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Preface

The coordinated development of resources, environment, energy and popula-

tion is a major social problem in today’s world. A lot of metallurgical solid wastes
have not been timely and effectively recycled, resulting in serious problems of
environmental pollution and waste of resources. As a result, large scale compre-
hensive utilization technologies have been initiated, including slag dry granulation
technology, steel slag cement technology, slag wool technology and slag waste
heat recovery technology, etc. To help support the effort, various governmental
and non-governmental agencies established funding for metallurgical solid waste
comprehensive utilization technology. The comprehensive utilization of metallurgi-
cal solid waste has attracted worldwide attention. It is an effective way to improve
the utilization efficiency of resources and the added value of products by using the
scientific metallurgical solid waste recycling methods.

This book is divided into five chapters. The first chapter is written by Prof. Striga
Julius, et al. This chapter focuses on the antimicrobial efficiency of blast furnace
slags for applications in building materials and products. The second chapter is
written by Dr. Brandaleze Elena et al. In this chapter, the treatment and recycling
techniques of BOF and EAF slags are described. The BOF slags are applied in
buildup, foaming or slag splashing to prolong refractory lining life. Also EAF slags
are commonly used to avoid refractory wear and reduce energy consumption. The
BOF and EAF slag are also used in cement production and building materials. The
third chapter is written by Dr. Deus Anggélica et al. This chapter aims to emphasize
the application of slags in soil, and the effect of slags on nutrient content, such as
phosphorus, calcium and magnesium, some micronutrients and silicon. In addi-
tion, the utilization of these residues in tropical soils is also discussed. The fourth
chapter is written by Dr. Long Hu et al. In this chapter, the physical-chemical
properties and mineralogical phases of converter sludge are characterized, and
different recycling technologies are introduced. The metalized pellet producing
process is mentioned, whereby green pellets made from iron-bearing sludge are
dried and preheated firstly, and then reduced at high temperature in a rotary kiln
or arotary hearth furnace (RHF) to obtain direct reduced iron (DRI). The fifth
chapter is written by Prof. Dmitriev Andrey et al. In this chapter, the red mud of
the bauxite process is used to produce iron-ore sinter and pellets, the effect of

red mud contents on metallurgical properties of sinter and pellets is investigated,
and the main technical and economic indicators of blast furnace smelting are also
analyzed.

This book intends to provide the reader with a comprehensive overview of the met-
allurgical solid wastes comprehensive utilization technology. The comprehensive
utilization methods of metallurgical solid wastes are emphatically described, such
as blast furnace slag, steel slag, converter sludge and red mud.

During the writing process, the book was helped in many ways. Thanks to Prof.
Striga Julius, Prof. Dmitriev Andrey, Dr. Brandaleze Elena, Dr. Deus Angelica,



Dr. Long Hu and others for their hard work and support. Thanks also to Ms. Dolores
Kuzelj, Author Service Manager, for her help and guidance, and thanks to col-
leagues at Anhui University of Technology for their strong support.

Yingyi Zhang
Anhui University of Technology,
Anhui Sheng, China
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Chapter1

Introductory Chapter:
Metallurgical Solid Waste

Yingyi Zhang

1. Utilization status of metallurgical solid waste resource

The sustainable development of resources and energy is an inevitable trend of
social development. With the rapid development of metallurgical industry, a large
amount of metallurgical solid waste is produced. However, a lot of metallurgical
solid wastes have not been timely and effectively recycled, resulting in serious
problems of environmental pollution and resource wastage, such as heavy metal
pollution in air, water, soil, and plant system. According to the characteristics of
metallurgical industry, this book introduces the main types, sources, and charac-
teristics of metallurgical solid waste. The application and treatment methods of
blast furnace slag, converter slag, and electric furnace slag in building materials and
ceramics industry are mainly introduced. The comprehensive utilization technology
of Bayer process-produced red mud and converter sludge was also investigated.

Blast furnace slag (BFS) is a by-product of iron-making, which is formed by
the combination of iron ore with limestone flux. When the molten slag is rapidly
cooled by water, a large amount of granulated and amorphous blast furnace slag is
produced, and the physical and chemical properties of these slags mainly depend
on the production process. It is worth noting that a lot of water and heat are wasted
in this process. The main chemical components of these slags are silica (Si0,),
alumina (AL,03), and lime (CaO), which are the main components of cement and
Ca0-Al0s-Si0, (CAS) glass ceramics [1, 2]. Therefore, the granulated blast furnace
slag (GBFS) is usually used as feedstock for cement and glass ceramics manufactur-
ing. The CaO content of blast furnace slag is about 35-56% [3], which can hydrate
with water to form cementitious pozzolanic reaction products. When these slags
are ground to a finer size, they can be utilized in the production of Portland slag
cement [4]. The typical TEM micrograph of hydrated Portland cement (a) and
photograph of the glass-ceramics (b) just fabricated from blast furnace slag are
shown in Figure 1.

