ions in the leachate may slowly oxidize and 
partially precipitate in the form of magnetite. Magnetic flocculation and separa-
tion can effectively separate the precipitate from the solution. Unfortunately, 
the iron precipitation from solution is still dominated by goethite, the magnetite 
composition is relatively small, and it is difficult to truly achieve effective magnetic 
separation in industrial applications. But this research of magnetite process of iron 
removal provides other new ideas of magnetic separation.
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2.2 Induced crystallization goethite process

The goethite process can be divided into four stages: (a) hydrolysis to monomers 
and dimers; (b) the reversible stage involving rapid growth to small polymers;  
(c) formation of slowly reacting large polymers; and (d) precipitation of a solid 
phase [19–20]. The goethite precipitation system is a complex system, and the 
presence and content of different components and iron phases have a greater 
impact on the precipitation and filtration performance of goethite. As shown in 
Figure 2, the pH and temperature conditions of the sulfate-containing solution 
determine the existence and content of different iron phases such as hematite, 
goethite, iron hydroxide and hydroxyl salt [21]. The goethite residues that cause 

Figure 1. 
Potential/pH diagram for Fe-H2O system at 100°C.

Figure 2. 
Temperature and pH conditions for the precipitation of hematite, goethite, ferric hydroxide, and hydroxy salts 
(including jarosites) from 0.5 M ferric sulfate solution [21, 23].
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goethite, iron hydroxide and hydroxyl salt [21]. The goethite residues that cause 

Figure 1. 
Potential/pH diagram for Fe-H2O system at 100°C.

Figure 2. 
Temperature and pH conditions for the precipitation of hematite, goethite, ferric hydroxide, and hydroxy salts 
(including jarosites) from 0.5 M ferric sulfate solution [21, 23].
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Figure 4. 
The specific surface area and the nickel grade of iron precipitates with limonite seeds in different size ranges 
(2 g/L limonite seeds, pH 2.1–2.5, 85°C) [30].

filtration difficulties and metal loss are composed of amorphous iron phase, six-line 
ferrihydrite, poor crystalline goethite, solid solution jarosite phase and silica [2, 22]. 
Therefore, the crystallinity, size and content of the goethite particles can be con-
trolled by adjusting the pH, thereby improving the separation performance and the 
loss of valuable metals.

Yue and Han [23] study that as the pH value decreases from 5.0 to 2.0, as shown 
in Figure 3, the crystallinity of goethite decreases, the goethite particles tend to 
agglomerate, the particle size increases significantly, and the filterability of the 
precipitate improves. Nickel is lost in the iron precipitate by being incorporated 
into the crystal lattice and adsorbed on the surface of the goethite particles, and 
the nickel adsorption loss are related to the specific surface area of the goethite 
particles. When goethite is in an intermediate transition state at low pH (2.5–3.3), 
which is between the crystalline state and the colloidal state, the loss of nickel 
is the least. However, the improvement by only adjusting the pH of the goethite 
precipitation process is minimal. Chang et al. [24] carefully reduced the pH from 
4.0 to 2.5, and the loss of nickel is only reduced by about 10% in the iron precipita-
tion. Moreover, it is not realistic to achieve such detailed condition control in actual 
industrial applications.

Figure 3. 
(a) SEM images of the goethite precipitate at different pHs and (b) pH effect for the nickel loss, the 
crystallinity, and the specific surface area of the precipitate [23, 25].
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The traditional goethite precipitation method needs to overcome high barriers 
to the formation of crystals, and often requires a few days of reaction time. The 
amorphous iron phase appears at this stage, making precipitation separation dif-
ficult. Seed induced crystallization can make crystals precipitate and crystallize from 
the solution at lower solution saturation, pH value and temperature, and has been 
widely used in the preparation and production of drugs and nanomaterials [26–29]. 
Han [30] choose natural limonite as the seed crystal of goethite and induce crystal-
lization to improve the problem of poor filterability at the low pH goethite pre-
cipitate. As is shown in Figure 4, by adding limonite seeds, the particle size of the 
goethite precipitate is significantly increased. The goethite particles in the particle 
size range of 37–74 μm have the largest yield and the smallest specific surface area, 
which can result iron precipitates with a nickel grade of <1%. However, the reduc-
tion of metal loss and improvement of filterability are difficult to achieve at the 
same time by pH control and induced crystallization, one of them must be sacri-
ficed. The intermediate transition state goethite with good filtration performance 
and minimum metal loss is difficult to accurately induce formation in the actual 
field industry. It is a need to find other ideas to achieve qualitative progress.

3. Magnetic iron seeding and separation

Han et al. [25, 31–32] combined seed induced crystallization and magnetic sepa-
ration, and proposed a novel magnetic seeding and separation process, as shown 
in Figure 5. Before the iron is precipitated as goethite, fine-grained maghemite or 
magnetite particles are added to the leaching solution to make the goethite precipi-
tate and grow on the surface of the magnetic particles, thereby avoiding mixing 
with the calcium sulfate precipitation in the solution. The iron precipitates on the 
surface of the goethite to form large magnetic particles with a core-shell structure, 
and the precipitates are efficiently settled and separated by magnetic separation. 
The results show that the iron content in the dry iron residue is more than 52% and 
the Ni content is less than 0.6%, which can be used in industrial applications to deal 
with a large amount of iron precipitation. After the calcium sulfate precipitation is 
roasted, 99% of S and As can be removed, and the roasting residue can be respec-
tively used as raw materials for ironmaking and building materials.

Figure 5. 
The process of iron precipitation on the magnetic seeds and the magnetic flocculation in magnetic field [3, 25].
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Figure 4. 
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Figure 7. 
Surface precipitation model modeling (a) of Fe3+ adsorption/precipitation on magnetite and maghemite 
with corresponding magnetic separation of goethite, images of the suspensions in a magnetic field with 
2 g/L (b) magnetite and (c) maghemite NPs, and SEM images of goethite precipitates with (d) magnetite 
and (e) maghemite NPs [32].

Yue et al. [31] applied magnetic iron seeding and separation to separate goethite 
from calcium sulfate in zinc leaching with maghemite fine particles as carrier. As 
is shown in Figure 6, the magnetic goethite-maghemite aggregates were separated 
effectively from calcium sulfate precipitates by magnetic drum separator, and 90% 
of Fe and Ca is respectively recovered in two corresponding products. Roasting 
goethite precipitate with coal powder under the optimum conditions removed 99% 
of S and As. Goethite products can be directly used in the ironmaking industry, 
and calcium sulfate precipitation can also be used to produce cement and building 
materials.

Yue et al. [32] establish the surface complex and precipitation model of goethite 
on magnetite and maghemite magnetic nanoparticles, as shown in Figure 7. The 
formation of Fe (III) surface complexes are directly related to the nucleation and 

Figure 6. 
Schematic illustration of magnetic separation and production of desired goethite and gypsum product [31].
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precipitation of goethite on the solid surfaces of the two magnetic nanoparticles. 
The more polynuclear surface complexes produced on the particle surface, the more 
precipitation of heterogeneous forms. Fundamentally, it is possible to screen out 
the best material as the crystal nucleus to separate goethite from calcium sulfate or 
other heterogeneous precipitation.

4. Application and prospect

4.1 Recycling Fe and Cr in Cr-bearing electroplating sludge

The Cr-bearing electroplating sludge is produced from the treatment of Cr 
wastewater and metallurgical processes [33–36]. It contains excessive amounts 
of heavy metals, such as Cr, Fe, Ni, Cu, Pb and Zn, or potential dioxin pollutants 
[37–38], therefore must be treated before stacking. Many methods have been 
applied to recover Cr from the acid leaching solution of electroplating sludge, such 
as electrochemical precipitation (ECP) [39], selective extraction [35, 40], adsorp-
tion or biosorption [41–44] and Cr-Fe coprecipitation [45–48]. Compared with 
other methods, recovering Cr by Cr-Fe coprecipitation is simple, economical and 
practical for industrial applications. In addition, the advance coprecipitation of 
Fe and Cr can avoid their interference on the recovery of Ni, Cu and Zn.

Yue et al. [49] use the novel magnetic seeding and separation process to recover 
Cr(III) and Fe(II) synchronously by forming the Cr(III)-Fe(III) coprecipitates on the 
surface of maghemite (γ-Fe2O3) fine particles. The active hydroxide radicals on the 
surface of magnetic seeds induce the nucleation and growth of goethite, which results 
in enhanced Cr (III)-Fe(III) coprecipitation. As shown in Figure 8, the maghemite 
particles, served as the crystal nuclei, could induce the formation of the core-shell 
structured Cr (III)-Fe(III) coprecipitates on its surface and accelerate the sedi-
mentation of the coprecipitates in the magnetic field. The results of the two-stage 
coprecipitation showed that the total recoveries of Cr and Fe were 96.17 and 99.39%, 
respectively, and the grades of Ni, Cu, and Zn in the precipitates were 0.41, 0.38, and 
0.22%, respectively. The obtained coprecipitates can be recycled as the feed material 
of chromium smelting after heat treatment. This method is simple and efficient for 
high-concentration Cr3+ solution treatment, which is beneficial for the sustainable 
development of resources and environment.

Figure 8. 
SEM images of the Cr(III)-Fe(III) coprecipitates without maghemite fine particles (a) and with maghemite fine 
particles (b), respectively; scheme (c) of the formation of γ-Fe2O3/Crx Fe1-xOOH with core-shell structure [49].
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Figure 7. 
Surface precipitation model modeling (a) of Fe3+ adsorption/precipitation on magnetite and maghemite 
with corresponding magnetic separation of goethite, images of the suspensions in a magnetic field with 
2 g/L (b) magnetite and (c) maghemite NPs, and SEM images of goethite precipitates with (d) magnetite 
and (e) maghemite NPs [32].
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The Cr-bearing electroplating sludge is produced from the treatment of Cr 
wastewater and metallurgical processes [33–36]. It contains excessive amounts 
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[37–38], therefore must be treated before stacking. Many methods have been 
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other methods, recovering Cr by Cr-Fe coprecipitation is simple, economical and 
practical for industrial applications. In addition, the advance coprecipitation of 
Fe and Cr can avoid their interference on the recovery of Ni, Cu and Zn.

Yue et al. [49] use the novel magnetic seeding and separation process to recover 
Cr(III) and Fe(II) synchronously by forming the Cr(III)-Fe(III) coprecipitates on the 
surface of maghemite (γ-Fe2O3) fine particles. The active hydroxide radicals on the 
surface of magnetic seeds induce the nucleation and growth of goethite, which results 
in enhanced Cr (III)-Fe(III) coprecipitation. As shown in Figure 8, the maghemite 
particles, served as the crystal nuclei, could induce the formation of the core-shell 
structured Cr (III)-Fe(III) coprecipitates on its surface and accelerate the sedi-
mentation of the coprecipitates in the magnetic field. The results of the two-stage 
coprecipitation showed that the total recoveries of Cr and Fe were 96.17 and 99.39%, 
respectively, and the grades of Ni, Cu, and Zn in the precipitates were 0.41, 0.38, and 
0.22%, respectively. The obtained coprecipitates can be recycled as the feed material 
of chromium smelting after heat treatment. This method is simple and efficient for 
high-concentration Cr3+ solution treatment, which is beneficial for the sustainable 
development of resources and environment.

Figure 8. 
SEM images of the Cr(III)-Fe(III) coprecipitates without maghemite fine particles (a) and with maghemite fine 
particles (b), respectively; scheme (c) of the formation of γ-Fe2O3/Crx Fe1-xOOH with core-shell structure [49].
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4.2 Removal of As in arsenic alkali residue

Arsenic (As) is contained in most metal deposits, and therefore a large amount 
of arsenic-containing wastewater, flue gas and residues will be produced in mineral 
processing and smelting, posing a huge threat to the environment [50–52]. 
Commonly used methods for removing arsenic from solution include precipitation, 
electrocoagulation, ion exchange, membrane technology and adsorption [53–56]. 
In order to remove arsenic and recover valuable metals at the same time, these 
methods all require acid leaching of the waste, which will produce highly toxic and 
deadly arsine gas [54, 57]. As is shown in Figure 9(a), Yue [58] developed a safer 
alkaline leaching method - oxidation alkali leaching of the wastes to transform 
arsenic compounds into arsenate ( −3

4AsO ) and subsequently recycling the alkali 
solution after arsenate removal, to treat the arsenic bearing wastes at a lower risk 
level.

There are a large number of reports that iron oxides have excellent adsorption 
and precipitation effects on heavy metal ions impurities in aqueous solutions, such 
as CrU and As. Garcı́a-Sanchez et al. [59–60] found that goethite has a special 
adsorption effect and capacity for As ions. Wei Jiang [61] considers that arsenic 
[ −3

4AsO ] absorbs on the surface of goethite by forming a bidentate-binuclear 
complex, and that pH and other metal ions in the solution will affect the distance 
and coordination number of As/Fe. His et al. [62] found that Uranyl can be 
adsorbed on goethite, amorphous ferric oxyhydroxide, and hematite sols at 25°C, 
and the adsorption effect on amorphous iron oxide is the strongest. Yue et al. [58] 
synthesized a series of high-concentrated ferric oxyhydroxide gels (HFGs) at 
different supersaturation to adsorb arsenate at high alkalinity, achieving zero-
consume of the alkali resources. As is shown in Figure 9(b), using HFG(I) that 
synthesized under the lowest super-saturation condition as the sorbent to treat the 
oxidation alkali leaching solution of the copper slag from real industry, the 
residual concentration of arsenic (As (V)) could decrease from 2084 to 71.8 mg/L, 
which fully meet the requirements for high-concentrated arsenic stabilization at 
high alkalinity and alkali resource recycling. To further improve the efficiency of 
filtration and separation, magnetic seed sowing and separation technology can 
also be introduced to make this process more complete. Related research is 
underway.

4.3 Removal of phosphate and starch in wastewater

Phosphorus and starch reportedly are the main wastewater contaminants that 
are difficult to remove efficiently [63–64]. When the phosphorus concentration 
in water exceeds 0.02 mg/L, phosphorus becomes a polluting element and causes 
eutrophication of water bodies [65–67]. Starch is a commonly used and cheap mate-
rial, widely used in many chemical and material industries, but it produces high 
concentration of organic wastewater, which will affect the environment [68–70]. 
Therefore, phosphate and starch removal from wastewater has become the focus of 
many studies. The main phosphate and starch removal methods are similar, such as 
chemical precipitation [71–74], biological methods [75–79] and adsorption tech-
niques [80–83]. Among them, Chemical precipitation and adsorption technology 
is commonly used in wastewater treatment due to the simple operation with low 
cost and large processing capacity compared to other methods [84–86]. However, 
chemical precipitation inevitably produces a large amount of fine precipitation 
and suspended solids, which seriously affect the sedimentation and filtration 
efficiency [84, 87]. And the adsorbents currently used in adsorption technology, 
such as activated carbon [70, 88], silica gel [89–90], membranes [91–93], etc., have 
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high production costs and poor adsorption performance, which greatly limits the 
adsorption effect and industrial applications.

Magnetic flocculation is an effective way to remove ultrafine suspended solids 
in water treatment [94–95]. It adds magnetic seeds to the aqueous solution to form 
magnetic flocs with the ultrafine suspended solids in the wastewater, and then 
passes through a magnetic separator to achieve rapid precipitation and separation 
[3, 95–96]. The combination of magnetic flocculation and chemical precipitation 
can make up for the shortcomings of ultrafine suspended solids and low separation 
efficiency of chemical precipitation. Magnetic flocculation has been widely used 
to treat wastewater with high pollution concentration [71], high turbidity [96] and 
high chemical oxygen demand (COD) [97]. It is worth noting that in many studies, 
iron-bearing minerals have shown the characteristics of removing phosphorus from 
aqueous solutions [98–99]. The iron-bearing minerals can be coordinated with 
phosphate and therefore have the potential to be used as adsorption materials for 
phosphorus and starch in wastewater [100–101].

Figure 9. 
(a) Flow diagram of the comprehensive treatment of the arsenic alkali residue and (b) arsenic removal from 
arsenic alkali solution with different HFG samples synthesized at pH 3(I), 7(II), and 11(III) [58].

Figure 10. 
The chemical precipitation and magnetic flocculation of removed hydroxyapatite contaminants [103].
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Du et al. [102–103] combined the magnetic flocculation technology with iron-
containing materials to prepare porous magnetic seeds with core-shell structure, 
which achieved simultaneous removal of starch and phosphate in wastewater. As 
shown in Figure 10, the core-shell magnetic seeds prepared by sulfation roasting 
of fine magnetite particles have a porous α-Fe2O3 structure on the surface, and the 
specific surface area is three times larger [103–106]. As shown in Figure 10, the 
phosphate and starch in the wastewater can be adsorbed on magnetic seeds surface, 
and then separated from the wastewater by magnetic separation. The phosphorus 
and starch content in the wastewater are reduced to 1.51 and 9.51 mg/L, respec-
tively, and the removal rate reaches more than 75% [102].

5. Conclusion

The iron removal method of the hydrometallurgical leachate is still dominated 
by the goethite process. The goethite process faces the disadvantages of high loss 
rate of valuable metals and difficulty in separation and filtration, which must be 
solved to get qualitative improvement. Careful adjustment of the pH value can 
help reduce metal loss, and inducing crystallization can increase the crystallinity 
of goethite and improve the separation and filtration efficiency. However, both 
methods can only focus on solving one of the problems and cannot reduce loss and 
promote filtration at the same time. The magnetite produced during the precipita-
tion (crystallization) process opened a new path for magnetic separation, while the 
magnetite method is currently limited to laboratory research. In the present paper, 
the authors combined the goethite precipitation (crystallization) method with 
magnetic seed separation technology and developed a novel route. Goethite pre-
cipitates on the surface of the external magnetic seeds to form core-shell structured 
particles, which are efficiently separated by magnetic separation, and at the same 
time solve the two major problems of the traditional goethite process. This new 
method also shows advantages in the fields of arsenic and chromium removal from 
the leachate, phosphorus, and starch removal from wastewater and other fields. 
Goethite is the most common and stable crystalline iron oxide in soil and sediment. 
We expect that the goethite method combined with magnetic seed separation tech-
nology will show better results in the removal of organic dyeing, heavy metal ions, 
anions in wastewater and soil, and the adsorption and passivation of chemicals, 
nutrients, and harmful compounds in environments.
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Du et al. [102–103] combined the magnetic flocculation technology with iron-
containing materials to prepare porous magnetic seeds with core-shell structure, 
which achieved simultaneous removal of starch and phosphate in wastewater. As 
shown in Figure 10, the core-shell magnetic seeds prepared by sulfation roasting 
of fine magnetite particles have a porous α-Fe2O3 structure on the surface, and the 
specific surface area is three times larger [103–106]. As shown in Figure 10, the 
phosphate and starch in the wastewater can be adsorbed on magnetic seeds surface, 
and then separated from the wastewater by magnetic separation. The phosphorus 
and starch content in the wastewater are reduced to 1.51 and 9.51 mg/L, respec-
tively, and the removal rate reaches more than 75% [102].