Steel slags are by-products of steel production, which are produced during the
electric arc furnace process in steel-making, converter steel-making, and the sec-
ondary refining of steel, respectively [7]. In the process of steel-making, steel slag
production accounts for about 15% of steel output. The steel slag annual production
worldwide is about 130 million tons which are mainly electrical arc furnace slag
(EAF), basic oxygen furnace (BOF) slags, and ladle furnace basic slag (LFS) [8].
The main chemical components of steel slag include silica (SiO,), alumina (AL,Os),
lime (Ca0), magnesia (MgO), ferrous oxide (FeO), and hematite (Fe,O;), as shown
in Table 1. The mineral components of steel slag mainly consist of olivine, hydraulic
calcium silicate ($-Ca,SiO4 (C;S), Ca3SiOs (C3S)), non-hydraulic calcium silicate
(y-Ca,Si0, (C,S), CaSiO; (CS)), tetra-calcium aluminoferrite (C,AF), dicalcium
ferrite (CyF), and free CaO/MgO [15, 16]. As we all know, C,S and C;S are the main
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Figure 1.
TEM micrograph of hydrated Portland cement (a) and photograph of the glass-ceramics (b) just fabricated
from blast furnace slag [5, 6].

Reference Type CaO SiO, ALO; MgO Fe,05
[9] BOFS 39.08 12.47 6.87 10.57 19.48
[10] 61.21 24.92 1.83 4.89 3.04
[11] 477 133 3.0 6.4 244
[12] EAFS 38.8 141 6.7 39 203
[13] 244 154 12.2 29 —
[9] LFS 57.55 6.21 2317 5.04 3.55
[14] 50.5-57.5 12.6-19.8 4.3-18.6 75-11.9 1.6-33
[12] 425 319 229 126 11
Table 1.

The main chemical compositions of steel slag (wt%).

components of cement. Therefore, the steel-making slag also has certain cementi-
tious properties and is used as feedstock for cement manufacturing, which is widely
used in the construction industry. Figure 2 shows the application of electric furnace
slag concrete in construction.

Red mud (bauxite residue) is an alkaline solid waste residue generated from the
Bayer process [17]. Presently, when producing a ton of alumina via Bayer process,
about 0.8-2.0 t of red mud residues are produced, which mainly depends on the
properties of raw material and production process conditions [18]. The global
annual production of high-alkalinity red mud is about 120 million tons, and the
global accumulation of red mud is about 2.7 billion tons [19]. The typical chemical
compositions and mineralogical components of red mud are shown in Table 2. It
can be seen that the red mud has a high pH or alkalinity, the aluminum compounds
mainly consist of gibbsite (AlI(OH);), aluminous goethite (a-(Fe,Al)OOH), boehm-
ite (AIOOH) or diaspore (AIOOH), and the iron oxide mainly consists of hematite
(Fe,05) and aluminous goethite (a-(Fe,A1)OOH). However, large quantities of red
mud are discarded as waste, and have not been effectively developed and utilized.
This leads to serious soil, air, and water pollution and takes up a lot of space [20].

At present, most of the red mud is directly placed in landfill, deep sea, and stor-
age in settling ponds, as shown in Figure 3. Despite the harmful impact that these
methods pose on our environment, the risks of failure of a poorly engineered
storage dam can result in even greater social and economic damage. In addition, the
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Figure 2.
The application of EAF slag concrete in pavements [7].

Chemical Composition/ Mineralogical Chemical formula Composition/
name wt% name wt%
Fe,03 5-60% Sodalite 3Na,0-3A1,03-6Si0,-Na,SO4 4-40%
AL O3 5-30% Aluminous a-(Fe,A1)OOH 10-30%
goethite
TiO, 0.3-15% Hematite (iron Fe,O3 10-30%
oxide)
CaO 2-20% Silica Si0, 5-20%
Sio, 3-50% Tricalcium 3Ca0-Al,05:6H,0 2-20%
aluminate
Na,0O 1-10% Boehmite AIO(OH) 0-20%
Titanium TiO, 2-15%
dioxide
Muscovite K,0-3A1,05-6Si0,.2H,0 0-15%
Calcium CaCO; 2-10%
carbonate
Gibbsite AI(OH); 0-5%
Kaolinite Al,03-2S10,-2H,0 0-5%
Table 2.

Chemical composition and mineralogical components of ved mud (wt%).

Direct discharge | (B)

Figure 3.
Typical views of the red mud (a) and red mud dam (b).

red mud has a high concentration of aluminum compound, sodium aluminate, and
iron oxide sodium, which limits the application of red mud in cement and ceramic
industry (Tables 2 and 3). Therefore, the comprehensive utilization of red mud
residue is an urgent problem in alumina industry.
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Reference Fe,03 ALO; CaO Sio, TiO, Na,O MgO Cr,03 V,05 LOI

[21] 43.59 18.45 11.38 6.0 5.54 1.82 0.35 0.27 0.17 11.7

[22] 28.30 1767 20.88 8.34 734 2.29 0.65 — — 13.88

[17] 54.8 14.8 2.5 6.4 37 4.8 — — 0.38 9.5

[23] 32.52 18.42 16.74 8.34 6.75 3.59 — — — 13.64
Table 3.

The chemical composition of red mud (wt%).