5. Conclusion

The iron removal method of the hydrometallurgical leachate is still dominated 
by the goethite process. The goethite process faces the disadvantages of high loss 
rate of valuable metals and difficulty in separation and filtration, which must be 
solved to get qualitative improvement. Careful adjustment of the pH value can 
help reduce metal loss, and inducing crystallization can increase the crystallinity 
of goethite and improve the separation and filtration efficiency. However, both 
methods can only focus on solving one of the problems and cannot reduce loss and 
promote filtration at the same time. The magnetite produced during the precipita-
tion (crystallization) process opened a new path for magnetic separation, while the 
magnetite method is currently limited to laboratory research. In the present paper, 
the authors combined the goethite precipitation (crystallization) method with 
magnetic seed separation technology and developed a novel route. Goethite pre-
cipitates on the surface of the external magnetic seeds to form core-shell structured 
particles, which are efficiently separated by magnetic separation, and at the same 
time solve the two major problems of the traditional goethite process. This new 
method also shows advantages in the fields of arsenic and chromium removal from 
the leachate, phosphorus, and starch removal from wastewater and other fields. 
Goethite is the most common and stable crystalline iron oxide in soil and sediment. 
We expect that the goethite method combined with magnetic seed separation tech-
nology will show better results in the removal of organic dyeing, heavy metal ions, 
anions in wastewater and soil, and the adsorption and passivation of chemicals, 
nutrients, and harmful compounds in environments.
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Chapter 4

Advances in Sintering of Iron Ores
and Concentrates
Jaroslav Legemza, Róbert Findorák, Mária Fröhlichová
and Martina Džupková

Abstract

Chapter “Sintering of iron ores and concentrates” is focusing on the study of
theoretical, thermodynamic and experimental results in the production of sinters
from iron ores and concentrates. The authors of the chapter have long been
interested with the production of sinter from iron ores and have recently also
focused on the use of biomass as a substitute for a part of coke breeze in the
production of iron sinter. Important characteristics of the chapter include the
characteristics of iron ores and concentrates used to produce sinter including
physico-chemical, mineralogical and metallurgical properties. Predicting the
influence of the properties of iron ores and concentrates on the final quality of the
sinter and on the production of pig iron is another part of the study. These
properties are a key factor in achieving the highest possible agglomerate quality for
pig iron production. The sintering process requires mathematical and physical
modeling. For this reason, the authors created thermodynamic models of sintering
including material-heat balance of sinter production. In the final part of chapter is
the use of traditional and alternative carbonaceous fuels in the production of
sinters, mainly in the context of replacement of coke breeze with biomass.

Keywords: iron ore, iron concentrate, sintering, coke, biomass, modeling

1. Introduction

Iron ores are very important not only in the production of pig iron in blast
furnace, but it also in the production of sinter. These are mainly fine-grained iron
ores and concentrates. The sinter is a basic input material for the production of pig
iron in the blast furnace and plays an important role in the integrated metallurgical
cycle. It is produced by high-temperature sintering of fine iron ore, iron ore
concentrates and other ferriferous materials (e.g. secondary materials from iron and
steel production). The main criterion of the sintering process is the quality
produced sinter while maintaining the ecological nature of the production.

1.1 Characteristics of iron ores and concentrates used to produce sinter

1.1.1 Physical, chemical, mineralogical and metallurgical properties

Iron ore is very important for iron and steel industries. It is therefore elementary
for the production of pig iron in blast furnace. Almost all (98%) iron ore is used in
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steelmaking. Iron ore is mined in about 55 countries. The five largest countries
together produce about three quarters of world production, Figure 1 [1].
Australia and Brazil dominate the world’s iron ore production. Iron ores are
classified according to the nature of the ore mineral and according to the nature
of the gangue [1].

From a chemical point of view, iron ores are divided into groups: anhydrous
oxides, hydrated oxides, carbonates and silicates. Table 1 shows the classification of
iron ores according to the type of ore mineral [2]. In practice, given this principle,
only a few iron ore minerals out of a total of more than 300 types are considered.
They are mainly oxide minerals, such as magnetite - Fe3O4 (72.36% Fe), hematite or
martite (pseudomorphism of hematite after magnetite) - Fe2O3 (69.94% Fe),
limonite - (62.85% Fe) (mixture of hydrated oxides Fe, mainly goethite with
lepidocrocite Fe2O3.nH2O, often with absorbed elements of vanadium, manganese,
etc.). Carbonate ores based on siderite - FeCO3 (48.30% Fe) can also be processed,
as well as silicate ores (leptochlorites), e.g. chamosite. The highest natural iron
content is in magnetite iron ores. Hematite ores are easily reducible. Chamosite is a

Figure 1.
Global production of usable iron ore (thousand metric tons) in 2019 [1].

A group of
iron ores

Mineral Chemical
formula

Color Density
(g.cm�3)

Fe content in pure state
(wt.%)

Magnetite ore Magnetite Fe3O4 Dark
gray

5.17 72.4

Semimartite ore Magnetite Fe3O4 Black 5.1–5.2 —

Martite ore Hematite Fe2O3 Dadrk
red

— 70.0

Hematite ore Hematite Fe2O3 Red 5.26 70.0

Limonite ore Hydrohematite
Goethite

Lepidocrocite

Fe2O3.nH2O Dark red
Light
red
Dark
brown

3.1–4.4 63.0–69.0

Siderite ore Siderite FeCO3 Gray 3.9 48.3

Chamosite ore Chamosite Fe4Al
(Si3AlO10).
(OH)6.nH2O

Green
Black

3.03–3.19 38.0

Table 1.
Classification of iron ores [2].
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very difficult to reduce iron ore. Oxidation of magnetite creates varieties of
hematite-martite and semimartite (according to the degree of oxidation). Most of
the world’s production of pig iron - 90%, is produced from iron ores of an oxidic
nature, of which 5% from magnetite ores and 85% from hematite ores.

Figure 2 shows some known iron ores from world. The samples come from the
Atlas of iron ores, which was created at the VUHŽ Dobrá (Czech republic) research
institute [3] and with which the authors of this chapter have collaborated in the past.

The evaluation of the properties of iron ores shows that the best ores are from
Brazil, Australia and Venezuela, Table 2 [3]. They have a suitable particle size
distribution, excellent chemical and mineralogical composition, they are well reduc-
ible and stable after temperature tests. The optimal piece size of raw iron ore for blast
furnaces is 10–40 mm and it is necessary to completely exclude dust fractions below
5 mm. Kryvyi Rih ore has an unsatisfactory chemical composition - low Fe content
and high SiO2 content, which is unsuitable for the blast furnace process. On the other
hand, this ore has good physical properties (eg. strength and stability) and metallur-
gical properties (reducibility and plasticity). Ore Algeria has a high proportion of
large grains (above 40 mm) and lower strength, reducibility is average and plasticity
is unsuitable (high temperature range). Indian ore has worse metallurgical properties
- lower reducibility and higher plasticity temperature range. The softening onset
temperature and the softening interval characterize the plasticity and also affect the
position and height of the plastic zone in the blast furnace. The course of softening
depends on the type of ore and cannot be influenced. The blast furnace charge should
therefore contain a minimum number of different iron ore raw materials.

Sinter grade ores and concentrates are characterized as iron ore raw materials
with the required granulometry, composition and properties. The following

Figure 2.
Iron ores (the photographs were created from atlas of ores [3] by the authors of this chapter).
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Iron ore

Brazil
MBR

Kryvyi Rih
(H)

Australia Algeria Venezuela India

Analysis
(wt.%)

Fe 68.13 47.59 67.20 59.50 65.09 65.50

FeO 1.12 2.00 0.49 0.24 1.08 0.53

Fe2O3 96.16 65.82 95.50 84.81 91.81 93.08

Mn 0.04 0.05 0.05 1.28 0.26 0.08

SiO2 0.53 24.30 1.77 2.85 4.49 2.81

Al2O3 1.61 3.25 1.33 0.65 1.14 2.07

CaO 0.23 0.22 0.28 1.31 0.15 0.35

MgO 0.03 0.20 0.10 0.72 0.19 0.06

P 0.05 0.05 0.02 0.02 0.03 0.03

S 0.01 0.03 0.01 0.03 0.01 0.02

Na2O 0.07 0.14 0.01 0.08 0.07 0.09

K2O 0.04 0.95 0.02 0.06 0.06 0.07

Grain
(mm)

< 1 1.55 2.74 1.92 0 8.03 6.34

< 5 5.64 4.75 5.85 0 13.22 10.30

> 10 81.13 91.40 70.54 98.70 64.16 85.04

> 25 30.18 49.54 14.03 97.15 0.80 47.18

> 40 5.36 23.04 0 84.19 0 16.80

dA 20.46 28.60 16.30 59.85 11.89 25.84

Apparent
density
(g.cm�3)

ρA 1.99 1.78 2.22 1.45 2.42 2.15

Real density
(g.cm�3)

ρ 5.21 3.85 4.82 4.11 4.95 4.73

Porosity
(%)

P 18.6 7.8 16.2 33.6 12.1 20.9

Surface
(m2.g�1)

S 1.22 0.96 1.63 5.00 0.44 6.55

Drum
strenght
(%)

+
6.3 mm

78.99 84.63 89.42 75.12 88.94 77.62

Heat test
(%)

+
6.3 mm

76.62 73.04 69.42 85.70 69.32 62.26

Reducibility
(%)

Ri 40 35 42 33 43 30

Reducibility
(min)

Ri60 101 110 95 121 100 170

Plasticity
(°C)

Pl60 1174–1320 1150–1483 1380–1423 990–1390 1265–1490 1210–1480

Mineralogy XRD Hematite,
goethite

Martite,
hydrogoethite

quartz

Hematite,
goethite,
quartz

Limonite,
goethite,

hydrogoethite,
quartz

Hematite,
martite,
goethite,
quartz

Martite,
goethite,

hydrogoethite,
quartz

Reducibility is according ISO 7992.

Table 2.
Properties of iron ores (according [3]).
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Tables 3, 4 provide a basic chemical analysis of some, also used in Slovakia, sinter
grade ores and concentrates for the production of sinter [4].

The authors of this chapter used in their research mainly such iron-bearing raw
materials as sinter grade ores supplied from Kryvyi Rih and Brazil and concentrates
from Michailovsky and Inguletsky MBCs (Mining-Benefeciation Combines),
Figure 3. The grain size of the sinter grade ores is 90% below 10 mm, the grain size
of the iron concentrates is 90% below 0.04 mm. Iron ores and concentrates before
sintering are pretreated in the granulation process. The values of specific surface of
the granulated materials should not be lower than 2000 cm2.g�1, which corresponds
to 100% portion of the size fraction below 0.15 mm, from which 75% of the size
fraction below 0.04 mm.

Table 5 shows the chemical composition of iron-bearing raw materials, where
the difference in the richness of ores can be seen. Figure 4 shows the structure of
the samples and Energy Dispersive X-Ray Analysis (EDX), Table 6. The larger

Iron ore Fe Mn SiO2 Al2O3 CaO MgO P S Na2O K2O Zn H2O

(wt.%)

Krivbas 64.04 0.02 6.24 0.68 0.05 0.05 0.035 0.014 0.183 0.046 0.002 3.9

Sucha Balka 59.86 0.02 12.10 0.77 0.06 0.14 0.026 0.011 0.148 0.043 0.004 3.8

Zaporozska 62.70 0.06 7.38 0.84 0.52 0.23 0.023 0.020 0.055 0.027 0.004 4.6

Brazil MBR 65.00 0.08 3.50 0.90 0.08 0.06 0.042 0.005 0.005 0.008 0.003 7.4

CVG-
Venezuela

65.66 0.31 1.16 0.89 0.10 0.05 0.074 0.014 0.013 0.024 0.003 6.8

Liberia 64.50 0.16 6.73 0.96 0.10 0.05 0.047 0.004 0.013 0.015 0.003 7.5

CIL Trinidad 67.57 0.01 1.48 0.47 0.70 0.52 0.001 0.003 0.001 0.001 0.001 4.0

Hope Downs 64.79 0.02 1.36 0.77 0.03 0.07 0.057 0.007 0.016 0.001 0.006 5.5

Table 3.
Chemical analysis of selected sinter grade ores in the delivered state [4].

Iron
concentrate

Fe Mn SiO2 Al2O3 CaO MgO P S Na2O K2O Zn H2O

(wt.%)

Southern
MBC

67.50 0.023 5.90 0.15 0.12 0.35 0.010 0.027 0.059 0.014 0.003 10.2

Central MBC 64.90 0.032 8.49 0.31 0.19 0.35 0.015 0.073 0.038 0.042 0.003 9.3

Stoilensky
MBC

66.36 0.041 6.78 0.18 0.21 0.44 0.014 0.035 0.045 0.049 0.003 8.8

Inguletsky
MBC

65.68 0.027 7.28 0.25 0.23 0.29 0.013 0.066 0.032 0.042 0.003 9.4

Lebedinsky
MBC

67.79 0.025 4.92 0.14 0.16 0.33 0.011 0.044 0.062 0.035 0.002 9.5

Kovdor MBC 64.74 0.430 0.42 1.78 0.23 5.49 0.038 0.269 0.026 0.032 0.034 2.7

LKAB
magnetic
fines

70.78 0.050 0.61 0.25 0.16 0.33 0.021 0.008 0.041 0.045 0.003 2.7

Venezuela 69.65 0.056 0.97 0.78 0.24 0.13 0.075 0.020 0.011 0.022 0.005 7.0

Table 4.
Chemical analysis of selected iron ore concentrates, as delivered [4].
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Iron ore

Brazil
MBR

Kryvyi Rih
(H)

Australia Algeria Venezuela India

Analysis
(wt.%)

Fe 68.13 47.59 67.20 59.50 65.09 65.50

FeO 1.12 2.00 0.49 0.24 1.08 0.53

Fe2O3 96.16 65.82 95.50 84.81 91.81 93.08

Mn 0.04 0.05 0.05 1.28 0.26 0.08

SiO2 0.53 24.30 1.77 2.85 4.49 2.81

Al2O3 1.61 3.25 1.33 0.65 1.14 2.07

CaO 0.23 0.22 0.28 1.31 0.15 0.35

MgO 0.03 0.20 0.10 0.72 0.19 0.06

P 0.05 0.05 0.02 0.02 0.03 0.03

S 0.01 0.03 0.01 0.03 0.01 0.02

Na2O 0.07 0.14 0.01 0.08 0.07 0.09

K2O 0.04 0.95 0.02 0.06 0.06 0.07

Grain
(mm)

< 1 1.55 2.74 1.92 0 8.03 6.34

< 5 5.64 4.75 5.85 0 13.22 10.30

> 10 81.13 91.40 70.54 98.70 64.16 85.04

> 25 30.18 49.54 14.03 97.15 0.80 47.18

> 40 5.36 23.04 0 84.19 0 16.80

dA 20.46 28.60 16.30 59.85 11.89 25.84

Apparent
density
(g.cm�3)

ρA 1.99 1.78 2.22 1.45 2.42 2.15

Real density
(g.cm�3)

ρ 5.21 3.85 4.82 4.11 4.95 4.73

Porosity
(%)

P 18.6 7.8 16.2 33.6 12.1 20.9

Surface
(m2.g�1)

S 1.22 0.96 1.63 5.00 0.44 6.55

Drum
strenght
(%)

+
6.3 mm

78.99 84.63 89.42 75.12 88.94 77.62

Heat test
(%)

+
6.3 mm

76.62 73.04 69.42 85.70 69.32 62.26

Reducibility
(%)

Ri 40 35 42 33 43 30

Reducibility
(min)

Ri60 101 110 95 121 100 170

Plasticity
(°C)

Pl60 1174–1320 1150–1483 1380–1423 990–1390 1265–1490 1210–1480

Mineralogy XRD Hematite,
goethite

Martite,
hydrogoethite

quartz

Hematite,
goethite,
quartz

Limonite,
goethite,

hydrogoethite,
quartz

Hematite,
martite,
goethite,
quartz

Martite,
goethite,

hydrogoethite,
quartz

Reducibility is according ISO 7992.

Table 2.
Properties of iron ores (according [3]).
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Tables 3, 4 provide a basic chemical analysis of some, also used in Slovakia, sinter
grade ores and concentrates for the production of sinter [4].

The authors of this chapter used in their research mainly such iron-bearing raw
materials as sinter grade ores supplied from Kryvyi Rih and Brazil and concentrates
from Michailovsky and Inguletsky MBCs (Mining-Benefeciation Combines),
Figure 3. The grain size of the sinter grade ores is 90% below 10 mm, the grain size
of the iron concentrates is 90% below 0.04 mm. Iron ores and concentrates before
sintering are pretreated in the granulation process. The values of specific surface of
the granulated materials should not be lower than 2000 cm2.g�1, which corresponds
to 100% portion of the size fraction below 0.15 mm, from which 75% of the size
fraction below 0.04 mm.

Table 5 shows the chemical composition of iron-bearing raw materials, where
the difference in the richness of ores can be seen. Figure 4 shows the structure of
the samples and Energy Dispersive X-Ray Analysis (EDX), Table 6. The larger

Iron ore Fe Mn SiO2 Al2O3 CaO MgO P S Na2O K2O Zn H2O

(wt.%)
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Table 3.
Chemical analysis of selected sinter grade ores in the delivered state [4].

Iron
concentrate

Fe Mn SiO2 Al2O3 CaO MgO P S Na2O K2O Zn H2O

(wt.%)
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grains of Brazil sinter grade ore are practically free of impurities and have a rela-
tively homogeneous structure. In addition to iron oxides, the smaller sinter grade
ore Brazil grains also contain impurities in the form of silicon and aluminum oxides.

In general, the richness of concentrates is in the range of 65–70%, while sinter
grade ores have this interval wider and shifted slightly lower (55–67%).

Taking a closer look at the chemical composition of iron commodities, we can
see a fundamental difference in the FeO content of sinter grade ores and concen-
trates (Table 5), which is related to the enrichment processes of concentrate pro-
duction and mainly the hematite character of the sinter grade ores used, Table 7.

The SiO2 content (in the form of quartz) is desirable at a minimum level and
depends on the specific ore resp. concentrate. Manganese is also a welcome ingre-
dient and increases the utility value of ore along with titanium and vanadium.
Undesirable impurities are mainly sulfur, phosphorus, zinc, lead, arsenic, copper,
sodium, potassium, which are chemically bound in the minerals of the ore part of
the burden, as well as in the agglomeration fuel.

The form of occurence of harmful elements in iron ores is as follows [5–7]:

• Arsenic is present in arsenopyrite or arsenolite.

• Zinc is present in the form of smithsonite or sphalerite.

• Lead occurs in the form of galena.

• Copper can be present in the form of chalcopyrite or chalcosine.

• Phosphorus forms phosphite, which is a part of apatite.

• Sulfur is present in the form of sulphides such as FeS2 and FeS and of sulphates
such as CaSO4, MgSO4, BaSO4.

Figure 3.
Iron raw materials for sintering process.

Iron ore material Fe FeO Fe2O3 Mn SiO2 Al2O3 CaO MgO P S Na2O K2O

(wt.%)

Sinter grade ore
Krivbas

57.86 0.72 81.94 0.05 15.17 0.74 0.15 0.25 0.05 0.01 0.08 0.05

Sinter grade ore
Brazil

65.23 0.14 93.12 0.57 2.21 1.32 0.10 0.10 0.05 0.01 0.05 0.05

Concentrate
Inguletsky MBC

67.91 28.45 65.57 0.07 4.92 0.18 0.59 0.49 0.02 0.09 0.06 0.07

Table 5.
Chemical analysis of selected iron ore materials, as delivered.
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Quality sinter grade ores is characterized by a high content of total iron (min.
63%), Al2O3 content max. up to 1.3%, SiO2 up to 6%, P below 0.04% and alkali
content max. up to 0.08% [8].

Figure 4.
EDX analysis of Brazil iron ore and Inguletsky iron concentrate.