2. Conclusions

The sustainable development of resources and energy is an inevitable trend of
social development. The comprehensive utilization of metallurgical solid waste is
still a worldwide problem. Because of the limitations of current technology and con-
sumption levels, a large amount of metallurgical solid waste has not been exploited
effectively. The granulated blast furnace slag and steel slags are usually used as
feedstock for cement and glass ceramics manufacturing. However, the traditional
water quenching slag process wastes a lot heat of slag, polluted environment, and
consumed water resources. Therefore, it is very important to develop technology for
the utilization of waste heat from blast furnace slag and steel slag. Industrial storage
is not the only way to solve the problem of comprehensive utilization and pollution
of red mud. The recovery of valuable metals from red mud faces many technical
problems, which seriously hinder the development of the metallurgical industry. In
addition, applying red mud as construction material like cement or soil ameliorant
faces the problem of Na, Cr, and As leaching into the environment. So, we must
reduce the recycling process costs and energy consumption, promote the recovery
of valuable metals, optimize complex processes, and develop new processes.
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Chapter2

Antimicrobial Efficiency of
Metallurgical Slags Suitable for
Construction Applications

Julius Strigdc, NadezZda Stevulovd, Jozef Mikusinec,
Ludovit Varecka and Daniela Hudecovd

Abstract

The chapter deals with studying antimicrobial efficiency of granulated blast-
furnace slag with fineness of 340 (1Sa) and 520 m?%/ kg (1Sb), air-cooled blast-furnace
slag (2S), demetallized steel slag (3S), calcareous ladle slag (4S) and copper slag
(5S), respectively. The efficiency has been tested on G* bacteria—Staphylococcus
aureus, Bacillus subtilis, Micrococcus luteus; G~ bacteria—Pseudomonas aeruginosa,
Escherichia coli, Servatia mavcescens; yeasts—Rhodotorula glutinis, Candida albicans;
filamentous fungi—Penicillium funiculosum, Aspergillus niger, Alternaria alternata,
Chaetomium globosum, Cladosporium herbarum., Trichoderma viride. The efficiency
has been determined by dilution methods in agar media for that reason the resulting
concentration of slags has been 10, 20, 40 and 60%, respectively. The antibacterial
efficiency decreased as follows: S4 > S3 > S2 > Sla = S1b > S5, whereas anti-yeast
efficiency decreased as follows: S4 > Sla = S1b = S3 > S2 > S5. Filamentous fungi
were selectively sensitive to slags, that way there is approximate order of efficiency
S4 > S3 = S1a = S1b > S5 > S2. Application of metallurgical slags into construction
materials provides them increasing biodegradation resistance.

Keywords: metallurgical slags, antimicrobial efficiency, bacteria, yeasts,
filamentous fungi

1. Introduction

Biocorrosion of construction materials is a significant problem wherever the
conditions suitable for microorganisms occur. Biocorrosion is caused by varied
biogenic acids, as well as by H,S and NH3, which result from metabolic activities of
microorganisms [1-4]. These corrosive metabolites react with calcareous compo-
nents of construction materials, finally leading to the biodeterioration.

The effects of different compositions of concrete and added nutrients on fungal
colonization have been studied in [5]. Fungal strains belonging to Cladosporium,
Alternaria, Epicoccum, Mucor, Fusarium, Penicillium, Trichoderma, and Pestalotiopsis
were isolated from fouled concrete structures and used to inoculate mortar tiles
varying in cement composition, water-to-cement ratio, supplementary cementi-
tious material additions, and surface roughness. The strong positive relationship has
been observed between the tile water-to-cement ratio and the amount of biofouling.

1 IntechOpen
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Blast-furnace slag has been added in different amounts of 10, 25, and 50%, and the
results showed, that it possessed only a small antifungal effect [5].

To the contrary, it has been determined [6] that granulated blast-furnace slag
(GBFS), as well as blast-furnace cements with GBFS >65 wt.% have fungistatic
properties. Therefore, the utilization of fungistatic GBFS, blast-furnace cements
CEM III/A 32,5 N (with GBFS content of 65 wt.%), CEM III/B 32,5 N, and CEM
I1I/C 32,5 N provides long-term fungistatic protection [6].