Element Sinter grade ore Brazil
(coarse)

Sinter grade ore Brazil
(fine)

Concentrate Inguletsky
MBC

Wt% Atom % Wt% Atom % Wt% Atom %

O 18.45 44.13 17.56 41.15 14.49 35.33

Fe 81.55 55.87 75.40 50.62 78.21 54.61

Mn — — 1.56 1.06 — —

Si — — 3.00 4.01 5.77 8.02

Al — — 1.85 2.57 0.25 0.36

Ca — — 0.64 0.59 0.57 0.55

Mg — — — — 0.71 1.14

Table 6.
EDX analysis of selected iron ore materials.
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From the mineralogical point of view, it is important to know the ore texture
and structure that characterizes the distribution of individual mineralogical com-
ponents, respectively indicates the shape and size of the mineral components and
the nature of their structure. The mineralogical composition of Fe ores is character-
ized by the majority shape of the grain in terms of their structure, Table 8 [2].

Some iron bearing materials were evaluated prior to laboratory experiments and
the grain shape factor was determined [9]. The grain shape factor specifies calcula-
tion a grain periphery, which differs from the circle (for circle is shape factor = 1).
The iron ore shown in Figure 5a consists the grains with polyhedron shape (shape
factor = 0.59) in a size of 5–40 μm. The iron ore shown in Figure 5b consists of the
grains with polyhedron shape (shape factor = 0.94) with smooth surfaces in a size of
10–50 μm. In this case, the hematite grains are clearly visible. The iron ore shown in
Figure 5c consists of the grains with partially smoothened edges of polyhedron
shape (shape factor = 0.78) in a size of 10–100 μm. The iron ore shown in Figure 5d
consists of the grains with lamellas shape (shape factor = 0.70) in size of 10–250 μm.
The hematite grain can be seen at the top.

In addition to the chemical-mineralogical composition of sinter grade ores and
concentrates, it is also necessary to know their granulometry. The grain size

Mineralogical
phase

Content of phase (wt%)

Sinter grade ore
Krivbas

Sinter grade ore
Brazil

Concentrate Inguletsky
MBC

Hematite 72.50 75.48 —

Magnetite — — 89.70

Goethite 15.20 18.73 —

Mayenite — 1.23 —

Quartz 12.30 4.56 10.30

Table 7.
RTG analysis of selected iron raw materials.

Mineralogical composition Shape of grain

Magnetite, pyrite, quartz Spherical, cubic

Magnetite, hematite, goethite, quartz Cubic, platelet-shaped

Hematite, goethite, quartz, kaolinite Platelet-shaped, fragmentary

Hematite Polyhydral, plate-shaped

Table 8.
Major grain shape types of iron ores [2].

Figure 5.
Microstructures of iron ores with various shape factors [9]. (a) 0.59, (b) 0.94, (c) 0.78, (d) 0.70.
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distribution will be related to the processing and treatment of extracted ore or the
production of iron concentrate. Fine-grained concentrates are the product of flotation
enrichment of ores and their predominant grain size is about 0.04 mm. The granu-
larity is also directly related to the mineralogical composition and structure of the ore.
The concentrates used in the sintering process have an overall wide grain size range.
Most Ukrainian and Russian concentrates are very fine-grained in nature, where the
extracted magnetite quartzite is crushed and ground below 0.075 mm and enriched
by magnetic separation into a concentrate with Fe content up to 68%. Swedish
magnetite concentrate, on the other hand, has only about 4% of the fraction below
0.1 mm at a richness of about 70%. Canadian magnetite concentrates have a propor-
tion below 0.1 mm of about 15%, while the upper grain limit does not exceed 1 mm.
The results of analysis of the selected concentrates are given in Figure 6.

1.1.2 The influence of the properties of iron ores and concentrates on the final quality of
the sinter and on the production of pig iron

The operation of the blast furnace and the results of its work are most often
evaluated according to the output and consumption of coke. Changes in the chem-
ical composition and particle size distribution of the iron-bearing materials signifi-
cantly affect their technological properties and thus the balance of components and
the course of the blast furnace process. The development of iron metallurgy is
conditioned by the quantity and quality of iron ores. The raw material base for iron
production is characterized:

• lack of high-quality natural ores - only 10–12% of the world’s iron ore reserves
meet the current requirements of blast furnace practice,

• uneven distribution of world stocks in individual countries,

• low content of metal-bearing substance in mined ore,

• use of high-performance equipment in ore mining and enrichment.

To meet the requirements of the metallurgical industry, mined ores are increas-
ingly treated and processed before being used in blast furnaces, and the treatment
of ores must ensure:

• an increase in the iron content and removal of harmful and unwanted
impurities,

Figure 6.
Distribution of grain in iron concentrates. (a) Concentrate Kovdor MBC, (b) concentrate Lebedinsky MBC.
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• improving the physical and mechanical properties of ores,

• improving the reducibility of individual types of ores,

• averaging and stability of chemical composition and lumpiness of iron ore raw
materials.

The implementation of the above requirements will achieve good permeability
of the burden column, reduction of the amount of slag-forming additives in the
burden, reduction of specific coke consumption, increase of blast furnace output,
improvement of pig iron quality, more even operation of the furnace without more
serious failures and fluctuations, reduction of iron production costs. In the blast
furnace process, zinc and lead from iron raw materials belong among the so-called
harmful elements with a significant influence on the formation and growth of
sediments [5–7]. Potassium and sodium are undesirable in the blast furnace charge
due to the disruption of the integrity of the carbon and graphite linings [5, 7].

The requirements for the quality of sinter are constantly increasing. The chem-
ical and mineralogical composition of sintered materials affects the wettability of
their surfaces and also influences considerably the strength of the binding of the
material grains in the green pellets, and in this way also influences the conditions of
sintering. The sintering rate depends on the initial properties of the iron ores and
concentrates and the heating conditions of the sintered materials, i.e. it depends on
the geometric parameters of ores and concentrates (grain size composition, the size
of specific surface, grain morphology, microgeometry of the surface, porosity) and
on the structural activity of the material.

Figure 7.
The influence of various factors on the Fe sinter (modified by authors according [2]). SFCA = silicoferrites of
calcium and aluminum, strength and reducibility were realized on pure mineral compounds.

64

Iron Ores

A good quality sinter is characterized by a suitable iron content, high reducibil-
ity, good strength and low fine grain shares content prior to charging into blast
furnace and high strength after reduction in the blast furnace shaft. The influence of
the properties of iron ores and concentrates on the final quality of the sinter is
specified on Figure 7. Figure 7 shows very good mechanical (strength) and metal-
lurgical (reducibility) properties of major oxides (hematite and magnetite) and
calcium ferrites. On the other hand, silicates have unfavorable properties.

The sintering product should have the proper physical features to bear
transporting and should not produce dust while in the blast furnace. The sinter
should be of good chemical, mineralogical and metallurgical properties and should
contain as few detrimental admixtures as possible. In Table 9, some important
properties of industrially produced sinters are listed, while the critical requirement
for all sinter properties is stability [10].

1.2 Modeling and simulation of sinter production under laboratory conditions

1.2.1 Material-heat balance and thermodynamic study of sinter production

The course of processes in the sintered material can be evaluated on the basis of
changes in the physical and metallurgical properties of the sintering product. The
transformation of the components of a material is related to the decrease in Gibbs
free energy. It is possible to calculate the maximum work of reactions, i.e. oxidation
reactions, reaction in solid state, reactions during formation of a melt and also
reactions taking place during the recrystallization and cooling down of sintering
products.

Thermodynamic calculations are thus essential when determining the charac-
teristics of a technological process and they enable one to clarify the formation of

Property of Fe sinter SI unit Min Max

Content of Fe TOT [%] 48.20 57.00

Content of FeO [%] 8.70 19.80

Content of CaO [%] 7.30 14.40

Content of SiO2 [%] 5.40 9.60

Content of P [%] 0.02 0.04

Content of S [%] 0.03 0.05

Content of Na2O + K2O [%] 0.05 0.08

Basicity [�] 1.15 2.10

Granulometry [mm] 5.00 50.00

Porosity [%] 27.00 38.00

Real density [g.cm�3] 4.13 4.44

Reducibility (ISO 7992) [%] 60.00 85.00

Reducibility (ISO 4695) [%/min] 0.80 1.40

Drum strength +6.3 mm [%] 65.00 78.00

Abrasion index �0.5 mm [%] 4.20 9.80

Table 9.
Properties of Fe sinters [10].
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of specific surface, grain morphology, microgeometry of the surface, porosity) and
on the structural activity of the material.

Figure 7.
The influence of various factors on the Fe sinter (modified by authors according [2]). SFCA = silicoferrites of
calcium and aluminum, strength and reducibility were realized on pure mineral compounds.
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A good quality sinter is characterized by a suitable iron content, high reducibil-
ity, good strength and low fine grain shares content prior to charging into blast
furnace and high strength after reduction in the blast furnace shaft. The influence of
the properties of iron ores and concentrates on the final quality of the sinter is
specified on Figure 7. Figure 7 shows very good mechanical (strength) and metal-
lurgical (reducibility) properties of major oxides (hematite and magnetite) and
calcium ferrites. On the other hand, silicates have unfavorable properties.

The sintering product should have the proper physical features to bear
transporting and should not produce dust while in the blast furnace. The sinter
should be of good chemical, mineralogical and metallurgical properties and should
contain as few detrimental admixtures as possible. In Table 9, some important
properties of industrially produced sinters are listed, while the critical requirement
for all sinter properties is stability [10].

1.2 Modeling and simulation of sinter production under laboratory conditions

1.2.1 Material-heat balance and thermodynamic study of sinter production

The course of processes in the sintered material can be evaluated on the basis of
changes in the physical and metallurgical properties of the sintering product. The
transformation of the components of a material is related to the decrease in Gibbs
free energy. It is possible to calculate the maximum work of reactions, i.e. oxidation
reactions, reaction in solid state, reactions during formation of a melt and also
reactions taking place during the recrystallization and cooling down of sintering
products.

Thermodynamic calculations are thus essential when determining the charac-
teristics of a technological process and they enable one to clarify the formation of

Property of Fe sinter SI unit Min Max

Content of Fe TOT [%] 48.20 57.00

Content of FeO [%] 8.70 19.80

Content of CaO [%] 7.30 14.40

Content of SiO2 [%] 5.40 9.60

Content of P [%] 0.02 0.04

Content of S [%] 0.03 0.05

Content of Na2O + K2O [%] 0.05 0.08

Basicity [�] 1.15 2.10

Granulometry [mm] 5.00 50.00

Porosity [%] 27.00 38.00

Real density [g.cm�3] 4.13 4.44

Reducibility (ISO 7992) [%] 60.00 85.00

Reducibility (ISO 4695) [%/min] 0.80 1.40

Drum strength +6.3 mm [%] 65.00 78.00

Abrasion index �0.5 mm [%] 4.20 9.80

Table 9.
Properties of Fe sinters [10].
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the major sintering products. By changing the basic condition of the thermody-
namic system, it is feasible to find the optimum operating conditions of the
sintering process and minimize the consumption of raw materials and energy [11].

Formathematicalmodeling thebasic chemical reactionswith standardGibbs energy
andmass and thermal balance were calculated. Thermodynamic data was obtained
from the softwareHSCChemistry.HSCChemistry offers powerful calculationmethods
for studying the effects of different variables on the chemical system at equilibrium.
The aim is to get the simplest approach (using this software to calculate equilibrium)
which allows one to predict the output parameters (amounts, chemistry, mineralogical
composition, and total heat) based on the initial composition analysis [11].

The mathematical model used by the authors in modeling the sintering process
allows the calculation of Gibbs equilibrium diagrams, which characterize the change
in the equilibrium composition of reactants and reaction products with changes in
temperature. Using Kellogs diagrams of stability areas in the considered systems
based on the combustion of carbonaceous fuel in the sintering charge, it is also
possible to determine the stability of individual phases at different partial pressures
of gaseous components. The modeled systems and the results of thermodynamic
calculations can specify the influence of the amount and type of fuel used on
oxidation–reduction processes. The said model allows the control of the overall
thermal effect of the sintering process during individual instances of experimental
laboratory sintering while it employed the prediction of sinter phase composition at
the sintering temperatures in the calculations. Since the phase composition of the
sinter is determined on samples of sinter after cooling, the computational model
should bring a new perspective of the processes taking place during sintering [11].

Figure 8 shows the global method with modeling the mass and thermal balance
of the sintering process. Pursuant to the modeling of the sintering process in the

Figure 8.
Scheme presenting the global method with modeling the mass and thermal balance (modified by authors
according [11]).
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laboratory conditions, it was feasible to specify the created model by the following
parameters [11]:

• calculation of the quantity and chemical composition of sinter,

• prediction of the mineralogical composition of sinter at the sintering
temperatures,

• calculation of the mass and thermal balance on the basis of the input and
output enthalpies of individual components.

The authors of this chapter have already carried out a large number of laboratory
experiments [9–11], the results of which can be compared with the calculated
thermodynamic models. It is apparent that the model calculations of added fuel in
charge are highly correlated with the experimentally determined values, Figure 9a.
A higher correlation was found for the yield of produced sinter (calculation for
100 kg of charge), Figure 9b.

1.2.2 Specification of the model of laboratory sintering pot and monitoring of the sintering
process

The sintering process is thermal process used to transform fine particles of iron ore
and concentrate into porous product known as sinter. In the sintering process fuel is in
the form of coke breeze (or in the form various types of carbon fuels) used for
production of iron-ore sinter [10]. In this sintering process are basic materials mixed,
granulated, ignited and fired at a temperatures 1200–1380°C. Sintering of materials
can take place under the temperature conditions, which allow binding the particles by
reaction in solid state, or under the temperature conditions, which allow the origin of
the melt acting as a binding phase after its cooling. In the case of sintering with the
presence of the melt, its quantity and chemical compositions is important.

The process of laboratory sinter production is divided into two stages – cold
section and hot section, Figure 10. In the cold section, the supply of raw materials,
adjustment of grain size to the required piece size, averaging of the chemical
composition of materials and granulation of the final sintering burden is ensured.
The hot section ensures ignition of the sintering charge, sintering of the sintering
charge, removal of hot flue gases (subsequent cleaning) and cooling of the sinter.

Figure 9.
Comparison between the real and simulated added fuel for sintering (a) and real and simulated amount of the
sinter (b).
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and concentrate into porous product known as sinter. In the sintering process fuel is in
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Many physico-chemical processes take place during sintering – fuel combustion,
drying of components, calcination of carbonates, oxido-reduction processes,
melting of grains and solidification.

The authors of this chapter carried out many laboratory experiments [9–13], the
results of which can be generalized and used to expand the information database on
the use of carbonaceous fuels in the production of sinter. These experiments were
carried out in a laboratory sintering pot (LSP), which is located at the Institute of
Metallurgy, Faculty of Materials, Metallurgy and Recycling, Technical University of
Košice in Slovakia, Figure 10.

In order to simulate the production of sinter close monitoring of the sintering
process is necessary. Laboratory sintering pot is fully equipped with measuring
devices and analyzers. The temperature was measured by thermocouples. For the
high temperature range in the sintered layer, three thermocouples of the PtRh10-Pt
type were used. The flue gas temperature was read at two levels by NiCr-Ni type
thermocouple. Chemical composition and temperature of the flue gas were ana-
lyzed by TESTO 350 device. The differential pressure was measured by Annubar
type probe, which served for calculating the amount of sucked air (or flue gas). All
quantities were read at 15-second intervals and collected in a logger. After each
experiment, the collected data were transformed into a form usable on a personal
computer.

Implementation of an experimental sintering model is also possible using the
monitoring of the temperature field of the sintering pot by a thermal imaging
camera. With the help of the sensed thermal imaging profile of the sintering pot
(Figure 11), it is possible to monitor the displacement of the fuel combustion zone
in the sintering layer. By sensing the surface of the layer after ignition of the
burden, (Figure 12), it is possible to monitor the inhomogeneity of the temperature
field of the sintered layer. The thermal profile of thermal imaging monitoring
indicates different conditions of fuel combustion in the volume of the layer, which
may be caused by heterogeneity of fuel distribution. The model of LSP has been
innovated by a transparent high-temperature wall that allows visual monitoring of

Figure 10.
Scheme presenting the global method with modeling of the iron sintering process in laboratory conditions in
Slovakia.
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the combustion zone in the sintered layer during the production of iron ore sinter,
Figure 13.

1.2.3 Technological and ecological aspects of the production of sinters from poor and rich
iron-bearing materials

As part of the implementation of laboratory experiments on a laboratory
sintering pot, the following iron-bearing raw materials were used for sintering,
Table 10.

In the sintering process, standard coke breeze was used as fuel. These raw
materials were incorporated in the prepared sintering mixtures, which had a basic-
ity in the range of 1.7–2.8. The next relation was used to calculate the basicity:
B = (wt.%CaO + wt.%MgO)/(wt.%SiO2 + wt.%Al2O3). It was therefore the produc-
tion of highly basic sinters. The produced sinters had content of iron in the range of
about 46–52%.

In the experiments, the ratio of ferriferous raw materials (Krivbas and
Michajlov) – 100% sinter grade ore and 100% concentrate was changed. Concen-
trate Nižná Slaná was used in mixtures of sinter grade ore/concentrate. In this
chapter, primarily the experiments with separate ferriferous raw materials are
specified due to the more significant impact of fuel consumption on sinter quality.

Figure 11.
Thermal imaging of a laboratory sintering pot.

Figure 12.
Thermal imaging of the surface of the burden after ignition.

Figure 13.
Course of sintering and moving of sintering zone.
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Table 11 shows a thermal profile and sinter made by sintering using 100% sinter
grade ore, while coke breeze was used for sintering. Due to lack of fuel (3% of coke
in mixture), there were low temperatures of 600–900°C in the sintered layer. The
sinter had unacceptable properties – only some microgranules were connected. The

Iron ore material Fe FeO Fe2O3 Mn SiO2 Al2O3 CaO MgO P S Na2O K2O

(wt.%)

Sinter grade ore
Krivbas

60.70 0.14 86.26 0.02 9.61 1.35 0.07 0.06 0.05 0.02 0.29 0.08

Concentrate
Michajlov

64.52 23.57 66.44 0.01 8.60 0.06 0.19 0.09 0.01 0.01 0.08 0.20

Concentrate
Nižná Slaná

51.76 20.02 45.19 1.97 5.30 1.83 3.82 6.58 0.08 0.12 0.07 0.42

Table 10.
Chemical analysis of iron materials for sintering.

Iron burden Coke breeze
(%)

Photo Mechanism Temperatures
(°C)

Iron ore (100%) 3 600–900

Iron ore (100%) 5 1150–1320

Iron ore (100%) 7 1180–1420

Iron concentrate
(100%)

4 530–1020

Iron concentrate
(100%)

6 1130–1350

Iron concentrate
(100%)

8 1210–1440

Table 11.
Production of sinters in laboratory conditions.
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essence of the sintering process – i.e. producing the sinter with the required pro-
duction, qualitative and quantitative parameters, was not accomplished in this case.
The theoretical minimal quantity of fuel is always required for sinter production,
which depends on the physical–chemical properties of input iron bearing raw
materials and basicity of the produced sinter. In the presence of 5% of coke in
sintering mix, standard temperatures of 1150–1320°C were achieved in the sintered
layer with 100% of sinter grade ore, resulting in sinter with the required properties.
On the surface of individual grains, the melt was formed, and due to the low
viscosity of the liquid phase, multiple grains were bound together producing a
sinter. At 7% of coke in mixture, high temperatures (up to about 1420°C) were
reached in the sintered layer, resulting in sinter with the extended melting phase.
Similar connections were found in the sintering of iron concentrates, with the fact
that at higher fuel content (8% of coke) the sinter was disintegrated. A high FeO
content was determined in this sinter (14.23%), which was a significant increase
compared to FeO content in the charge (5.2%). Since the added fuel was probably
not uniformly distributed into the individual grains (some were already partially
sintered), there might have been microvolumes with a higher proportion of fuel. In
these volumes, reducing conditions were created with high temperatures (up to
about 1440°C), under which higher Fe2O3 and Fe3O4 oxides were reduced to FeO.
In some samples of the sinter, break-up of sinter was observed. The disintegration
of the sinter is sometimes associated with the formation of dicalcium silicate,
sometimes with higher content of fuel. When using poor iron concentrate Nižná
Slaná in the mixtures, higher amounts of fuel had to be used and the properties of
the sinter were not adequate for the blast furnace process.