Effect of pig iron slag (IrS) particles on soil physicochemical, biological and
enzyme activities, was studied in [7]. Contamination of IrS particles altered
these soil properties. While the pH value of soil increased slightly, the electrical
conductivity, phosphorus, potassium and carbon contents increased substantially
in polluted soil. Soil contamination with pig IrS caused substantial decrease in
microbial population as well as cease of enzyme activities such as dehydrogenase
and protease. Soil is a dynamic system in which continuous interaction takes place
between soil minerals, organic matter and organisms. Each of these three major soil
components influences the physicochemical and biological properties of terrestrial
system. Since soil enzyme activities are very sensitive to pollution, enzymes have
been suggested as potential indicators or monitoring tools to assess soil quality and
bioremediation activities. The aim in the study [7] was to determine the effect of
pig IrS on soil physicochemical, biological and enzymatic activities of dehydroge-
nase, protease, cellulase and amylase. Soil microbial populations such as including
bacterial and fungal populations were enumerated by serial dilution technique. The
observations revealed that contamination with IrS particles led to increase in pH of
the test soil. This indicates the alkaline nature of the disposed waste contaminants.
Reduced bacterial and fungal population in polluted soil may be due to the toxic
effects of IrS particles on microbial population. This may be because of oxidative
stress caused by iron sledge particles or their interference in osmotic balance [7].
Pollution of the soil environment with heavy metals also negatively influenced the
soil microbial properties such as basal soil respiration rate and enzyme activities
depending on the soil pH, organic matter content and other chemical properties.
Enzymes are strongly connected with important soil characteristics such as organic
matter, physical properties, microbial activity or biomass. They are the sensitive
indicators of soil quality. The study clearly indicated that dumping of pig IrS on
soil, altered its physicochemical and biological properties and inhibited enzymatic
activities such as dehydrogenase and protease. Very significant inhibition of
dehydrogenase and protease activities in polluted soil indicates the alterations in
oxidation-reduction activities of enzymes released from microorganisms [7].

The use of steelmaking slag for sewage sludge stabilization was studied in [8].
The objective was the examination of the stabilization of sewage sludge by the
addition of a steel slag as an alkaline material and the investigation of the effect of
stabilization time on the properties of the produced mixtures. The alkaline mate-
rial used was a by-product from steelmaking refining processes in ladle furnaces,
the steelmaking slag that presented high calcium content. The mixtures of sewage
sludge and slag in various ratios (2.5-20%) were prepared and stabilized for 48
days. The determination of pathogens removal rate, pH, moisture content and
mineralogical phases present was carried out for monitoring of the mixtures
properties. The slag addition resulted in increasing mixture pH (exceeding 12), in
the increase of total solids content and in the decrease of volatile percentage, which
was more pronounced at the highest alkaline slag dosage. In addition, effective
pathogens removal was observed in the mixtures containing more than 10% slag,
due to the high pH values of mixtures. The addition of slag at lower dosages was not
as effective as the highest dosage. Sewage sludge has been utilized for agriculture
and horticulture for several years and represents a good source of nutrients for
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plant growth and soil conditioner to improve soil physical properties. One of the
alternative methods for sludge hygienisation is chemical stabilization with lime
at a pH value equal or above 12 for 3 months. Lime maintains high pH values of
mixtures, removing microbial communities in sludge. An alternative alkaline agent
for sludge stabilization, other than lime, is the residue produced during mechani-
cal treatment of steel in steelmaking processes (steelmaking slag). Steelmaking
slag is a by-product from steel refining processes in ladle furnaces and contains
a high calcium amount, representing a medium with strong alkaline properties.
The steelmaking slag used represents a high alkaline material with the following
average composition, on a dry basis: CaO 53 wt.%; SiO, 18 wt.%; MgO 4.5 wt.%;
ALO; 3 wt.%; MnO 2 wt.%; iron oxides 7.5 wt.% [8]. The alkaline agent addition
in sewage sludge is supposed to contribute to sewage sludge stabilization through
the pH value increase toward highly alkaline values (>11), which results in the
destruction of pathogens. Furthermore, calcium cations may react with sulfur
containing substances in the sludge, resulting simultaneously to odor reduction.
The raw sewage sludge presented high moisture content, reaching up to 83% and
pH values in the neutral range. The pH values of alkaline sewage sludge mixtures
were higher than the pH values of raw sludge sample, throughout the whole period
of 48 days. The highest pH values (exceeding 12) were measured for alkaline sew-
ages with the highest content of alkaline medium, i.e., containing 10 and 20% slag.
Lower pH values, from about 7.5 up to 11.0, were measured for the samples with the
lower content of the stabilization alkaline material. In general, the higher the slag
content, the higher the pathogens removal rate and the lower the required time for
stabilization. The sample with slag addition of 20% presented negligible microbial
content from the early stabilization days. The lower stabilization efficiencies were
measured in the sludge mixtures containing slag contents lower than 5%j; however,
extended stabilization times resulted in the efficient removal of pathogens even
for the samples with a low slag content [8]. In conclusion, the low-cost steelmak-
ing slag, can be used as the efficient alkaline medium alternative to lime, for the
sewage sludge stabilization. High slag additions, up to 20%, were able to offer a
mixture with a high pH, and a low content of moisture, volatiles and pathogens.
The produced mixtures could have several applications, i.e., soil amendment, daily
cover in sanitary landfills, restoration of abandoned mines, etc. Comparison of slag
to lime and limestone revealed that slag may be as efficient as the most conventional
alkaline mediums for sludge stabilization; however, the benefits of the latter over
lime, such as integrated use of a solid waste, availability and low cost, indicate that
steelmaking slag could become an efficient medium for sludge stabilization [8].
The effect of metallurgical slag on microbiological activity in Pseudogley was
studied in [9]. The aim was to investigate the effect of Ca-containing metallurgi-
cal slag from iron-producing factory, comparing to the other lime materials and
fertilizers on microbiological activity in acid pseudogley type of soil. Metallurgical
slag and certain melioration measures did not show significant effect on number
of microorganisms in Pseudogley, although the activity of dehydrogenase was
significantly high in combined treatments with slag. Based on the obtained results
[9], the studied metallurgical slag can be utilized for increasing microbiological
activity and fertility of acid soils. The main task of every agricultural production
is increasing and maintaining soil fertility. For the majority of pseudogley soils,
characterized by high soil acidity, it is necessary to apply Ca-containing materi-
als—calcifiers. Agricultural liming materials increase soil pH and thereby affect
the activity and composition of microbial populations. In acid soils, liming can
create better environmental conditions for the development of acid-intolerant
microorganisms resulting in increased microbial activity. Along with other lime
materials (ground limestone, saturated lime, etc.), metallurgical slag can be of great
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importance [9]. The presence of slag influenced on the decrease of microorganisms
number in Pseudogley. Activity of dehydrogenase (DHA) is higher in neutral soils.
Higher values of DHA from the studied soil comparing to its control indicate that
application of melioration measures and the slag increased its activity. Treatments
with slag showed significant activity of DHA in the soil (three times higher compar-
ing to control). Higher activity of DHA indicates higher intensity of respiration,
thus, higher intensity of mineralization of soil fresh organic matter and humus.
Liming increases soil pH and has a positive and significant effect on microorgan-
isms growth and DHA activity in soil, especially in spring. Thus, the changes in soil
pH significantly affect the rate of soil C and N cycling and soil productivity. Based
on the obtained results, the studied metallurgical slag of the standardized chemical
properties can be utilized for increasing microbiological activity and fertility of acid
soils [9].

The mortar composition contains cement, a latent hydraulic material, a pozzolan
material and aggregate and further contains non-iron metal refining slag aggregate
as a part of the whole of the aggregate to provide a mortar having both excellent
acid resistance and anti-microbial action suppressing the activity of sulfur oxidiz-
ing bacteria and also excellent in adhesion and crack resistance [10]. The latent
hydraulic material is GBFS. The pozzolan material contains one or more kinds of
fly ash, pulp sludge incineration ash, silica fume, waste glass powder and sewerage
sludge incineration ash. The non-iron refining slag aggregate is one or more kinds
of zinc, copper and lead slag.

Metallurgical slags can be advantageously used as an agricultural liming mate-
rial, as a favorable source of minor nutrients. Fertilizers are primarily valued for
their ability to supply nutrients. Plants use these nutrients to make components for
plant growth. The main chemicals must be supplied to plants that are called primary
nutrients are nitrogen, phosphorus, and potassium [11]. A fertilizer containing all
three nutrients is a balanced fertilizer. Plants also require the secondary nutrients,
calcium, magnesium, and sulfur, plus very small amounts of the micronutrients
boron, copper, chlorine, iron, manganese, molybdenum, and zinc. The results
for the use of blast-furnace slag with (N, P and K) seem encouraging regarding
the replacement of commercial fertilizers. The use of blast-furnace slag should be
enhanced in fertilizer making to reduce the cost of fertilizer manufacturer. The
modified slag can be used as fertilizer for agricultural purpose and soil conditioner
for acidity corrector of the soil and make it as valuable products to protect environ-
ment [11]. Steel slag contains fertilizer components CaO, SiO,, and MgO [12]. In
addition to these three components, it also contains components such as FeO, MnO,
and P,0s, so it has been used for a broad range of agricultural purposes. Its alkaline
property remedies soil acidity. The converter slag is used to produce siliceous fertil-
izer, phosphorus fertilizer and micronutrient fertilizer [12].

Blast furnace, converter or ladle slags can be used for producing silicate liming
materials [13]. Utilization of silicate liming materials neutralizes soil acidity and
supplies the soil with plant nutrients. Using blast-furnace lime or converter lime
promotes yields, plant quality and soil fertility. The main minerals contain CaO,
MgO, SiO,, Mn and other valuable micro nutrients. The solubility of silicate from
slags is often higher than from many other silicate containing soil improvers or
rock powders. The basicity of the calcium and magnesium compounds in the slags
improves soil pH. The use of steel slags in agriculture produces not only economic
but also ecological advantages [13].

The chapter of this book aims to study and to evaluate the antimicrobial
efficiency of metallurgical slags for enlarging their construction applications
regarding to higher biodegradation resistance. The antimicrobial efficiency of slags
was mutually compared as well as compared with a commercial biocide based on
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antimicrobial silver Ag. The chapter partially originates from the published results
in article [14] and contributes to increase the metallurgical solid wastes recovery
possibilities and for the utilization of metallurgical slags in ensuring the biologi-
cal resistance of building materials and products against bio-degradation and
bio-deterioration.

2. Materials and methods

The tested kinds of metallurgical slags were as follows: granulated blast-furnace
slags with the fineness of 340 m?/ kg (S1a) and 520 mz/kg (S1b); air cooled blast-
furnace slag (S2); demetallized steel slag (S3); calcareous ladle slag (S4); and
copper slag (S5). The tested slags were ground to the fineness of 400 m*/kg, except
for S1a and S1b. Their chemical composition was determined by X-ray fluorescence
analysis (XRF) using SPECTRO X-LAB 2000 device, according to EN 196-2. The
chemical composition of slags is shown in Table 1.