The achieved results from laboratory experiments can be summarized in the
following points:

• Theory and balance calculations of the sintering process defined fuel (coke
breeze) were the main source of gaseous emissions of CO and CO2 in the flue
gases.

• Due to the production of a highly basic sinter, a certain amount of CO2 passes
into the flue gas also through the dissociation of carbonates present in the
burden (approx. 3–7% depending on the basicity).

• By reducing the underpressure, the temperature level in the sintered layer
increases, the yield of the produced sinter is increased and the required quality
parameters of the produced sinter are achieved.

• It has been found that increasing the fuel in the sintering charge increases
the FeO content in the sinter. This fact is also confirmed by the effect of
increasing FeO in the sinter with an increase in temperatures in the sintered
layer.

• By increasing the ratio of concentrate/ore in the sintering burden (from 1.2 to
1.8) there was a decrease in the yield of the produced sinter.

• Technological recommendations were proposed in terms of achieving the
required qualitative and quantitative parameters of the sintering process with
emphasis on reducing CO and CO2 emissions. Among the most important can
be mentioned regular control of the permeability of the sintering charge,
control and regulation of the vertical sintering rate in operating conditions,
optimization of the underpressure, etc.) [10].
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1.3 The use of traditional and alternative carbonaceous fuels in the production
of sinters

1.3.1 Replacement of coke breeze with biomass

The ways of using biomass for energy purposes are predominantly
predetermined by its physical and chemical properties. The biomass is characterized
by the relatively high and frequently variable water content, which significantly
affects the energy properties of biomass fuel. The various types of biomass (pri-
marily of wood and plant origin) have much higher content of volatile matter than
coke breeze. Analyses of the various types of biomass that have been used in the
production of iron-bearing sinter in Slovakia shown in Table 12 [10–13].

Carbonaceous
materials

Moisture
[%]

Ash
[%]

Volatile
matter [%]

Fixed
carbon [%]

Sulfur
[%]

Calorific value
[MJ/kg]

Coke breeze 1.5 14.5 3.5 82.0 0.59 28.16

Charcoal 4.9 3.5 8.2 88.3 0.05 30.46

Walnut shells 9.6 0.7 81.3 18.0 0.05 16.90

Oak sawdust 7.1 1.5 83.4 15.1 0.05 16.56

Pine sawdust 13.6 0.9 85.6 13.5 0.05 15.94

Lignin 8.6 3.4 67.90 20.1 0.17 23.14

Table 12.
Analysis of selected carbonaceous materials which have been used in sintering in the Slovakia [10–13].

Type of
fuel

CS
[%]

Photograph of
sinter

Sintering
zone

Sinter characteristic Ecological
aspects

Coke
breeze

0 Standard qualitative parameters Standard
parameters

Charcoal 20 Standard qualitative parameters Lower emissions
of COx, NOx

Charcoal 44 Higher volume of melt, excellent
strength

Lower emissions
of COx, NOx, SO2

Charcoal 50 Higher inhomogeneity, standard
qualitative parameters

Lower emissions
of COx, NOx, SO2

Charcoal 86 Low volume of melt, worse
qualitative parameters

Lower emissions
of COx, NOx
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Type of
fuel

CS
[%]

Photograph of
sinter

Sintering
zone

Sinter characteristic Ecological
aspects

Oak
sawdust

20 Standard qualitative parameters Lower emissions
of COx, SO2

Oak
sawdust

44 Low volume of melt,
unacceptable qualitative

parameters

Lower emissions
of SO2

Pine
sawdust

8 Standard qualitative parameters Lower emissions
of COx, SO2

Pine
sawdust

20 Low volume of melt,
unacceptable qualitative

parameters

Lower emissions
of COx, SO2

Nut
shells

8 Standard qualitative parameters Lower emissions
of NOx, SO2

Nut
shells

20 Standard qualitative parameters Lower emissions
of NOx, SO2

Nut
shells

50 Higher inhomogeneity, standard
qualitative parameters

Lower emissions
of COx, NOx, SO2

Lignin 20 Standard qualitative parameters Lower emissions
of NOx, SO2

Lignin 50 Low volume of melt, worse
qualitative parameters

lower emissions of
COx, NOx, SO2

Lignin 86 Low volume of melt,
unacceptable qualitative

parameters

Lower emissions
of COx, SO2

CS = coke substitution.
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Characteristic of sintering of iron materials with biomass.

73

Advances in Sintering of Iron Ores and Concentrates
DOI: http://dx.doi.org/10.5772/intechopen.94051



1.3 The use of traditional and alternative carbonaceous fuels in the production
of sinters

1.3.1 Replacement of coke breeze with biomass

The ways of using biomass for energy purposes are predominantly
predetermined by its physical and chemical properties. The biomass is characterized
by the relatively high and frequently variable water content, which significantly
affects the energy properties of biomass fuel. The various types of biomass (pri-
marily of wood and plant origin) have much higher content of volatile matter than
coke breeze. Analyses of the various types of biomass that have been used in the
production of iron-bearing sinter in Slovakia shown in Table 12 [10–13].

Carbonaceous
materials

Moisture
[%]

Ash
[%]

Volatile
matter [%]

Fixed
carbon [%]

Sulfur
[%]

Calorific value
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Pine sawdust 13.6 0.9 85.6 13.5 0.05 15.94

Lignin 8.6 3.4 67.90 20.1 0.17 23.14

Table 12.
Analysis of selected carbonaceous materials which have been used in sintering in the Slovakia [10–13].

Type of
fuel

CS
[%]

Photograph of
sinter

Sintering
zone

Sinter characteristic Ecological
aspects

Coke
breeze

0 Standard qualitative parameters Standard
parameters

Charcoal 20 Standard qualitative parameters Lower emissions
of COx, NOx

Charcoal 44 Higher volume of melt, excellent
strength

Lower emissions
of COx, NOx, SO2

Charcoal 50 Higher inhomogeneity, standard
qualitative parameters

Lower emissions
of COx, NOx, SO2

Charcoal 86 Low volume of melt, worse
qualitative parameters

Lower emissions
of COx, NOx
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Type of
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Lower emissions
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Nut
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50 Higher inhomogeneity, standard
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Lower emissions
of COx, NOx, SO2

Lignin 20 Standard qualitative parameters Lower emissions
of NOx, SO2

Lignin 50 Low volume of melt, worse
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lower emissions of
COx, NOx, SO2

Lignin 86 Low volume of melt,
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parameters

Lower emissions
of COx, SO2

CS = coke substitution.
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1.3.2 The influence of carbonaceous fuels on the quality of the sinter and on the economic
and ecological parameters of the sintering of iron ores and concentrates

Starting from an analysis of the considered biofuels (Table 12) and proposed
methodology for the performance of experiments, coke breeze was partly replaced
with a defined quantity of individual biomass types. The materials whose composi-
tion is given in the Tables 5, 10 were used for the experiments. Tables 13, 14 give
characteristics of sinters produced with biomass substitution of coke breeze. It can
be seen in some experiments with biomass standard quality parameters on several
sinters and lower emissions of COx, NOx and SO2 are achieved. It is possible to
substitute about 10–20% of coke breeze by individual types of biomass in the
sintering process. Combustion of plant biomass mainly depends on the carbon
structure of the cellulose, hemicellulose and lignin, which differ from the amor-
phous carbon in coke (coke breeze). The maximum temperatures in the sintering
process are lower with biomass than with actual coke breeze [11]. Biomass fuels can
burn more quickly than coke breeze due to their high porosity and large interface
area, while there is a significant increase in the vertical speed of sintering. The
combustion of biomass decreases the maximum temperature and abbreviates the
holding time at the high temperature. Lower temperatures in the sintered layer
observed with the addition of biomass can also be attributed to the condensation of
volatile organic compounds [11]. These compounds can eventually be converted
into a phase similar to ash and reduce the heat transfer in the direction of burning.

The content of FeTOT in laboratory prepared sinters with biomass does not
change considerably compared to the standard (reference –with 100% coke breeze)
sinter and is within the interval of about 51–53%. The phase composition (mineral-
ogy) of selected sinters is qualitatively comparable, while the differences are
observable in the quantity of individual phases, as shown in Table 14. A sinter
without biomass contains a higher proportion of iron oxides and sinters with bio-
mass have more silicates and calcium ferrites. Compared to standard sinter, the
increase in the share of calcium ferrites can be noticed in selected sinters with
biomass. The microstructure of the standard sinter mainly consists of primary
magnetite and hematite. Forms of silicoferrites of calcium and aluminum – SFCA
are also visible in the microstructure to a small extent. In the microstructure of the
sinter with biomass, there is also a visible area of the unsintered surface, which has
been identified as lime. Forms of calcium silicates are also visible in the microstruc-
ture. The sinter with the substitution of coke breeze by charcoal reached the highest
value of reducibility estimated using dR/dt ratio, as seen from Table 14. The sinter
with the substitution of coke breeze by nutshells has the lowest value of reducibil-
ity. Sinters with coke breeze substituted by charcoal and sawdust have a similar
reducibility to the reference sinter without any fuel substitution. Higher reducibility
relates to sample properties such as its low content of FeO and its high porosity
[14], which is related with sinters with the substitution of coke breeze by charcoal
and sawdust.

2. Conclusions

In this chapter the properties of iron ores and concentrates were specified. These
properties are very important for their efficient processing in the process of sinter
and pig iron production. It is important to comprehensively evaluate these raw
materials. The evaluation of the properties of iron ores shows that the best ores for
blast furnace process have a suitable particle size distribution (10–40 mm), good
chemical and mineralogical composition (especially hematite and magnetite,
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minimum of carbonate and silicate phases), they are well reducible (Ri60 below
100 min.) and stable after temperature tests (+6.3 mm above 70%). Sinter grade
ores and concentrates are characterized as iron ore raw materials with the required
granulometry and chemical and mineralogical composition. In general, the richness
of concentrates is in the range of 65–70%, while sinter grade ores have this interval
wider and shifted slightly lower (55–67%). The larger grains of sinter grade ore are
practically free of impurities and have a relatively homogeneous structure. In addi-
tion to iron oxides, the smaller sinter grade ore grains also contain impurities in the
form of silicon and aluminum oxides. Undesirable impurities are mainly sulfur,
phosphorus, zinc, lead, arsenic, copper, sodium, potassium, which are chemically
bound in the minerals of the iron ores.

A new direction in the sintering process is showing the replacement of coke with
biomass. It is a more environmentally friendly way of production and practice will
show that it will also be more economical in the future. It can be seen in some
experiments with biomass standard quality parameters on several sinters and lower
emissions of COx, NOx and SO2 are achieved. It is possible to substitute about 10–
20% of coke breeze by individual types of biomass in the sintering process. Proper-
ties of input iron bearing and basic raw materials are indeed crucial factors that
affect the final quality of sinter, but no less important are the properties and the
amount of carbonaceous fuel and high-temperature sintering technology. Progress
in the production of pig iron in blast furnaces can be achieved by improving the
quality of burden, especially iron ores and sinters. A significant improvement in the
performance of blast furnaces is currently achieved by using a burden with a
modified chemical and particle size distribution, which allows a more complete use
of the chemical and thermal energy of the reducing gas.

Acknowledgements

This research was funded by [APVV] Slovak Research and Development
Agency, Slovak Republic number APVV–16-0513.

Conflict of interest

The authors declare no conflict of interest.

Author details

Jaroslav Legemza*, Róbert Findorák, Mária Fröhlichová and Martina Džupková
Institute of Metallurgy, Faculty of Materials, Metallurgy and Recycling, Technical
University of Košice, Slovakia

*Address all correspondence to: jaroslav.legemza@tuke.sk

©2020TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

77

Advances in Sintering of Iron Ores and Concentrates
DOI: http://dx.doi.org/10.5772/intechopen.94051



1.3.2 The influence of carbonaceous fuels on the quality of the sinter and on the economic
and ecological parameters of the sintering of iron ores and concentrates

Starting from an analysis of the considered biofuels (Table 12) and proposed
methodology for the performance of experiments, coke breeze was partly replaced
with a defined quantity of individual biomass types. The materials whose composi-
tion is given in the Tables 5, 10 were used for the experiments. Tables 13, 14 give
characteristics of sinters produced with biomass substitution of coke breeze. It can
be seen in some experiments with biomass standard quality parameters on several
sinters and lower emissions of COx, NOx and SO2 are achieved. It is possible to
substitute about 10–20% of coke breeze by individual types of biomass in the
sintering process. Combustion of plant biomass mainly depends on the carbon
structure of the cellulose, hemicellulose and lignin, which differ from the amor-
phous carbon in coke (coke breeze). The maximum temperatures in the sintering
process are lower with biomass than with actual coke breeze [11]. Biomass fuels can
burn more quickly than coke breeze due to their high porosity and large interface
area, while there is a significant increase in the vertical speed of sintering. The
combustion of biomass decreases the maximum temperature and abbreviates the
holding time at the high temperature. Lower temperatures in the sintered layer
observed with the addition of biomass can also be attributed to the condensation of
volatile organic compounds [11]. These compounds can eventually be converted
into a phase similar to ash and reduce the heat transfer in the direction of burning.

The content of FeTOT in laboratory prepared sinters with biomass does not
change considerably compared to the standard (reference –with 100% coke breeze)
sinter and is within the interval of about 51–53%. The phase composition (mineral-
ogy) of selected sinters is qualitatively comparable, while the differences are
observable in the quantity of individual phases, as shown in Table 14. A sinter
without biomass contains a higher proportion of iron oxides and sinters with bio-
mass have more silicates and calcium ferrites. Compared to standard sinter, the
increase in the share of calcium ferrites can be noticed in selected sinters with
biomass. The microstructure of the standard sinter mainly consists of primary
magnetite and hematite. Forms of silicoferrites of calcium and aluminum – SFCA
are also visible in the microstructure to a small extent. In the microstructure of the
sinter with biomass, there is also a visible area of the unsintered surface, which has
been identified as lime. Forms of calcium silicates are also visible in the microstruc-
ture. The sinter with the substitution of coke breeze by charcoal reached the highest
value of reducibility estimated using dR/dt ratio, as seen from Table 14. The sinter
with the substitution of coke breeze by nutshells has the lowest value of reducibil-
ity. Sinters with coke breeze substituted by charcoal and sawdust have a similar
reducibility to the reference sinter without any fuel substitution. Higher reducibility
relates to sample properties such as its low content of FeO and its high porosity
[14], which is related with sinters with the substitution of coke breeze by charcoal
and sawdust.

2. Conclusions

In this chapter the properties of iron ores and concentrates were specified. These
properties are very important for their efficient processing in the process of sinter
and pig iron production. It is important to comprehensively evaluate these raw
materials. The evaluation of the properties of iron ores shows that the best ores for
blast furnace process have a suitable particle size distribution (10–40 mm), good
chemical and mineralogical composition (especially hematite and magnetite,
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minimum of carbonate and silicate phases), they are well reducible (Ri60 below
100 min.) and stable after temperature tests (+6.3 mm above 70%). Sinter grade
ores and concentrates are characterized as iron ore raw materials with the required
granulometry and chemical and mineralogical composition. In general, the richness
of concentrates is in the range of 65–70%, while sinter grade ores have this interval
wider and shifted slightly lower (55–67%). The larger grains of sinter grade ore are
practically free of impurities and have a relatively homogeneous structure. In addi-
tion to iron oxides, the smaller sinter grade ore grains also contain impurities in the
form of silicon and aluminum oxides. Undesirable impurities are mainly sulfur,
phosphorus, zinc, lead, arsenic, copper, sodium, potassium, which are chemically
bound in the minerals of the iron ores.

A new direction in the sintering process is showing the replacement of coke with
biomass. It is a more environmentally friendly way of production and practice will
show that it will also be more economical in the future. It can be seen in some
experiments with biomass standard quality parameters on several sinters and lower
emissions of COx, NOx and SO2 are achieved. It is possible to substitute about 10–
20% of coke breeze by individual types of biomass in the sintering process. Proper-
ties of input iron bearing and basic raw materials are indeed crucial factors that
affect the final quality of sinter, but no less important are the properties and the
amount of carbonaceous fuel and high-temperature sintering technology. Progress
in the production of pig iron in blast furnaces can be achieved by improving the
quality of burden, especially iron ores and sinters. A significant improvement in the
performance of blast furnaces is currently achieved by using a burden with a
modified chemical and particle size distribution, which allows a more complete use
of the chemical and thermal energy of the reducing gas.
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Chapter 5

Application of X-Ray Diffraction 
to Study Mineralogical 
Dependence of Reduction: 
Disintegration Indices RDI of Blast 
Furnace Sinters
Hanna Krztoń and Janusz Stecko

Abstract

The aim of this research was to continue an examination of influence of mineral 
components of blast furnace sinters on their quality. Two of reduction-disintegration 
indices RDI were taken into account: static resistance to degradation RDI-1+6.3 and 
static susceptibility to degradation RDI-1-3.15. X-ray diffraction was used for phase 
identification and the Rietveld method was applied to study quantitative depen-
dence. Static susceptibility to degradation RDI-1-3.15 showed clearly dependence 
on quantitative mineral composition, namely on quantities of magnetite, silicates 
and slag phases. Static resistance to degradation RDI-1+6.3 was also dependent on 
 fractions of magnetite and silicates.

Keywords: Rietveld method, blast furnace sinters, mineralogy,  
reduction-disintegration indices RDI

1. Introduction

The history of integrated factory’s steel product usually begins from a prepara-
tion of a sinter being one of the main component of a blast-furnace charge. In blast-
furnace practice a sinter is a product after high temperature treatment of a mixture 
of iron ores and their concentrates, fluxing agents (dolomite, lime) and coke breeze. 
Sintering process takes place in a range of 1200–1300°C and causes partial melting 
of individual grains of all sinter’s components, forming a compact product. The 
temperature has to be lower than a melting point of the mixture. There are some 
phase transformations and/or degradation of minerals which accompany the sinter-
ing processes. As a result, a mineralogy of a sinter is different than a mineralogy of 
starting components.

Generally, the mineralogy of sinters can be thought as a mineralogy of two 
types of compounds: oxides and silicates, including also silicate glass. The presence 
and the amount of individual minerals depend on the properties of and the condi-
tions of technology (practice). One of the most important factor, characterizing a 
sinter, is its basicity; the value of this parameter is defined as a ratio of a content of 
calcium (given as calcium oxide) to a content of silicon (given as silicon dioxide). 
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calcium (given as calcium oxide) to a content of silicon (given as silicon dioxide). 



Iron Ores

80

The basicity of a sinter is the main reason of diversity in observed mineral composi-
tion and – consequently – in properties of the sinter.

The identification of mineral components can be done using various experimen-
tal techniques from which the X-ray diffraction seems to be the most important. 
Every crystalline chemical compound (mineral) produces its own, typical X-ray dif-
fraction pattern which can be used in identification of it in a multiphase mixture. The 
individual patterns are kept in Powder Diffraction File, updated every year by the 
International Centre for Diffraction Data and having now (2020) more than 400,000 
data of inorganic compounds. In many cases, the data for one particular compound 
contains also information about crystallography of this compound. It means that a 
calculation of a theoretical pattern of this compound is possible. In X-ray diffraction 
method, one can assume that the observed pattern of a multiphase powder mixture 
is a sum of weighed patterns of individual compounds (minerals). This assumption 
gives the possibility to apply the Rietveld method to study the multiphase mixtures 
and to calculate the fractions of individual components of the mixture.

The Rietveld method was presented for the first time in 1967 by H. Rietveld to 
refine crystallographic structure of a crystalline compound, using neutron diffrac-
tion [1, 2]. R. A. Young and D. B. Wiles applied the method to X-ray diffraction in 
1981 [3, 4] and the next application to quantitative phase analysis was introduced by 
Hill and Howard in 1987 [5] and Bish and Howard in 1988 [6]. The crucial advan-
tage of the Rietveld method in studying and quantifying mixtures is the ability to 
analyze the overlapped reflections. Overlapping is the most important problem in 
mixtures, especially in the case of low symmetry of constituents. The number of 
reflections can reach some hundreds in a typical 2Theta range of measurements. 
There is also another problem – a contribution of intensities of many small reflec-
tions to an observed intensity of a background of an experimental X-ray diffraction 
pattern and consequently some difficulties in refining the background. This is also 
the case of the presence of amorphous component. This matter was solved in the 
Siroquant software [7] in which the shape and intensity of the background is not 
refined but manually removed from a pattern. Owing to the above, the Rietveld 
method gives the unique opportunity for a precise quantitative description of blast 
furnace sinters.

The quality of sinter’s pieces can be described using different indices which have 
to be determined by some technical tests and experiments, according to interna-
tional standards [8].

The tests are carried out in conditions which simulate blast-furnace’s condi-
tions in upper part of its shaft. A sample of a sinter of 500 g is placed into a furnace 
heated up to 500÷550°C and is exposed to a reducing gas for 60 minutes. Then the 
sinter is cooled in an atmosphere of inert gas and is subjected to tumbling. The 
disintegration sinter’s pieces gives grains of various sizes which are screened to three 
groups. The following indices, according to International Standard ISO 4696-
1:2007, are determined:

Static resistance to degradation (the ratio of reduced sinter with size larger than 
6.3 mm after tumbling test to reduced sinter)

 1
6.3

0

1 100%mRDI
m+− = ×   (1)

Static susceptibility to degradation (the difference between reduced sinter and 
the sum of reduced sinter with size larger than 6.3 mm and reduced sinter with size 
larger than 3.15 mm divided by reduced sinter)
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where: m0 [g] – mass of a sample after reduction before tumbling m1 [g] – mass 
of oversize particles remained on a screen of 6.3 mm after tumbling m2 [g] – mass 
of oversize particles remained on a screen of 3.15 mm after tumbling.

m3 [g] – mass of oversize particles remained on a screen 0.5 mm after tumbling.
From technological point of view, the most important index is a static suscepti-

bility to degradation and a question of dependence of its value on a mineralogical 
composition of a sinter is still to be answered. Previous examinations showed that 
there was a connection between quantities of mineral components of sinters and 
their reducibilities [9] and this work is a continuation of studying a dependence of 
quantitative mineral composition of blast furnace sinters on their quality.

1.1 Materials

All sinters were prepared from raw materials which were used in Polish steel 
plants. There were two kinds of iron ores and three kinds of concentrates of other 
iron ores (Figure 1). Six different mixtures were prepared, each one consisted 
of different combinations of ores and concentrates but with a planned basicity 
(Table 1). Basicity was calculated as a ratio of calcium content recalculated to CaO 
to silicon content given as SiO2. Sintering process was carried out in laboratory 
conditions with application of lime and dolomite in a conventional sinter pot of a 
diameter of 490 mm [10]. Ten laboratory tests were done for each kind of mixture 
(Figure 2); then three samples characterized by optimal moisture with the highest 
productivity were selected for further investigations (Table 2). The RDI values 
were calculated according to the procedure given above.

Figure 1. 
Samples of hematite lump ore (a), magnetite concentrate (b) and sinter (c).
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were calculated according to the procedure given above.

Figure 1. 
Samples of hematite lump ore (a), magnetite concentrate (b) and sinter (c).
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2. Methods

In XRD method, the first step was to reduce a crystallite size of the sinters, 
using Fritsch Puverisette 0 mill and also a mortar and a pestle. The measurements 
of diffraction patterns were carried out using a PANalytical Empyrean diffrac-
tometer with a PIXcel solid state detector and filtered Co Ka radiation (Fe filter on 
a diffracted beam). The range of 2θ was 10o- 100o with step size Δ2θ = 0.02626o 
and time/step 800 s. The identification of phases was done according to 
International Centre for Diffraction Data (ICDD) Powder Diffraction File PDF-
4+. The quantities of individual phases were calculated by means of the Rietveld 

Figure 2. 
The experimental site for sintering iron ores and waste products in Sieć Badawcza Łukasiewicz - Instytut 
Metalurgii Żelaza.

Sinter
RDI values

A1 A2 A3 B1 B2 B3 C1 C2 C3

RDI-1+6.3 39,5 40,2 45,9 46,2 50,2 51,5 44,3 51,1 55,8

RDI-1-3.15 29,9 28,7 26,1 26 22,6 22,4 21,3 17,2 18,8

Sinter
RDI values

D1 D2 D3 E1 E2 E3 F1 F2 F3

RDI-1+6.3 54,9 55,2 52,8 39,7 36,6 39 51,3 53,7 52,6

RDI-1-3.15 14,3 15,2 14,9 32,4 32,9 33,5 20,8 19 19,1

Table 2. 
The RDI values of the chosen sinters.

Series A Series B Series C Series D Series E Series F

Basicity
CaO/SiO2

1,20 1,20 1,50 1,50 0,90 1,20

Table 1. 
The planned basicity values of each kind of mixtures.
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method and Siroquant software [7]. An amorphous component was detected 
and quantified after adding a small addition of corundum (certified Standard 
Reference Material SRM No. 676a from National Institute of Standards and 
Technology NIST, USA) to an initial sample of a sinter, next a homogenization 
and a repeated measurement.

3. Results

Generally, two groups of minerals can be distinguished in sinters: oxides and 
silicates. The examined sinters contained two iron oxides: hematite Fe2O3 and 
magnetite Fe3O4 and one silicon dioxide – quartz SiO2. Only traces of wuestite FeO 
were found. The group of silicates consisted of calcium silicates (larnite β-CaSiO4, 
γ-CaSiO4, wollastonite CaSiO3), calcium-iron silicates (hedenbergite Ca0.5Fe1.5Si2O6, 
kirschsteinite CaFeSiO4), magnesium silicate MgSiO3 and so called silica glass 
(amorphous component). There were also three so called slag phases identified in 
the sinters: Ca2.3Mg0.8Al1.5Fe8.3Si1.1O20 (SFCA phase), Ca3.18Al1.34Fe15.48O28 (SFCA-1 
phase) and Ca2.45Fe9.2Al1.74Si0.6O20 (SFCA Mg – free phase).

All measured diffraction patterns of the examined sinters were characterized 
by a strong complexity because of many reflexes of individual phases and overlap-
ping of the reflexes. In Figure 2, a part of a diffraction pattern of one of the sinters 
is shown and the positions of reflexes of all crystalline components, according to 
PDF-4+ standard data, are clearly visible. In a typical experimental range of 2θ  
(10o – 100o2θ) there were about:

• 90 reflexes of larnite β-Ca2SiO4

• 105 reflexes of SFCA Ca2.3Mg0.8Al1.5Fe8.3Si1.1O20

• 56 reflexes of SFCA-1 Ca3.18Al1.34Fe15.48O28

• 77 reflexes of hedenbergite Ca0.5Fe1.5Si2O6

and also reflexes of other constituents. This was a result of low symmetries of 
some of the phases forming a sinter. There are all identified phases and their space 
groups in Table 3.

With such a complexity of the diffraction patterns, the only solution was to 
apply the Rietveld method [1–6]. A model of a sinter file was created, containing 
all structural data of all identified crystalline components. Two numerical criteria 
of fit were taken into account: χ2 and R-pattern. The global parameter of the refine-
ment was 2θ- zero. Pearson VII was chosen as an analytical profile function. For each 
phase, the refined parameters were: scale, lattice parameters, full-width-at-half-
maximum (FWHM) parameters. The background was removed manually.

The example of the Rietveld refinement is presented in Figure 3. The upper line 
is the experimental pattern (as measured). The higher intensity of the background 
in the range of lower angles is indicated and it is concerned with a presence of 
amorphous component. Below, there is the experimental pattern after removing 
background (points) and the calculated refined diffraction pattern (solid line). At 
the bottom, a difference plot is shown.

During the refinements, the difference plots were carefully observed. In some 
cases, the identification of a phase of a small content was possible during the 
analysis of a shape of a difference plot.
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the sinters: Ca2.3Mg0.8Al1.5Fe8.3Si1.1O20 (SFCA phase), Ca3.18Al1.34Fe15.48O28 (SFCA-1 
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some of the phases forming a sinter. There are all identified phases and their space 
groups in Table 3.

With such a complexity of the diffraction patterns, the only solution was to 
apply the Rietveld method [1–6]. A model of a sinter file was created, containing 
all structural data of all identified crystalline components. Two numerical criteria 
of fit were taken into account: χ2 and R-pattern. The global parameter of the refine-
ment was 2θ- zero. Pearson VII was chosen as an analytical profile function. For each 
phase, the refined parameters were: scale, lattice parameters, full-width-at-half-
maximum (FWHM) parameters. The background was removed manually.

The example of the Rietveld refinement is presented in Figure 3. The upper line 
is the experimental pattern (as measured). The higher intensity of the background 
in the range of lower angles is indicated and it is concerned with a presence of 
amorphous component. Below, there is the experimental pattern after removing 
background (points) and the calculated refined diffraction pattern (solid line). At 
the bottom, a difference plot is shown.

During the refinements, the difference plots were carefully observed. In some 
cases, the identification of a phase of a small content was possible during the 
analysis of a shape of a difference plot.
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4. Discussion

No significant differences were observed in the qualitative mineral composition 
of the sinters. A diversity in some minor components (silicates) was determined, 
excluding dicalcium silicates which were present in all sinters. The chemical com-
position and qualitative mineralogical investigations could not provide enough 
information about any dependence between a mineral composition and the qual-
ity indices of sinters. The next step was to apply quantitative phase analysis to 
check whether – or not – a quantitative dependence existed. The application of 
the Rietveld method to quantitative phase analysis in sinters was the only possible 
solution to obtain sensible results. The one of the most important problems in the 
refinements was the removing of background. The shape of background in sinters 
is not linear, the presence of amorphous component can influence on both intensity 
and shape of the background. Moreover, the intensity and shapes of reflexes of 
minor components (as it can be seen clearly in Figure 4, where the positions of 

Figure 3. 
An example of the Rietveld refinement of a diffraction pattern of one of a sinter. The upper line is the 
experimental pattern (as measured). Below, there is the experimental pattern after removing background 
(points) and the calculated refined diffraction pattern (solid line). The higher intensity of the background in 
the range of lower angles is concerned with a presence of amorphous component. At the bottom, a difference 
plot is shown.

Phase Space group Phase Space group

Magnetite Fd-3 m Hedenbergite C2/c

Hematite R-3c Kirschsteinite Pmnb

Larnite P21/n MgSiO3 Pbcn

γ-CaSiO4 Pnma SFCA phase P-1

Wollastonite P-1 SFCA-1 phase P-1

Wuestite Fm-3 m Quartz P3221

Table 3. 
Space groups of sinters’ crystalline components.
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Figure 4. 
A small part of a diffraction pattern of one of the sinters. The marks show the positions of reflexes of all 
components of the sinter, according to their standard data taken from PDF-4+ file. Complexity of the pattern is 
caused by the number of reflexes.

Figure 5. 
The RDI-1-3.15 (top) and RDI-1+6.3 (bottom) dependence on contents of magnetite in the examined sinters. The 
growing tendency of RDI-1-3.15 with growing content of magnetite and the opposite dependence of RDI-1+6.3 are shown.
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reflexes of all crystalline components are shown in a small range of a diffraction 
pattern of one of the sinters) also take part in forming the background. In this case, 
the careful manual removing of background before start of refinements should be 
used instead of the refinement of background.

The quantitative results show a noticeable dependence of RDI-1-3.15 on contents of 
all kinds of minerals, excluding amorphous component (Figures 5–9). The reverse 
dependence was observed for main components, namely magnetite and hematite. 

Figure 6. 
The RDI-1-3.15 (top) and RDI-1+6.3 (bottom) dependence on contents of hematite in the examined sinters. The 
lowering tendency of RDI-1-3.15 with growing content of hematite (in a range of values of RDI-1-3.15 from 20 to 
30) and the opposite dependence of RDI-1+6.3 are shown in Figure 7.
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The lower value of RDI-1-3.15 (the lower means the better) corresponded with higher 
values of content of hematite (but not in a full range of values of RDI-1-3.15) and with 
lower values of magnetite. No clear tendency was noticed for amorphous component. 
Unexpectedly the quite high content of dicalcium silicates and also slag phases accom-
panied the lowest values of RDI-1-3.15. As an explanation of the results, one could 
assume that both, silicates and slags, could form a kind of binder among grains of 
other minerals and because of it had an effect on obtaining the low values of RDI-1-3.15.

Figure 7. 
The RDI-1-3.15 (top) and RDI-1+6.3 (bottom) dependence on contents of amorphous component in the examined 
sinters. No tendency is observed for both indices.
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The dependence of RDI-1+6.3 values on fractions of mineral components of 
sinters was also considered (Figures 5–9). As in of RDI-1-3.15 case, magnetite and 
hematite contents showed a linear dependence from RDI-1+6.3 values; the increasing 
values of RDI-1+6.3 were related with lower values of magnetite contents and higher 
values of hematite fractions. The other minerals did not show so clear regularities.

The observed dependencies of RDI-1-3.15 on basicity is shown in Figure 10 - the  
higher value of basicity the lower RDI-1-3.15 was obtained what can be thought as 

Figure 8. 
The RDI-1-3.15 (top) and RDI-1+6.3 (bottom) dependence on contents of a sum of dicalcium silicates in the 
examined sinters. The linear, lowering tendency with increasing content of dicalcium silicates is seen for RDI-1-
3.15 No tendency is seen for RDI-1+6.3.
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a beneficial result. In comparison, the rise of FeO content (not as a mineral, but 
as Fe2+ recalculated to oxide) gives higher values of RDI-1-3.15 (Figure 10) what is 
an unfavorable tendency. This result is in accordance with the results for magne-
tite (FeO.Fe2O3) (Figure 5) which is the main source of Fe2+ in sinters

Figure 9. 
The RDI-1-3.15 (top) and RDI-1+6.3 (bottom) dependence on contents of a sum of slag phases in the examined 
sinters. It can be seen that higher content of slag phases lowers the value of RDI-1-3.15.
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5. Conclusions

• The identification procedure showed no significant differences in qualitative 
phase composition of the examined sinters. There were only small discrepan-
cies in occurrence of some silicate components (as e.g. magnesium silicate), 
but their contents were about 1 wt.%, so their influence on properties of the 
sinters was not crucial.

• There is a clear dependence between static susceptibility to degradation 
RDI-1-3.15 and quantities of mineral components of the sinters. This is not 
observed for all minerals - amorphous component do not show any kind of 
correlation with values of RDI-1-3.15. The correlation of the content of hematite 

Figure 10. 
The dependence of RDI-1-3.15 on basicity CaO/SiO2 (top) and on FeO content (bottom) in sinters with 
calculated tendency lines.
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and corresponding values of RDI-1-3.15 is not evident – it can be seen only in a 
range from 20 to 30 of values of RDI-1-3.15. and in this range is decreasing with 
growing contents of hematite.

• The growing dependence of values of RDI-1-3.15 with higher contents of magne-
tite is easily seen and it is in a good agreement with the results of studies of 
influence of FeO content (Fe2+ recalculated to oxide) on values of RDI-1-3.15 as 
the main source of Fe2+ in sinters is magnetite.

• The reverse tendency can be observed for dicalcium silicates and also for slag 
phases. The increasing content of these minerals is accompanied with lowering 
values of RDI-1-3.15. It can be correlated with basicity values – the Ca2+ atoms 
are mostly present in the above mentioned type of minerals.
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Chapter 6

Plasma Processing of Iron Ore
Sumant Kumar Samal, Manoja Kumar Mohanty, 
Subash Chandra Mishra and Bhagiratha Mishra

Abstract

The depletion of high-grade ore minerals and the scarcity of fossil fuel reserves 
are challenging factors for metallurgical industries in the future. Also, extensive 
mining for increased steel demand results in the generation of fines often found 
unsuitable for use as direct feedstock for the production of metals and alloys. Apart 
from mines waste, the other major sources of fine minerals are leftover in charge 
burdens, sludges, and dust generated in the high-temperature process. Sludge and 
fines generated during beneficiation of ore add to this woe, as the outcomes of 
beneficiation plants for lean ores show better yield for fine particles. The utilization 
of lean ore and wastes in iron making requires wide research and adopting new 
advanced technologies for quality production with time-saving operations. The 
application of thermal plasma in mineral processing has several advantages that can 
overcome the current industrial metal extraction barriers. The present study dem-
onstrates the thermal plasma for the processing of different iron-bearing minerals 
and its feasibility for metal extraction.

Keywords: thermal Plasma, blue dust, siliceous iron ore, manganiferous iron ore, 
recovery

1. Introduction

The global production of crude steel exceeds 1869 million tonnes in the year 
2019. Steelmaking viz. carbon steel and alloy steel is a multistep process where 
iron ore is the starting material used for iron making. Blast furnace iron making is 
mostly adopted by industries throughout the globe [1, 2]. Production of DRI for 
smelting in EAF is an alternative for iron ore reduction. There are several problems 
that persist with the economy of iron and ferroalloys production, and it depends 
upon three major factors viz. material, process, and product. The characteristics of 
ore minerals decide the process kinetics, and hence product quality and yield. There 
are several problems that still persist, as the following needs to be resolved.

i. Ore minerals: The quality of iron ore plays a significant role as the cost of 
raw ore attributes about 40% of the total production cost. The mined ore 
needs to be in the specified size range for individual furnace types, which 
is accomplished by crushing and sizing. The crushing and washing of bulk 
ore generate a substantial amount of fines viz. micro and macro fines, which 
cannot be fed directly into a furnace as it affects the porosity of charge 
burden. Moreover, it increases process cost comprising of agglomeration and 
heat treatment before extraction.
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The global production of crude steel exceeds 1869 million tonnes in the year 
2019. Steelmaking viz. carbon steel and alloy steel is a multistep process where 
iron ore is the starting material used for iron making. Blast furnace iron making is 
mostly adopted by industries throughout the globe [1, 2]. Production of DRI for 
smelting in EAF is an alternative for iron ore reduction. There are several problems 
that persist with the economy of iron and ferroalloys production, and it depends 
upon three major factors viz. material, process, and product. The characteristics of 
ore minerals decide the process kinetics, and hence product quality and yield. There 
are several problems that still persist, as the following needs to be resolved.

i. Ore minerals: The quality of iron ore plays a significant role as the cost of 
raw ore attributes about 40% of the total production cost. The mined ore 
needs to be in the specified size range for individual furnace types, which 
is accomplished by crushing and sizing. The crushing and washing of bulk 
ore generate a substantial amount of fines viz. micro and macro fines, which 
cannot be fed directly into a furnace as it affects the porosity of charge 
burden. Moreover, it increases process cost comprising of agglomeration and 
heat treatment before extraction.
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ii. Gangue content: The excavated ore always includes gangue contents viz. 
alumina, silica, and magnesia along with alkali, sulfur, and phosphorus. 
The type and quantity of gangue affect the entire process kinetics in terms 
of metallic yield and quality. The primary ore needs to be upgraded through 
various separation techniques, i.e., physical, gravitational, etc. which is 
critical for high gangue amounts.

iii. Mineral phases: The mineral phases present in the ore are of interest as the 
entire extraction process is dependent on the various minerals present in 
the parent ore. Minerals in the ore are detected as metal oxides, hydroxides, 
carbonates, and also associated with gangue as silicates, aluminates. The 
silicates and aluminates phases are not only difficult to reduce but also 
consume high flux and energy for which ores with high content of such 
phases are commonly discarded at the mines site itself. The decomposition of 
hydroxides and carbonates results in higher coke consumption. The presence 
of alkali not only affects the process but also has a high impact on refractory 
linings.

iv. Process: With the increased demand for steel across the globe in the scenario of 
unaffordability of high grade ores, research on the applicability of fines, dust, 
and other industry by-products has become essential in order to control the 
depletion of earth minerals. These fines are agglomerated through pelletiza-
tion, sintering, and briquetting routes, which has various drawbacks in terms 
of production rate, energy consumption, charging, and environmental impact. 
Ore and agglomerate must be of suitable for minimal transportation loss, high-
temperature sustainability, and low disintegration rate. The porosity, density, 
and crushing strength of agglomerate must be adequate in order to achieve 
a higher reduction rate and metallic yield. If such properties are not in the 
predesigned range, it can cost higher and affect smooth operation by promoting 
fines generation and hinders Boudouard reaction.