The mineralogical composition of the tested slags was analyzed by the XRD
method using BRUKER AXS D8 Advance apparatus. The identified mineralogical
composition of the slags is as follows: Sla and S1b—glassy phase, melilite C,AS-
CoMS;; S2—melilite C,AS-C,MS,, brownmillerite C,AF, quartz SiO,; S3—wiistite
FeO, brownmillerite C,AF, free lime CaO, portlandite Ca(OH),, larnite $-C,S, quartz
SiO,; S4—free lime CaO, larnite f-C,S, shanonite y-C,S, gehlenite C,AS, C;A, gypsum
CaS0,-2H,0, quartz SiO, and S5—fayalite Fe,SiO,, anortite CAS,, pyroxene type
CaAlAlSiOg. Biostat is the commercial biocide additive based on silver Ag bonding to
an AL O; support (Al,0; 99.62 wt.%), with the Ag concentration of 20 mg/g. Biostat is
added in a proportion of 0.5 wt.% in the thin layer building applications, such as plas-
tering mortars and rendering and of 1.0 wt.% in rough, coarse layer building applica-
tions, such as bricklaying and masonry mortar, to achieve an antimicrobial effect.

2.1 Determination of free calcium oxide CaOg.. content in ground metallurgical
slags and pH of slag water leachates

The determination of free calcium oxide CaOgee content in the metallurgical
slags was performed using the hot ethylene glycol titration method. The slag sample
was ground in the laboratory’s vibratory mill to a fineness with particle size under
0.1 mm sieve. Then 1.0 g of the slag sample was diluted with 75 mL of ethylene glycol
in a filter flask. Afterwards, the solution was heated for half an hour with occasional
stirring and then washed with 50 mL of denatured ethanol. Approximately 2-3
drops of alpha-naphthol phthalein were added to the solution as an indicator. The
solution was then titrated with 0.1 N HCI, and the titration continued until the color
changed from blue to colorless. The CaOg., content in the slag sample was calculated
as follows: wt.% CaOpg.. = (the volume of 0.1 N HCI used for the titration; in millili-
ters) x 0.28. The CaOge. content in the slag samples is shown in Table 2. The ground
slag samples were leached in distilled water for 24 h at 20°C. The pH was determined
in the slag water leachates by an Agilent Technologies 3200 P pH Meter with an
electrode reference system. The measured pH values of the slag water leachates are
given in Table 2, as well.

No free lime CaOg. content was detected in slags Sla, S1b, and S5, very low CaOgee
content in slags S2 and S3 and the highest CaOg.. content was measured in slag S4 on
the level of 3.30 wt.%, respectively. The pH values of the slag water leachates were in
the range of 9.34-12.93. The highest pH values >12 were measured in leachates of slags
S3 and S4, caused by the high free lime CaOg. content, and the lowest pH < 11 in
leachates of slags S2 and S5. The water leached slags of S3 and S4 agglutinated into
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Slag Unit Slaand S1b S2 S3 S4 S5
Lor (wt.%) 0.95 0.09 6.02 5.32 +4.30°
Sio, (wt.%) 217 40.57 12.81 13.97 2726
ALO; (wt.%) 6.87 812 1.64 1777 7.01
Fe,0; (wt.%) 0.32 2.81 29.78 190 46.64
Cao (wt.%) 41.92 41.73 52.30 58.97 748
TiO, (wt.%) 0.42 011 0.34 0.14 0.21
MgO (wt.%) 10.39 844 2.54 3.30 1.90
K0 (wt.%) 0.60 0.72 0.04 0.06 0.40
Na,0O (wt.%) 0.17 0.19 0.07 0.07 1.07
SO; (wt.%) 1.84 2.39 0.28 198 0.15
MnO (wt.%) 0.68 231 3.54 0.38 0.61
P,0s (wt.%) 0.05 0.14 0.48 0.05 1.26
Cl (wt.%) 0.0173 0.0112 0.0138 0.0017 0.0012
\4 (ppm) 27.0 32.0 298.0 54.0 41.0
Cr (ppm) 69.6 65.0 981.0 419.0 5740.0
Co (ppm) 211 215 98.0 376 307.0
Ni (ppm) 1.9 34 9.9 9.8 1893.0
Cu (ppm) 12 15 10.1 4.9 7273.0
Zn (ppm) 981 18.7 413 123 50,341.0
As (ppm) 07 14 32 21 66.65
Cd (ppm) 11.6 12.0 24.3 22.0 5.0
Sb (ppm) 15 18 2.0 267 50.2
Hg (ppm) 29 1.9 6.6 4.2 28.5
Tl (ppm) 15 33 5.6 6.0 19.0
Pb (ppm) 4.0 176 32 75 9203.3

'L.O.I: Loss on ignition.
Increment on ignition (caused by, e.g., oxidation of sulfides, metallic particles, etc.).