The utilization of lean ore and wastes in iron making requires wide research 
and adopting new advanced technologies for quality production with time-saving 
operations.

2. Plasma

It is not unusual to refer plasma as the fourth state of matter as it is an ionized 
gas comprised of molecules, atoms, ions (in their ground or in various excited 
states), electrons, and photons. Plasma possesses a unique property known as quasi-
neutrality since plasma is electrically neutral. In contrast to an ordinary gas, plasma 
encloses free electric charges that are commonly produced from the gas itself by a 
variety of ionization processes. In a steady-state situation, the rate of ionization in 
the plasma is balanced by the rate of recombination. Depending upon the energy 
content of the plasma, the degree of ionization may be so high that virtually no 
neutral particles are left, i.e., the plasma becomes fully ionized [3, 4].

2.1 Classification

Since plasma is a broad topic as concerned, all together plasmas are classified 
into three main categories [5]:
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• CTE plasmas (complete thermodynamic equilibrium)

• LTE plasmas (local thermodynamic equilibrium)

• Non-LTE plasmas (nonlocal thermodynamic equilibrium)

Among the above three types, CTE plasmas are used for thermonuclear fusion 
experiments. The latter two types are used as laboratory plasmas and also imple-
mented for industrial purposes like MINTEK, South Africa. Again according to 
density and energy, typical plasmas are categorized as shown in Figure 1.

Plasmas generated by electron and photon belong to the nonlocal thermodynamic 
equilibrium category. LTE plasmas are also called as hot plasmas or thermal plasmas 
and non-LTE plasmas as cold plasmas or non-thermal plasmas. Based on temperature, 
plasmas are subcategorized into two groups, i.e., low-temperature plasma and high-
temperature plasma. Plasmas with temperatures below 105°K or in other words, ener-
gies less than 10 eV per particle are to be called as low-temperature plasmas. Beyond 
this limit, it is said to be high-temperature plasma. It is also not unusual for plasma to 
be called as per its gas name, i.e., oxygen plasma, argon plasma, nitrogen plasma or 
argon-nitrogen plasma, etc.

2.2 Plasma chemistry

Plasma chemistry refers to the thermodynamic characteristics of various plasma 
forming gases. Both monoatomic and diatomic gases like argon, helium, neon, 
nitrogen, oxygen, hydrogen, carbon monoxide, carbon dioxide, air, and a mix-
ture of gases are used as plasma forming gases. The relation between energy and 
temperature of some commonly used monoatomic and diatomic gases are shown in 
Figure 2.

The diatomic molecules require 90 to 200 kcal mole-1 to dissociate between 
4000 to 10,000°K, while ionization requires 340 to 600 kcal mole-1 between 
10,000 to 30,000°K [5]. The upper practical limit of flame temperature is about 

Figure 1. 
Typical plasmas characterized by their energies and densities.
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temperature plasma. Plasmas with temperatures below 105°K or in other words, ener-
gies less than 10 eV per particle are to be called as low-temperature plasmas. Beyond 
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3500°K, where molecules begin to dissociate, while the lower limit of plasma 
temperatures is about 10,000°K. As most laboratory plasmas are heated electri-
cally, their temperatures will lie in the bottom end of the ionization curve, i.e., 
above 10,000°K for diatomic gases. For any process operating below 1000°K, 
an air-fuel flame (~2000°K) or an oxygen-fuel flame (~3000°K) will have a 
high percentage of energy available for the process. However, for the reaction 
occurring at 2500°K, only one-sixth of energy contained in an oxygen flame will 
be available, and rest must be either wasted or recovered in the expensive heat 
exchangers. On the other hand, a plasma flame composed of atomic nitrogen 
at 10,000°K would have more than 90% of its energy available above 2500°K. 
This high energy efficiency may more than offset the economic advantage that 
combustion energy over electrical energy; certainly, this advantage will increase 
as electrical energy becomes cheaper while fossil energy gets more expensive. 
Although by utilizing plasma high temperature can be achieved with the libera-
tion of huge heat energy in a chemical reaction, plasma gases are generally not 
used as reactants in the reaction.

2.3 Generation of plasma

Thermal arc plasmas are generated by striking an electric arc between two or 
more electrodes. They are characterized by high current densities (greater than 
100 A/cm2) and are more luminous than other types of discharges, especially when 
operated at atmospheric pressure and above. Thermal arcs can be initiated in several 
ways. Two common methods are electrode contact, which produces a short circuit, 
or pre-ionization of the gap between electrodes by a high-frequency spark. The 
cathode must be heated beyond 3500 °K, at which point the thermionic emission 
of electrons begins, generating the charge carriers that create the plasma state [3]. 
Cold cathodes are cylindrical and made of heavily cooled copper, iron, or copper 
alloy while high-temperature cathodes are usually rod-shaped and made of thorium, 
tungsten, or graphite. Thermal arc plasma torches can operate in two modes, i.e., 
non-transferred and transferred arc. If the plasma torch having two electrodes 
designed in such a way that hot gas emerges through one electrode and then heated 
by the flame is called non-transferred. If there is only one electrode in the torch and 

Figure 2. 
Temperature and energy relationship of various plasma gases.
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material to be heated/melted acts as another electrode, then it is said to be trans-
ferred. The schematic of both transferred and non-transferred arc plasma torches 
are shown in Figure 3.

2.4 Application of plasma

In the last two decades, plasma has claimed to be an emerging solution to 
numerous processes due to its unique features and hence implemented in various 
sectors [4, 6–10]. Plasma finds significant industrial applications viz. melting, 
smelting, smelting and reduction, remelting and refining, spark plasma sintering, 
surface modification, and surface coating.

2.5 Advantages of plasma over conventional processes

Although there are a lot of many advantageous aspects behind the utilization of 
plasma, some of the important features are given in Table 1.

2.6 Application in iron making

Many researchers investigated the applicability of plasma in iron and steel 
making [9, 11, 12]. In general, plasma is used as a heat source instead of reductant 
itself, as the percentage of the degree of reduction lags behind when utilized as a 
reductant. The selection of the type of plasma and preferred operating parameters, 
along with the type of reductant, is a crucial factor that needs to be considered 
sensibly in relation to the treating of material. The wrong choice can affect both 
troubleshooting and also processing costs.

Criteria for selection must be based on answering many questions, which 
comprises;

i. Type of reducing agent (carboneous or any other)

ii. Type of plasma forming gas (inert, self-reducing, self-burning or helps in 
burning)

Figure 3. 
Schematic diagram of transferred and non-transferred plasma torches.



Iron Ores

96

3500°K, where molecules begin to dissociate, while the lower limit of plasma 
temperatures is about 10,000°K. As most laboratory plasmas are heated electri-
cally, their temperatures will lie in the bottom end of the ionization curve, i.e., 
above 10,000°K for diatomic gases. For any process operating below 1000°K, 
an air-fuel flame (~2000°K) or an oxygen-fuel flame (~3000°K) will have a 
high percentage of energy available for the process. However, for the reaction 
occurring at 2500°K, only one-sixth of energy contained in an oxygen flame will 
be available, and rest must be either wasted or recovered in the expensive heat 
exchangers. On the other hand, a plasma flame composed of atomic nitrogen 
at 10,000°K would have more than 90% of its energy available above 2500°K. 
This high energy efficiency may more than offset the economic advantage that 
combustion energy over electrical energy; certainly, this advantage will increase 
as electrical energy becomes cheaper while fossil energy gets more expensive. 
Although by utilizing plasma high temperature can be achieved with the libera-
tion of huge heat energy in a chemical reaction, plasma gases are generally not 
used as reactants in the reaction.

2.3 Generation of plasma

Thermal arc plasmas are generated by striking an electric arc between two or 
more electrodes. They are characterized by high current densities (greater than 
100 A/cm2) and are more luminous than other types of discharges, especially when 
operated at atmospheric pressure and above. Thermal arcs can be initiated in several 
ways. Two common methods are electrode contact, which produces a short circuit, 
or pre-ionization of the gap between electrodes by a high-frequency spark. The 
cathode must be heated beyond 3500 °K, at which point the thermionic emission 
of electrons begins, generating the charge carriers that create the plasma state [3]. 
Cold cathodes are cylindrical and made of heavily cooled copper, iron, or copper 
alloy while high-temperature cathodes are usually rod-shaped and made of thorium, 
tungsten, or graphite. Thermal arc plasma torches can operate in two modes, i.e., 
non-transferred and transferred arc. If the plasma torch having two electrodes 
designed in such a way that hot gas emerges through one electrode and then heated 
by the flame is called non-transferred. If there is only one electrode in the torch and 

Figure 2. 
Temperature and energy relationship of various plasma gases.

97

Plasma Processing of Iron Ore
DOI: http://dx.doi.org/10.5772/intechopen.94050

material to be heated/melted acts as another electrode, then it is said to be trans-
ferred. The schematic of both transferred and non-transferred arc plasma torches 
are shown in Figure 3.

2.4 Application of plasma
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numerous processes due to its unique features and hence implemented in various 
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smelting, smelting and reduction, remelting and refining, spark plasma sintering, 
surface modification, and surface coating.

2.5 Advantages of plasma over conventional processes

Although there are a lot of many advantageous aspects behind the utilization of 
plasma, some of the important features are given in Table 1.

2.6 Application in iron making

Many researchers investigated the applicability of plasma in iron and steel 
making [9, 11, 12]. In general, plasma is used as a heat source instead of reductant 
itself, as the percentage of the degree of reduction lags behind when utilized as a 
reductant. The selection of the type of plasma and preferred operating parameters, 
along with the type of reductant, is a crucial factor that needs to be considered 
sensibly in relation to the treating of material. The wrong choice can affect both 
troubleshooting and also processing costs.
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iii. Type of process (melting, smelting or smelting reduction)

iv. Process duration

v. Process environment (open-air, inert or vacuum)

vi. Feed rate

vii. Power control

3. Description of the plasma furnace

The schematic diagram of 30 kW DC extended arc plasma reactor used for this 
study is shown in Figure 4 [13].

On top of the reactor, the plasma torch is attached in the downward direction. 
The plasma torch contains a hollow cylindrical graphite crucible with 145 mm 
outer diameter, wall thickness 15 mm, and 300 mm high that serves as the anode. 
A hollow graphite rod of 400 mm long and 5 mm inner and 35 mm outer diameter 
serves as the cathode. The graphite rod end is tapered to a conical shape for superior 

High efficiency Since a huge amount of energy in the form of heat is available by utilization of 
plasma, high throughput can be achieved.

Long-range of 
melting materials

Since high temperature can be achieved in a reaction by using plasma, almost all 
materials can be melted in this process. Although its commercial use to melt and 
process metals is well known, the method is less known as a method of melting glass.

Feed capability This process is independent of the size, shape, and composition of feed material.

Transient process Due to the release of huge heat energy that a particular reaction requires at a specific 
temperature, plasma stands ahead of any other process to respond to the changes in 
a shorter period.

High energy fluxes Higher temperatures with extreme jet velocities and greater thermal conductivities 
of plasma gases are the key factors that result in high energy fluxes. Smaller furnace 
dimensions with high smelting capacity are a unique aspect of using plasma.

Independent energy 
source

The flexibility of control over feed rate and power independently and input power 
is not limited by the electrical conductivity of feed material to be melted or smelted. 
Hence greater freedom of choice with respect to charge composition is available by 
using plasma.

Gas flow control Unlike combustion systems, the gas flow rate, temperature, and energy input are 
not interdependent, and gas flow rate and temperature can be controlled separately 
irrespective of energy input.

Gas environment 
control

Energy can be provided to the system with desired oxygen potential to ensure 
oxidizing, reducing, or inert gas conditions independently without taking 
temperature into account.

Electrical energy-
intensive process

Minimization of the usage of fossil fuel energy and conservation of fossil fuel can 
be made.

High energy transfer 
to slag layer

Plasma jet is directed towards slag layer and significantly increases the metallization 
rate.

Purity level in 
product

The purity level of the final product through plasma processing is very high.

Table 1. 
Advantageous aspects of thermal plasma.
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electron emission. The hollow structure of the cathode has been designed to have 
provisions for gas flow. The material to be processed was placed in the anode 
crucible bed, and the arc was initiated by shorting the cathode and the crucible 
bottom wall (graphite plate). The arc length was increased by raising the cathode 
rod up suitably within the crucible to heat the charge placed in the crucible. The 
power supply and power control unit is designed to vary the necessary voltage and 
current, enabling easy and smooth control of experimental conditions. Voltage and 
current can be altered over a range of 0–100 V and 0–500 A, respectively. The gas 
supply unit facilitates plasma forming gases, i.e., oxygen, argon, nitrogen, methane, 
coke oven gas. Besides, the mixture of above gases can be utilized as plasma forming 
gas. Gas flow control consisting of digital indicators helps in not only measuring gas 
flow rate but also governing a suitable flow of gases as per experiment performed 
and stands as a key parameter. The gas flow rate can be varied from 0 to 15 LPM. 
Heat insulating materials are placed in between the steel casting and reaction 
chamber.

Several prerequisite steps have to be done before feeding samples into the 
reaction chamber. Initially, the crucible was cleaned in order to avoid any other 
material contained in the crucible to be reacted with samples. The hollow tapered 
graphite rod was fitted in such a way that it points towards the center of the 
reaction chamber. After checking no leakage in the crucible, it was placed in the 
space provided in steel casting. Bubble alumina was poured in spacing between 
the reaction chamber and reaction chamber that acts as a heat-insulating medium. 
The power supply was then provided, and proper arcing between cathode and 
anode was tested. The gas supply is then connected to the cathode passage, and 
plasma forming gas was purged into the reaction chamber for 1 minute to displace 
atmospheric air. After that, the power supply and plasma forming gas supply both 
supplied simultaneously, and the required voltage and current maintained. Then 
sample feed was poured into the hot reaction chamber as per our requirement.

4. Plasma processing of iron-bearing minerals

The present study demonstrates the plasma processing of three iron-bearing 
minerals viz. blue dust, siliceous type iron ore, and manganiferous iron ore.

Figure 4. 
Schematic diagram of DC extended arc plasma reactor.
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bottom wall (graphite plate). The arc length was increased by raising the cathode 
rod up suitably within the crucible to heat the charge placed in the crucible. The 
power supply and power control unit is designed to vary the necessary voltage and 
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gas. Gas flow control consisting of digital indicators helps in not only measuring gas 
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and stands as a key parameter. The gas flow rate can be varied from 0 to 15 LPM. 
Heat insulating materials are placed in between the steel casting and reaction 
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Several prerequisite steps have to be done before feeding samples into the 
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material contained in the crucible to be reacted with samples. The hollow tapered 
graphite rod was fitted in such a way that it points towards the center of the 
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anode was tested. The gas supply is then connected to the cathode passage, and 
plasma forming gas was purged into the reaction chamber for 1 minute to displace 
atmospheric air. After that, the power supply and plasma forming gas supply both 
supplied simultaneously, and the required voltage and current maintained. Then 
sample feed was poured into the hot reaction chamber as per our requirement.
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The present study demonstrates the plasma processing of three iron-bearing 
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Schematic diagram of DC extended arc plasma reactor.
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4.1 Plasma processing of blue dust

Blue dust is the purest form of iron oxide mineral (hematite) abundantly 
available in many states of India. For the present study, blue dust of Koira origin, 
Odisha, India, was collected, which is in fine form (150 μ). The chemical analysis 
of blue dust is given in Table 2. The ore is mainly composed of Fe2O3, and XRD 
analysis also confirmed the presence of single mineral hematite.

Plasma smelting operations were carried out for mixtures of blue dust and coke 
in argon and nitrogen ionizing atmosphere [14]. The coke percentage in charge 
mixture (500 gm) was varied from 5–20%. The plasma gas flow rate was main-
tained at 2.5 LPM.

The highest recovery rate exceeding 86% was achieved for using nitrogen as 
plasma forming gas. The recovery rates in argon plasma are comparatively less than 
those of nitrogen plasma. It is because of the diatomicity of N2 gas, which liberates 
higher energy flux than the monoatomic gas Ar. The loss of Fe in the process involves 
loss accounted for in charging and splashing of metal droplets due to the high velocity 
of the plasma jet in the course of smelting. The loss of metal splashing is further 
minimized by adjustment of power input and controlling gas flow rate. The recovery 
rate attains 95% maximum in closed furnace type arrangements.

As the gangue in blue dust is low, the metallization (Fe) occurs in the absence 
of complex slag phases. Blue dust with different carbon percentages (i.e., 5, 10, 12, 
15, and 20) smelted by using nitrogen plasma shows the change of ferrite, ferrite-
cementite to fully pearlite structure, which can be attributed to the Hull-Mehl 
model of pearlitic transformation [15]. The silica in blue dust in the high reducing 
atmosphere reduces into SiO, observed in smelting tests as fumes. The smelting 
duration for the conversion of Fe2O3 into Fe was 17 minutes, which is several hours 
in BF iron making. Moreover, blast furnace limits the direct charging of blue dust 
to avoid lowering the porosity of charge burden, which increases process cost and 
affects smooth operation.

To use blue dust in BF, agglomeration and heat treatment are required. 
Although stiff vacuum extrusion briquetting avoids heat treatment, binder 
requirement is still essential. The cement and bentonite binder adds cost and also 
requires unnecessary slag generation and separation from the purest Fe2O3 ore.

The direct smelting of blue dust in thermal plasma has several advantages over 
conventional processes in terms of cost-saving operation, purity level in hot metal, 
and high production rate. The production cost will be much less for industrial large 
scale furnace and by using cheap gases such as methane, coke oven gas, etc.