Table 1.
The chemical composition of the tested slags.

lumpy granules in water due to the hydration of free lime CaOge, -CS, and in the
case of slag S4 by the hydration of C;A with gypsum, as well. The hydrated lumpy

granules were mechanically disaggregated to increase the leaching surface contact.

2.2 Determination of antimicrobial efficiency of metallurgical slags under in
vitro conditions

The antimicrobial activity of the metallurgical slags was tested on selected
species of Gram-positive bacteria (G*), Gram-negative bacteria (G™), yeasts
and filamentous fungi. Microbial strains (bacteria and filamentous fungi) used
in the study were either from the Czech Collection of Microorganisms, T. G.
Masaryk University, Brno, Czech Republic (CCM) or yeasts from the Collection
of Microorganism of the Institute of Biochemistry and Microbiology, Slovak
University of Technology, Bratislava, Slovak Republic. Following microorganisms
were used: G* bacteria—Bacillus subtilis CCM 178, Staphylococcus aureus CCM 3958,

16



Antimicrobial Efficiency of Metallurgical Slags Suitable for Construction Applications
DOI: http://dx.doi.org/10.5772/intechopen.81527

Slag Unit Slaand S1b S2 S3 S4 S5

CaO free (wt.%) 0.00 0.06 0.95 3.30 0.00

pH - 11.71 9.34 12.87 12.93 1044
Table 2.

The content of free calcium oxide CaOp,, in the slag samples and pH values of the slag water leachates.

Micrococcus luteus CCM 410; G~ bacteria—Escherichia coli CCM 3988, Pseudomonas
aeruginosa CCM 3630, Servatia marcescens CCM 8587; yeasts—Candida utilis—

1a, Rhodotorula glutinis—1; microscopic filamentous fungi—Aspergillus niger
CCM-F 384, Penicillium funiculosurm CCM 8080, Chaetomium globosum CCM 8156,
Alternaria alternate CCM F-128, Trichoderma viride CCM F-534, Cladosporium
herbarum CCM F-534.

2.2.1 Growth media

1. Meat-peptone bouillon (broth) for inoculation of bacteria (containing in
1000 mL of distilled water, 5 g peptone for bacteriology, 5 g meat extract and
2.5 g NaCl, with the pH adjusted from 7.2 to 7.4);

2.Meat-peptone agar for cultivation of bacteria (containing in 1000 mL of
distilled water, 5 g peptone for bacteriology, 5 g meat extract, 2.5 g NaCl and
20 g agar, with the pH adjusted from 7.2 to 7.4);

3.Sabouraud’s glucose bouillon (broth) for inoculation of yeasts (containing in
1000 mL of distilled water, 10 g peptone for bacteriology and 20 g glucose,
with the pH adjusted to 6.5);

4. Malt agar for cultivation of yeasts and filamentous fungi (containing in
1000 mL of distilled water, 20 g agar and 60 g malt extract, with the pH
adjusted to 6.5).

2.2.2 Solutions

For diluting the inoculum of bacteria and yeasts, saline solution (0.85% NaCl)
was used, and for preparation of the spore suspension (filamentous fungi), a 0.1%
water solution of Tween 80 was used.

2.2.3 Prepavration of the inoculum of bacteria and yeasts

A total of 25 mL of meat-peptone bouillon (broth) in a 100 mL Erlenmeyer
flask was inoculated with a three-day-old culture of model bacteria using a
bacterial loop, and 25 mL of Sabouraud’s glucose bouillon (broth) ina 100 mL
Erlenmeyer flask was inoculated with a three-day-old culture of yeasts using an
inoculation loop. The microorganism cultures were incubated for 15 h at 30°C
using shaking apparatus (at a vibration frequency 4 Hz). The grown microor-
ganism cultures were aseptically filtered through three-ply gauze in order to
remove possible clusters of cells. The obtained cell suspensions were diluted
100-fold with sterile saline (aqueous physiological solution) and were used for
inoculation of the growth media (the cells concentration was 10° cells per mL) in
order to determine the antibacterial and anti-yeast activity of the slag samples,
respectively.
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2.2.4 Preparation of spore suspension of filamentous fungi

A total of 8 mL 0.1% water solution of Tween 80 was aseptically added to the
sporulated cultures of filamentous fungi, which had been cultivated on slant malt
agar for 21 days. Spores from mycelium were loosened by bacterial loop, and filtered
as above. The filtered spore suspension was diluted by sterile saline (the spores
concentration was 2 x 10’ spores per mL) and used for inoculation of the growth
media in order to determine the antifungal activity of the slag samples.