4.2 Plasma processing of siliceous type iron ore

For this study, partially reduced briquettes made from iron minerals were 
collected from an industry in the vicinity of Rourkela, Odisha, India. Briquettes 
upon solid state reduction at 1250°C are partially melted which hinders further 
reduction at higher temperatures. The industrial trial of such briquettes in mini 
BF suggested its infeasible use for iron making due to high FeO loss in slag. The 
chemical composition of the briquette sample is given in Table 3.

The amount of silica and alumina in the briquette is about 16% in cumulative. 
XRD analysis detected wustite (FeO), fayalite (Fe2SiO4), and hercynite (FeAl2O4) as 
major phases in the briquette sample. The presence of such phases suggests the high 
affinity of FeO towards silica and alumina for which low melting fayalite forms, 
melts early and hinders CO gas passage to the core. Partial melting of briquette also 
affects the furnace operation and increases flux addition, and hence increases the 
process cost.
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Here, an attempt was made for the utilization of these briquettes for the value 
addition with maximized extraction [16]. Since plasma processing does not restrict 
the slag chemistry, briquettes were smelted with and without flux (CaO). Initial 
trials with flux addition targeting melilite slag (CaO-MgO-Al2O3-SiO2) improved 
Fe recovery in metal. For the CaO/SiO2 ratio in the range of 0.9–1.0, metallic yield 
exceeds 88%. The flow characteristics of such slag allow a better reduction in the 
slag layer where unreduced Fe-oxides are more promptly metalized.

Another approach was aimed at the direct smelting of briquettes without adjust-
ment of slag chemistry. Since the briquettes are composed of fayalite, additional 
coke was provided for the reduction of silicon along with iron. These briquettes 
were smelted for a longer period than previous slag practice. The metallic recovery 
was appreciably higher, i.e., exceeds 94% by using nitrogen as plasma forming gas.

Phase and microstructure evolution confirms the formation of the iron silicide 
(Fe3Si) phase in the alloy along with Fe. These ferrosilicon alloys can be used for 
deoxidation purposes, which is of greater value than metallic Fe.

This study suggests that the utilization of silicate-based iron minerals are more 
suitable for ferrosilicon production rather than iron making. Although the energy 
consumption is a little higher for FeSi production from these briquettes, flux 
consumption and melting of excess slag can be eliminated. Moreover, the product 
(FeSi) cost puts importance on its feasible production.

4.3 Plasma processing of manganiferous iron ore

Manganiferous iron ore is the type of lean manganese ore containing a maximum 
about 10–15% of Mn. These are of less importance in ferromanganese produc-
tion; however, reduction roasting and magnetic separation improve Mn/Fe ratio. 
The primary objective of such a process is to reduce Fe2O3 into Fe3O4, which easily 
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4.1 Plasma processing of blue dust

Blue dust is the purest form of iron oxide mineral (hematite) abundantly 
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of blue dust is given in Table 2. The ore is mainly composed of Fe2O3, and XRD 
analysis also confirmed the presence of single mineral hematite.
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in argon and nitrogen ionizing atmosphere [14]. The coke percentage in charge 
mixture (500 gm) was varied from 5–20%. The plasma gas flow rate was main-
tained at 2.5 LPM.

The highest recovery rate exceeding 86% was achieved for using nitrogen as 
plasma forming gas. The recovery rates in argon plasma are comparatively less than 
those of nitrogen plasma. It is because of the diatomicity of N2 gas, which liberates 
higher energy flux than the monoatomic gas Ar. The loss of Fe in the process involves 
loss accounted for in charging and splashing of metal droplets due to the high velocity 
of the plasma jet in the course of smelting. The loss of metal splashing is further 
minimized by adjustment of power input and controlling gas flow rate. The recovery 
rate attains 95% maximum in closed furnace type arrangements.

As the gangue in blue dust is low, the metallization (Fe) occurs in the absence 
of complex slag phases. Blue dust with different carbon percentages (i.e., 5, 10, 12, 
15, and 20) smelted by using nitrogen plasma shows the change of ferrite, ferrite-
cementite to fully pearlite structure, which can be attributed to the Hull-Mehl 
model of pearlitic transformation [15]. The silica in blue dust in the high reducing 
atmosphere reduces into SiO, observed in smelting tests as fumes. The smelting 
duration for the conversion of Fe2O3 into Fe was 17 minutes, which is several hours 
in BF iron making. Moreover, blast furnace limits the direct charging of blue dust 
to avoid lowering the porosity of charge burden, which increases process cost and 
affects smooth operation.

To use blue dust in BF, agglomeration and heat treatment are required. 
Although stiff vacuum extrusion briquetting avoids heat treatment, binder 
requirement is still essential. The cement and bentonite binder adds cost and also 
requires unnecessary slag generation and separation from the purest Fe2O3 ore.

The direct smelting of blue dust in thermal plasma has several advantages over 
conventional processes in terms of cost-saving operation, purity level in hot metal, 
and high production rate. The production cost will be much less for industrial large 
scale furnace and by using cheap gases such as methane, coke oven gas, etc.

4.2 Plasma processing of siliceous type iron ore

For this study, partially reduced briquettes made from iron minerals were 
collected from an industry in the vicinity of Rourkela, Odisha, India. Briquettes 
upon solid state reduction at 1250°C are partially melted which hinders further 
reduction at higher temperatures. The industrial trial of such briquettes in mini 
BF suggested its infeasible use for iron making due to high FeO loss in slag. The 
chemical composition of the briquette sample is given in Table 3.

The amount of silica and alumina in the briquette is about 16% in cumulative. 
XRD analysis detected wustite (FeO), fayalite (Fe2SiO4), and hercynite (FeAl2O4) as 
major phases in the briquette sample. The presence of such phases suggests the high 
affinity of FeO towards silica and alumina for which low melting fayalite forms, 
melts early and hinders CO gas passage to the core. Partial melting of briquette also 
affects the furnace operation and increases flux addition, and hence increases the 
process cost.
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separates as magnetic particles. However, the feasibility of the upgrading process 
becomes questionable when both iron and manganese oxides are in associated form, 
i.e., bixbyite (Fe, Mn)O3 mineral.

As an alternative, these ores are subjected to smelting for obtaining FeMn alloy 
with low Mn content. It is a cost-saving operation, and smelting operations can 
be carried out even in BF. The complexity arises for such ores with high gangue 
amount, which affects the extraction kinetics by forming silicates, aluminates, 
and/or complex mixtures phases.

In the present study, lean manganese ore was collected from Joda valley, 
Odisha, India. The ore is in fine form and is being discarded as waste at the 
mines site itself. The initial assessment of the ore through wet chemical analysis 
indicated that the ore contains about 17% of alumina and 9% of silica. The Mn 
content in the fines is about 12%, which falls into the manganiferous category. 
The reduction studies of such briquettes evidenced the formation of hercynite, 
galaxite, fayalite-manganon, and spessartine phases at different temperatures. 
These phases lower the reducibility of the ore and also deteriorate the physical and 
mechanical properties of the agglomerate.

Here an attempt was made to utilize these fines directly in thermal plasma, 
avoiding any agglomeration. Smelting of such ores by using other technologies 
results in poor Mn recovery (≈30%) and high FeO loss into slag; flux addition was 
essential.

The smelting of ore with flux addition targeting melilite and mayenite slags in 
ionizing atmosphere improved Mn recovery and was 80% maximum. Although 
plasma arc provides high energy flux, the slag chemistry also governed the process 
kinetics. By adjusting slag chemistry to a too basic slag lowered the activity of silica 
and alumna; however, the formation of high melting silicate compounds such as 
dicalcium silicate and tricalcium silicate increases the viscosity of the slag. The 
flowability of such slag hinders carbon contact with metal oxides and hence lowers 
the reducibility.

In the current scenario, ferromanganese production follows rich slag and discard 
slag practices. The rich slag retained in primary smelting (low fluxing) is further 
smelted in another step to produce silicomanganese or ferro-silicomanganese. In 
discard slag practices, the slag retained in primary smelting, which contains less 
than 15–30% MnO, is discarded.

The present study refers to the discard slag practice followed by plasma smelting 
with the highly basic slagging operation. As the ore contains high alumina, primary 
smelting similar to rich slag practice will result in slag with alumina bearing com-
pounds, which will be difficult to reduce in the secondary smelting for obtaining 
silicomanganese. Moreover, the cost of smelting these high melting compounds 
will increase reductant, energy consumption, and also lower the furnace refractory 
life cycle.

The extraction of metals from these types of complex ores in single-stage 
smelting operation should be chosen in such a way that the slag can be used in 
secondary products such as cement.

5. Hydrogen plasma

In iron making, coke is used as a heat source and reductant. The application 
of plasma in iron making lowers COX emission for being used as plasma as a heat 
source. The reducibility of metal oxides by solid carbon or CO gas is lower than that 
of H2. The use of methane as plasma forming gas is beneficial over argon or nitrogen 
from a cost perspective. However, ecofriendly gas emission in iron making is only 
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possible through hydrogen plasma processing; the exit gas is water vapor, which 
reduces environmental pollution and will be much beneficial in impurity-free metal 
production [17, 18].

At present, research projects are being carried out for hydrogen reduction of 
iron ore in a pilot-scale, such as HYBRIT [19]. The primary installation of such 
reactors costs high; continuous improvements are essential. The primary benefi-
ciation of iron ores will improve the purity of iron ore, which in turn will reduce 
the cost of the process.

6. Conclusion

The importance of plasma in iron making is discussed considering different 
types of ore minerals and its various aspects of processing. The freedom in size, 
composition, and smelting conditions required for complex ore minerals fits into 
the processing of iron ore in thermal plasma. The use of coke as a heat source 
in conventional iron making processes can be eliminated with the application 
of thermal plasma. The recovery rate and purity level in hot metal extracted 
from complex mines waste is noticeable higher by using thermal plasma. The 
future eco-friendly hydrogen plasma processing is of interest. Moreover, the 
use of hydrogen plasma can result in carbon-free metal/alloys, which can lower 
 production costs by avoiding decarburization.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 7

Concentration and Microwave 
Radiated Reduction of 
Southeastern Anatolian Hematite 
and Limonite Ores—Reduced Iron 
Ore Production
Yildirim İsmail Tosun

Abstract

The concentration of low grade iron ore resources was evaluated by washing and 
reduction. The advanced concentration methods for low grade limonite and hema-
tite iron ores of South Eastern Anatolian resources required such specific methods. 
The followed column flotation and magnetic separation, microwave radiated 
reduction of hematite slime and limonite sand orewere investigated on potential 
reducing treatment. The bubling fluidized bed allows more time to the heat radia-
tion and conduction for reducing to the resistive ıron compounds. Furthermore, 
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by even scrap trade. In these years in the world 88,664 million tons of reduced iron 
(Table 3), about 101 million tons scrap and sponge iron was imported [1, 2].

Iron ore reserves in our country distrıbuted in Divriği, Bingöl, Kayseri regions. 
Besides these ores Kesikköprü, Balikesir and Adapazari different types of iron ore 
reserves are available. The low quality iron ore was extracted and mixed a certain 
weight rate amount with high quality ores evaluated in sinter making [3].

Iron ore is used in iron and steel plants. Turkish iron ore reserves can be abso-
lute ore deposits 115 mill tons, apparant iron ore deposits 950 mill tons, potential 
iron ore deposits 432 millions determined in three groups as tons. Substantially 
expressing our country’s iron ores as low quality, high titaniferrous iron ore is a 
serious mistake. Low grade iron ore deposits occurred in mainly Sivas, Malatya and 
Erzincan [4, 5].

In 2019, the recent years by Erdemir Plant of OYAK, in Turkey, produced 
pig iron in 4 iron blast furnaces used high grade (63% Fe total) imported iron 
ores mixed with at high rate over 5/1 local iron ores evaluated [4, 5]. Hence, this 

Million tons 2015 2016 2017

Europian Union (28) 27,825 30,187 30,675

Turkey 9994 7520 6226

Other Europian 15,407 11,072 9526

CIS 195,298 189,064 177,906

North America 112,451 107,590 113,838

South America 448,122 465,811 465,590

Africa 93,760 90,559 85,657

Middle East 39,370 43,280 55,087

Asia 283,527 316,758 336,879

Oceania 814,403 861,521 887,365

World 2,030,164 2,115,842 2,162,524

Table 2. 
Iron ore production [world steel association, 2019].

Thousand tons 2015 2016 2017

Europian Union (28) 166,115 162,024 168,305

Turkey 31,517 33,163 37,524

Other Europian 35,778 37,601 42,203

CIS 101,552 102,108 100,933

North America 110,938 110,638 115,761

South America 43,899 40,220 43,693

Africa 13,701 13,099 15,053

Middle East 29,429 31,480 34,475

Asia 1,112,873 1,123,948 1,123,948

Oceania 5717 5837 5985

World 1,620,001 1,626,954 1,690,479

Table 1. 
Crude steel production [world steel association, 2019].
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evaluation of low grade explored iron ore deposits prompted. The limonite ore 
deposites contained low grade Fe such as 25–42% Fe in South Eastern Anatolia 
needed enrichment for evaluation in blast furnaces after sizing suitable for use. Low 
grade hematite ore was concentrated to over 65% Fe grade by gravity and magnetic 
separation. The advanced methods were searched for low grade iron ore potential 
to evaluate. But some of the ore undesirable by integrated impurities and low iron 
content. It was partially operated in certain periods. An important part of these 
resources contains limonitic and sideritic iron ores and below 44% Fe as low grade 
hematite river sands. The limonite ore deposits range between 19 and 44% Fe. 
Low grade hematite ores 20% Fe grade could be evaluated in India and China. The 
limonite ores are enriched and pelletized [4, 5].

The pelleting plant projected in Divrigi contained a concentrator and pelleting 
facility established at a capacity of 1 million hematite ore. Regarding our iron ore 
qualities over undesirable contents such as Ti and Mn the resources was not pro-
jected in evaluation as long years since no study conducted on behalf of preparation 
cost and mining cost of iron ore.

India ranked first reduced iron ore use in world steel production with integrated 
iron and steelmaking waste gases in established in the direct reduction facility [5].

In Turkey, imported scrap at 9 million used for 22 million tons EAF iron and 
steel making instead of concentration and pelleting our low grade ores. Reduced 
ıron ore pellet plants in India [6–9]. produced 36.9 million tons in 2019 and varied 
total ore production of 232 million tons. Vertical gas shaft furnaces were commonly 
used in evaluation of reduced low grade hematite sands followed pelleting and 
imported low grade ores in this country directed to horizontal grate for production 
reduced sinters on grate-reduction using coal gas or steel making flue gas. Although 
reduced pellets were high grade 85% Fe total ore produced, sponge iron production 
was not commonjust 3 million tons.

The most effective and cost-effective technologies are needed for iron ore 
products in today’s modern technologies. Turkish pig iron industry needs direct 
reduced iron ore products and related technologies and high quality at lower cost 
with various types of local iron resources should be investigated.

Şırnak and Hakkari region asphaltite coal combusted and ash discarded in the 
boiler bottom contains 15% limonite at fine sand size below 2 mm from furnace 
[10]. The rivers and some local land soil contained below 22% Fe grade hematite at 
slime size of below 150 micron simply excavated as river sand and exported to Iran. 
In this study this low quality hematite and limonite ores were evaluated for steel-
making reduced iron ore [11–13]. The gravity concentration was affective in limonite 

Thousand tons 2015 2016 2017

Europian Union (28) 659 702 703

CIS 5436 5820 7200

North America 10,621 8644 9618

South America 2680 1691 1722

Africa 4025 4019 6152

Middle East 28,906 29,816 33,194

Asia 23,654 27,638 30,075

Oceania 5717 5837 5985

World 75,982 78,331 88,664

Table 3. 
Direct reduced iron ore production [world steel association, 2019].
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and hematite sands. The Humphrey spirals were also used in the washing of Şırnak 
asphaltite coal bottom ash. The limonite sands gave high Fe yields in the low inten-
sity magnetic separation and especially in the washing of the hematite sands in the 
coal ash widely [12]. In the high load density and high ash coals Humphrey spirals 
and magnetic separation was specific performances of concentration sellectively at 
82% during the washing was observed to increase the amount of high grade iron ore 
concentrates.

2. Flotation-magnetic separation of low grade limonite ores

In this investigation, a comparison was done between the use of poor limonite 
and hematite ores containing 15% limonite of the regional coal boiler bottom ash 
discarded as municipal waste 120 thousand tons per annum. The column flotation 
tests of 44% hematite using collector making hydrophobic by oleic acid and froth-
ing agent of pine oil for long height stable frother to float limonite and hematite 
slimes at there stages scavangening flotation. The scavangering column flotation 
was nedded for long period of flotation of hematite slimes and losing high slime 
content at high grade froth performances [12–16]. The amount of collector and 
pH changed from 2 to 5 kg/t and from 8 to 11, respectively. The test results showed 
reduced limonite and hematite recoveries of 63% and 45%. The less amount scavan-
gener yield resulted better (70–85%) limonite recoveries.

In the tests of reduced iron ore production reductive roasting at 1000°C with 
coal fine for different times, ranging 40 min, and 80 min for the limonite pellets 
[17–23] were converted to reduced iron ore and the properties of the reduced iron 
ore showed the optimum conditions of concentration. The burned asphaltite coal 
in reductive roasting showed that high volatile gases amount and flue gas quantity 
and temperature provided by microwave affected on reductive roasting of limonite 
slimes to direct reduced iron ore.

The flotation routes of iron ore can be classified into five major groups, i.e. 
cationic flotation of iron oxide, cationic flotation of quartz, anionic flotation of 
iron oxide, anionic flotation of quartz [24–31]. Despite the variety of flotation route 
for iron ores, currently, the reverse cationic flotation route widely used in the iron 
ore industry. The two anionic flotation methods developed by Hanna Mining and 
Cyanamid, i.e. direct anionic flotation and reverse anionic flotation routes, are also 
being used in the iron ore industry.

Tosun discussed that at the three stages of scavangering hematite slime flotation, 
the flotation rate of the slime suspension at 10% solid weight rate shows very low 
viscosity. The wash water has little effect on the froth flow. Consequently, the only 
froth length at 30 cm scale in the column of 1.5 m will be sufficient to 4 cm diameter 
column scale. Following Floatex density separation, this Outec air sparged column 
flotation as shown in Figure 1 is similar to froth happens in the free fall of an 100 
micron slime hematite in a positive base flow [12]. The scavangering froth time 
increases approximately by growing particles load of froth heavily with time at the 
early stages of the scavengering process. After the theree stage scavangering, The 
Outotec flotation column [32] use need some relatively long time, the maximum 
concentration of the air sparging decreases and the positive base flow effects high 
grade froth making. The collector cations are either stuck onto the bubble. The 
suspension of limonite particles caused hard water [33, 34].

Although the reverse cationic flotation route has become the most popular flota-
tion route in iron ore industry, the direct flotation of iron oxides still appears desir-
able for some low grade iron ores that contain a vast amount of quartz. Oleic acids 
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as fatty acids provided high froth limonte loadseven at low dosage in the range of 
0.45–0.67 kg/t [34, 35]. Reagent conditioning was affected significantly the direct 
froth load. The longer conditioning time can reduce reagent consumption below 
50%. High conditioning time periods over 20 minutes was also found beneficial to 
the direct hematite flotation [36–44].

The adsorption of fatty acids on limonite plays a key role in the direct flotation 
route. In the literature, it is generally accepted that fatty acids adsorb on the sur-
faces of limonite through chemical bonding. Based on infrared studies, established 
that oleic acid/sodium oleate chemisorbs on limonite [39, 40]. Using the technique 
of micro electrophoresis, demonstrated the chemisorptions of oleic acid and lauric 
acid on hematite [40]. It is also confirmed chemisorption of lauric acid on hematite 
surfaces [44]. In addition to chemisorption, fatty acids can also adsorb on mineral 
surfaces through surface precipitation [37, 38].

The collector as hydroxamates that shows similar effect to fatty acids in solu-
tion [39] is used successfully in the laboratory as collectors for hematite, limonite 
and goethite flotation, with better performance than fatty acids [40, 41]. The 
adsorption mechanism of hydroxamates on limonite was classified as classical 
chemisorptions [35, 36].

In the reverse cationic flotation, the depressant of iron oxides that is widely used 
is typically corn starch. Corn starch is not soluble in cold water and must be put into 
solution in a process known as gelatinization.

2.1 Washing with the column flotation

Column flotation of iron ore is prefered as well yield preparation sellective 
floated in the microbubbles [34, 43]. Microbubble froth washing in the form of 
foam zones may be possible to obtain cleaner product [24, 25]. Particularly, for 
difficult washable vertical column is a method used successfully in flotation at 
high rates [40]. Particle size and type of coal as the flotation column can easily 
affect efficiency. However, operating parameters, especially the foam height of the 
column unit, the wash water is added, and the bias ratio is flammable operating 
parameters affect efficiency [34–39].

Figure 1. 
Outec column flotation equipment.
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Other froth principles laid cyclonic column flotation cell (S-FCMC) provided 
a foam zone comprising inclined channels (FCMC) it proved to be effective in 
column frothing used. The froth product in the column has a third zone of the less 
froth sediment removed [37].

The application of column cells in the mineral processing industry has gone from 
virtually zero in 1983 to wide acceptance in 1990 [35–37]. The major operating dif-
ference between column flotation cells and mechanical flotation cells is the lack of 
agitation in column flotation which reduces energy and maintenance costs [34]. The 
practice of froth washing in direct flotation increases concentrate grades without 
significant recovery losses [34]. In the reverse flotation of iron ores, froth washing 
was found effective in reducing the loss of fine iron oxide particles to froth. It was 
reported that the cost of installing a column flotation circuit is approximately 25% - 
40% less than an equivalent flotation circuit of mechanical flotation cells [36].

2.2 Magnetic separation Folowing reduction

Reduction in retort furnace and Shaft furnaces were commonly used in iron ore 
reduction processes depend on numerous factors including coal rank in carboniza-
tion, the volatile gaseous matter of coal such as presence of hydrogen, carbonyl gas 
and reduction rate [45–53]. Hydrate and carbon dioxide removal was stabilizing the 
mass desorbance, the settings of optimal diffusion conditions including structure 
defects (nitrogen, phosphorus, sulfur, ete.). The temperature, oxygen content of 
coal, optimization of carbonmonoxide concentration ratios acted the adsorption–
desorption balance, the residence time and the spatial distribution of molecules 
in iron ore pores among other factors determining the effıciency of reduction. as 
factors affecting the rate and extent of char to CO motion much dependent on the 
site activation, its desorption properties and ore porosity.

The limonite reducing capacity of the microwave heated [54–62] column 
samples according to output reduced iron sand, char shale fine washed away and 
time sequential experiments and reduction limits were high, but high clay con-
tents in limonite sand provided low performans washing and clay have efficiently 
reduced Fe yield. Samples for this microwave heat treatment at low temperatures 
at 900°C provided certain properties of the hematite material of high reducibility 
capacity and not dispersed in the wet state [63–83].

3. Material and methods

3.1 Gravity washing and floatation

The bottom ash of Avgamasya vein asphaltites represent approximately 67% of 
the production is carried out from the coal mines has been reduced to 120 kg sample 
cone reduced by up to 18 mm-fours under the hammer. Nuts are widely washed coal 
ash and high sulfur coal to be sold as industrial fuel asphaltites is intended to be 
sold. Optimum bottom ash flotation plant is determined by standard testing results 
performed. In the experiments, the bottom ash of Avgamasya vein asphaltites 
was crushed and screened prior to represent flotation samples and distribution of 
fractional ash is given in Table 4. Figure 2 describes Table 1 hematite distrubition 
versus ash size distribution. Higher sized ash contained more hematite. The sand 
size had lower content of hematite. Especially the range below 10 mm contained 
remnant about 21,3% hematite of total ash feed. The limonite percentage was 21,3% 
in the total bottom ash distribution. It showed uniform distribution of the hematite 
content in all fractions.
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3.2 Flotation of hematite/limonite in oleate

30 kg samples were ground to −0,1 mm in ball mill and 1 kg representative 
samples were used in the study represent −0,3 mm size of −0,1 mm separated flota-
tion tests for grain size fractions were subjecte direct flotation made by oleic acid. 
In the direct flotation test; oleic acid at neutral pH solution were used as collector. 
– 0,1 mm fraction used in this study were studied in similar way.

1 liter Denver laboratory flotation cell for clean conventional flotation tests were 
used to produce concentrated hematite and limonite concentrates. The condition-
ing 5 min and frothing 10 min in conventional flotation carried for 2 min extra 
at 20% weight solids. The flotation cell was agitated in a mixing speed 1500 rpm. 
Limonite flotation tests used oleic acid 1000 g /ton and frother pine oil 400 g /t to 
be conditioned.

According to the results of the flotation made on pH effect on Limonite at size 
classed; −0,1 mm grain obtained by gravity concentrated classes test results as given 
in Figure 3.

Screen 
Size

Ash 
Weight,%

Hematite,% Hematite 
Yield,%

Limonite,% Limonite 
Yield,%

+ 10 10,44 13,44 1,40 38 26

+ 5 4,8 14,6 0,70 16 22

+ 3 1,23 11,23 0,13 3 23

+ 1.8 5,54 15,54 0,86 2 24

+ 1 7,75 17,75 1,37 1 26

+0,6 13,82 13,82 1,90 2 30

+0,3 15,55 15,55 2,41 4 28

+0,1 13,74 16,74 2,30 9 32

−0,1 27,13 17,13 4,64 25 31

Total 100 15,75 27,16

Table 4. 
The distribution of hematite at bottom ash regarding particle size and hematite yield content in ash.

Figure 2. 
Content distributiobn values in hematite yields in different size grain fraction against size.
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Limonite yields were illustrated in Figure 1 with the curve.
Limonite concentrate can be floated in a weight ratio of 58.2%. 59.7% iron grade 

limonite can be floated in a weight ratio of 68.2% concentrations at pH 8 (Figure 3).
26.3% by weight of the limonite sand floated with the 57.5% yield of limonite. 

The sand could be recovered as given 28.4% as given in Figure 5
Crusher-run coal can be washed with some weighing as high as 17.9% when the 

limonite and ash slimes on limonite flotation for 42.3% constituting 0.02 mm grain 
size flotation yields were obtained. This is thought to be caused by iron ore slime 
Fe content. However, limonite sand and slime have also been coupled in parallel as 
limonite product. The cumulative result of the mixed obtained from the test; 76.5% 
side with an efficiency of 28.4% can be recovered as slime product is seen from 
Figure 4.

3.3 Washing with the column flotation followed FDS

The Floatex Density Separator (FDS) is a water sparged-bed gravity separator 
which is used to separate different density of hematite ores at heavier specific grav-
ity. Both the size below 0,5 mm and density have substantial effective on the concen-
tration of limonite and hematite. The FDS was attracted considerable interest in iron 
ore concentration. The macropictures of samples are shown in Figures 5 and 6.  

Figure 4. 
Test values in limonite yields in- 0.3 mm grain fraction against flotation time.

Figure 3. 
Test values in limonite yields in- 0.3 mm grain fraction against pH.
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The separator consists of an upper tank with a square cross-section and a lower 
conical section [30]. Representative of −0.5 mm samples are concentrated and then 
concentrate hematite of FDS reduced to grinding −100 mikro at controlled size 
grinding. The representative model, 1,6 m glass column 3 cm in diameter laboratory 
column cell flotation cell (Figure 1) used in the column flotation unit of limonite 
slime flotation.

The reagents used in conventional flotation column flotation tests were also 
performed in the column tests. In the column flotation tests oleic acid 1000 g / ton 
pine oil 400 g / t were conditioned foam height is kept constant at 30 cm. Zero Bias 
ratio is used to concentrate hematite ore and limonite sands. The flotation time was 
used for 3 min and 35 min time condition coal in tests. 10% solid/liquid ratios of 
200 ml/min the wash water rate were used in the experimentation.

Column flotation tests results from limonite concentrate, shale waste can be 
taken as sink bottom product and limonite yield equilibrium distribution is given 
in Table 5. Accordingly (−100microns) mm grain size in bottom ash is mixed with 
slime limonite can be as 60.60% in cumulative yield will be thrown when recovered 
limonite is contained, 54.3% iron content of the ash and bottom tailings contained 
4% iron as waste (Figure 7).

Column Flotation efficiency of limonite products produced from the results 
of tests of the direct flotation to 77% of limonite yield has fallen 64% value. 

Figure 5. 
The macropictures of Şırnak limonite.

Figure 6. 
The macropictures of Şırnak hematite.
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Flotation test results produced for the limonite product yields from 77–64% of 
the iron content has fallen 45% value (Figure 8). As shown in Figure 5 The iron 
contents produced from test results of 42% decreased to value of 37% for the 
column flotation of bottom ash. The product yield is lower compared to other 
methods.

Figure 8. 
Proposed Limonite concentration plant.

% Component Şırnak Kızılsu Hematite 
Sand

Şırnak Limonite Şırnak Şenoba Limonite

SiO2 3,53 4 11,14

Al203 2,23 6,5 8,61

Fe2O3 49,1 53 54,9

CaO 23,48 5,23 9,18

MgO 2,2 2,18 4,68

K2O 0,41 0,53 3,32

Na2O 0,35 0,24 1,11

lgnition Loss 16,19 26,11 38.43

S03 0,32 0,21 0,2

Table 5. 
The chemical analvsis values of various limonite ores, in calcareous formations of Şırnak province.

Figure 7. 
Hematite yields in- 0.1mm grain fraction column flotation tests of Şırnak Hematite Sand and Ore at pH 8.
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3.4 Reducing bubbling Teatment

Reduction was carried out in 5000 ml tubes by adding 75 gr limonite to 1900 ml 
of bubling bath. For a homogeneous bubling suspension limonite coal asphaltite 
mixture was first subjected to cold start treatment in a 5 minutes microwave radia-
tion (Figure 9).

After the hot temperature gas limonite suspension was allowed to stand for 
30 minutes after being bubleded so that the reduced particles and ashes were 
collected and settled cyclone output. At the end of the period, suspended limonite 
concentrate was reduced by cycled method and was magnetically separated from 
ashed matter fine.

Figure 9. 
Schematic view of vertical shaft bubling reduction with recycled by microwave heating technique.

Figure 10. 
TGA analyzes of the samples were carried out in Bubling bed in microwave radiated tube.
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The layout of the reducing cycle was somewhat simpler than that of the limonite 
slurry: there was no gas reducing column towers connected to the ashed contami-
nated bubbling compost, and the reducing unit contained one single microwave 
radiation column can be used to perform the three separation magnetized flow 
phases: roughing, scraping and cleaning. The variation of the third cycle washed 
was also limited recycled by microwave act (Figure 10).

4. Results and discussion

The current use of absorbent hematite and new areas of use increase in demand 
due to outflow. Absorbant matter beds must be fully identified, potential sources 
should be determined, absorbant purpose on fulness should be investigated and 
suitable properties for absorbent compost production. This study was improved 
reduction in microwave processes. This study used for microwave reduction heat 
absorbant hematite samples taken from the local area. By applying the reductive 
atmosphere processes, The standard semimetallic materials was suitable for indus-
trial microwave radiation emitted through hematite for reduced matter production 
was possible.

4.1 Bubling reducing activation

4.1.1 Coal gas and bath sand particle size

A major reason is that the retention time in fıxed film processes is longer than in 
solid–gas processes. This allows more time to the carbonization far cracking to the 
desorbed persistent compounds. Furthermore, high rank coals allows an suffıcient 
intimate contact between surface pores and gas atmosphere in the furnace due to 
more gas desorptions [55–56].

4.1.2 Bubling bed porosity

The bubling fluid matter was simulated for reduction solid air mixtures on 
sands. The sand/air mixture was more than occasionally exposed to limonite sand 
to air. The air fluid was comprised of a unique high-stability base plus high-perfor-
mance oxidation inhibitor/stabilizer (Figure 10).

Initially, most of the limonite flow occured through chemical reduction of the 
ıron oxides over the hematite where the coal combustion temperature was in the 
combustion phase below 950°C that reducing gas lasts approximately in 5–13 mins. 
The gas removal efficiency from asphaltite coal was 40–90% reported during the 
temperature range at 950°C. Following the combustion at 800°C iron ore reductions 
over hematite was started as shown in Figure 9.

4.2 Bubling bed reducing treatment

Bubbling reduction design of fluidized bed made an advantage of reducing 
ore and eliminating the effects of microwave convection. The balance and gas 
flow measuring ensuring the heat power and temperature measurement is made 
in a magnetic field of known cycled flow and that the heat losses in the system 
 minimized under both magnetic heating [67–83].

We report on this study of the hematite and limonite compound in terms of iron 
oxide weight stability. Microwave thermal stability in column layers radiated ther-
mal activation determined 800°C temperature value of the limonite and hematite in 
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this chemical compound in a crystal structure of diamagnetic grains can be emitted 
at an optimum temperature of 980°C.

The microwave reduced chemical composition and physical properties of FeO 
formation material in reduced matter showed as Table 6. The bulk density average 
value of the ferrite pellet is 3.02 g/cm3 by reduction. In order to better application 
of the hematite ferrite pellet the melting point of the ferrite pellet and slag forma-
tion material of reducer was compared. The finally the hematite sample put into 
microwave furnace at the temperature of 1350°C and time of holding temperature 
was 2 minutes. The reduced sintering state of sample was immediately observed 
after cooling.

4.3 Concentration reduced ore and model method

The iron oxide groups showed that the limonite quality will enhance the quality 
of direct reduced iron ore quality as high iron grade. Further reductive roasting 
provides much higher metal conversion. The concentration model using Retort 
furnace and coal char was seen in Figure 11.

Material The Chemical composition The Bulk 
density g/cm3

Microwave 
Activity

Reduction 
Rate at 30 min 

CO flow

Ferrite pellet CaO:2,1–2.8%;
SiO2 ≤ 10%;Fe2O3:45 ~ 65%; 

P ≤ 0.1%;S ≤ 0.1%,

2.8 ~ 3.2 Weak 75%

The sintered 
ore

CaO:1.16%; SiO2:5.18%;Total 
Fe:54.3%;P:0.05%;

S:0.02%

2.4 ~ 3.0 Strong 85%

The iron oxide 
powder

total iron is 55%, Oxide 4.8 ~ 5.2 Strong 65%

Limonite 
slime, oxide

total iron oxide 70.02%, silica 
1.55% .

3.6 ~ 4.3 Weak 65%

Table 6. 
Microwave activity, chemical composition and physical properties of iron materials in the experiments.

Figure 11. 
Concentration and reduced iron ore production by retort pelletizing bed in retort furnace.
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4.4 TGA analysis

Analyzes were performed using approximately 300 g of limonite samples at 
a temperature range of 800–1000° C at a heating rate of 10° C / min. The tem-
perature ranges and mass loss values obtained from the TG analysis are given in 
Figure 12. The limonite samples reduced 65% iron yield at 805°C, 899°C and 980°C, 
respectively. The limonite reduction was effective due to the core heat adsorbed on 
autonomous heating particle core by radiation.

In the TGA curves, the reduction rate values of the microwave activated limonite 
samples were determined to be lower than those of the native sample due to the 
increasing iron ore contents at 72–81%. The hematite, coal char shale and limonite 
samples revealed that the total mass losses at 1000°C were 31.9%, 47.75% and 
38.15%, respectively.

5. Conclusions

In the pH measurements made, the pH value of 7,3 in washing limonite finally at 
the last washing column flotation decreased to iron yield lower to 53%, depending 
on the concentration of salt content of slurries in the foam water.

In the three stage microwave cycling reduction test measurements made with 
found that 730 g Fe/kg in limonite/asphaltite char decreased to 530 g Fe /kg in last 
column output. Likewise, the reduced limonite ore iron grade increased to 76% Fe 
as final magnetic separation obtained after 10 min concentrating by low permanent 
magnet and Fe yield was at 47% of final performance.

The reduced iron ore pellets or sinters provided high quality steelmaking feeds in 
plant facilities. The other side in steelmaking is low impruty scrap feed and reduced 
iron contents. In our country, Iskenderun EAF needed this quality ironmaking 
reduced iron ores in steel ladles. There is lack of local miners to produce direct 
reduced iron ore and fluxing limed pellets which are working at ironmaking. The 
microwave reduction method use in this study proved that investing in high quality 
ironmaking and steelmaking feed.

Due to the low iron content of Şırnak limonites and hematite sands this effective 
method showed that retort reduction and magnetic separation following column 
flotation might be effective as bubble bed reduction. The total iron yield was also 
determined as 72% at not reduced sufficiently, as well as limonite product can be 
56%. The recovery of limonite was 87% in the limonite flotation plant. The recovery 
in column flotation can be reduced to 68% of the bottom ash disposed.

Limonite content of the bottom ash was suitable for evaluation in sponge iron 
production so that the sponge product will provide benefits in terms of reduced 

Figure 12. 
TGA analyzes of the samples were carried out in Bubling bed in microwave radiated tube.
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costs as well as transport and environmental protection. The lower grade value can 
be both beneficial in recovery and capacity for industrial iron produced.

In the proposed design of the microwave direct reduction following limonite 
flotation plant, reduced iron ore product was capable of total iron grade of 81% in 
the plant, as reduced iron (12–10 mm) 350,000 tons, industrial 80% iron grade may 
produced with microwave radiation and char use (−10 / -0.5 mm) of 20,000 tons, 
as the magnetic separated 165,000 tons of reduced iron was able to be produced in 
proposed model in Figure 8.

Iron ores fines as limonite and hematite sands slime was finely concentrated 
by column flotation then managed efficient reduction by bubbling bath at 25% 
porosity at temperature of reducing at 900°C. It was determined that so great extent 
reducing rate 64% at 20 minutes and 72% of iron recoveries was found by a porous 
bubbling bath over 47–55% weight rate of limonite was optimized for reduction. 
The more efficiently conducted heat reduced more a low amount limonite with 
below iron weight rate of 35%.

This research was included primitive microwave ovens, but that smaller tubing 
flows reduction in microwave as sintering tube plants without any complicated 
equipment for operation. Two principle stages could still manage prospective pre 
reduction granule and pellet production in new sintering plants: improvement 
of preparation of limonite ores of minus 5 mm retort reduction process as well as 
optimization of the retort coal gas reduction quality. A second stage was principle 
microwave reduction tube passage has prevailed during the last reduction because 
of hematite core was becoming higher temperature CO reduction due to the act of 
the microwave radiation over core of particles This process was beneficial for using 
low quality coal gas and not needing sintering on the issue of energy and environ-
mental dust emission ways.,Due to the produced granules was efficiently used in 
electrical arc furnaces for scrape steel and other mixture demands, in the steel plant 
operators improve scrape and dust controls in hot metal pouring. Approx. 5% of 
the total pig iron production was originated from the pre reduced iron ores ores of 
total 35 milliontons of pig iron production in EAF technology, which highly struggle 
on recover waste gas energy and dust, toxic emissions. This technology may imrove 
dust control by stick hot matter in hot pouring process.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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4.4 TGA analysis
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