2.2.5 Determination of antimicrobial activity

Meat-peptone bouillon for inoculation of bacteria, meat-peptone agar for
cultivation of bacteria, Sabouraud’s glucose bouillon for inoculation of yeasts and
malt agar for cultivation of yeasts and filamentous fungi were used as growth
media. Saline solution was used for diluting the inoculum of bacteria and yeasts,
and a water solution of Tween 80 was used for preparation of the spore suspen-
sion. Sterilization of growth media and solutions was realized in the laboratory
autoclave at 120°C for 20 min. The tests were performed in the laboratory incu-
bator at temperatures of 30°C for bacteria, 28°C for yeasts and 25°C for filamen-
tous fungi at a relative humidity of 95%. Antimicrobial activity was determined
by dilution methods in agar growth media, so that the resulting concentration of
tested slags in growth media was 10, 20, 40, and 60%; further, the concentration
of Biostat in growth media was 1.0 and 0.5%, respectively. The pH of the growth
media with the addition of the slags was strongly alkaline (pH 11); thus, half the
samples of each slag was tested at this pH, and the second half of the samples was
tested at a modified pH (bacteria pH 7.2, yeasts, and filamentous fungi pH 6.6).
The first half of the samples with the original pH represented real conditions
for growth of microorganisms in concrete; the second half of the samples with a
modified pH represented optimal conditions for growth of the microorganisms
in vitro.

After sterilization, meat-peptone agar and malt agar with added slag samples
and Biostat (at original pH and modified pH) were cooled down to 60°C. The
slag samples and Biostat were equally dispersed throughout growth media and
subsequently they were divided and 6 mL of each was placed in the Petri dishes &
60.0 mm. Sterile paper discs (& 5.0 mm) were placed on the surface of solidified
growth media, which were inoculated by 5 pL from spore suspension of model
filamentous fungi on malt agar. The inoculation of bacteria and yeasts was done
by direct pipetting the suspension on the surface of agarized media. Each 10 pL
of suspensions were pipetted from the model bacteria onto meat-peptone agar or
model yeasts on the malt agar.

The microorganisms were incubated in a thermostat at temperatures of 30°C
for bacteria, 28°C for yeasts, 25°C for filamentous fungi at a relative humidity of
95% for four days. The growth intensity of bacteria and yeasts was compared with
the growth of bacteria and yeasts in the control growth media without slags. The
growth of filamentous fungi in the presence of slags was monitored by the mea-
surement of average diameter of growing colony at regular time intervals and was
compared with the filamentous fungi growth in the control growth media without
slags. In the case that no filamentous fungi growth with the presence of slags was
observed, the paper discs with spores were transferred on fresh growth media. After
96 h incubation at 25°C, the inhibiting effect of slags was inspected: fungistatic
(spores germinate and subsequently the mycelium grows broader) and fungicidal-
lethal (fungi do not grow; they are dead).
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3. Results

The antimicrobial efficiency of metallurgical slags on selected species of G
bacteria, G™ bacteria, yeasts and filamentous fungi was determined and then
mutually compared. The antimicrobial efficiency results are given in Tables 3-8.
The antibacterial efficiencies of slags are given in Tables 3 and 4; the anti-yeast
efficiencies are shown in Table 5; and the antifungal efficiencies are given in
Tables 6-8, respectively. The antimicrobial efficiencies of slags are reciprocally
compared as well as compared with the antimicrobial efficiencies of the com-
mercial biocide additive—Biostat. The growth extent of bacteria and yeasts is
expressed as the signs (—, +, ++, +++), and the growth degree of filamentous fungi
is expressed as the percentage (%) of sample surface covered by fungi colonies
(measured against a K—control growth media without slags; with the expression
of s—fungistatic effect and c—fungicidal effect). The tests were carried out at
N—neutral pH of growth media and A—alkaline pH of growth media, as well.

S1aA M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% s et et et +H+ s

20% +++ ++ +H+ ++ 444 44

40% s ++ - ++ +++white s

60% . 4+ - + ++white R

S1aN M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% +++ +++ +++ ++ 444 44

20% e - - - e e

40% +H+ +H+ - +H+ +44 frarars

60% et - - 4 s et

S1bA M. luteus S. aureus B. subtilis E. coli S. marcescens P. aevuginosa
10% et et et et +++white e+

20% +++ +++ +++ +++ +++white +++

40% e+ 4+ - ++ +++white e+

60% o 4 - + ++white 4

S1bN M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% +H+ +4++ +4++ +4++ 44 S

20% et 4+ 4+ 4+ e+ P

40% +++ +4++ - +4++ 44 S

60% e+t ++ - - . St

S2A M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% ++ + + ++ ++white ++

20% ++ - - 4 ++white 4

40% ++ - - ++ ++white ++

60% - - - - - -

S2N M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% +4++ +++ - +++ TS +44

20% e+ et - et +++ e+
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40% . . - e . .

60% +++ ++ - ++ +4+ +4+

S3A M. luteus S. aureus B. subtilis E. coli S. marcescens P. aevuginosa
10% +++ + + ++ +++ +44

20% +44+ - - 4+ +4+4+ 44+

40% +++ - - ++ +4++ 44

60% . - - + e .

Notes: —, no growth of bacteria; +, the growth of bacteria is negligible; ++, the growth of bacteria is gradual; +++, the
growth of bacteria is intensive comparable with the control growth media; A, alkaline pH of growth media; N, neutral
pH of growth media; white, the colony of Serratia marcescens—loss of red pigment by slag impact.

Table 3.
Antibacterial efficiency of slags regarding bacterial growth inhibition.

3.1 Antibacterial efficiency of metallurgical slags

The test results of antibacterial efficiency of slags and Biostat on the selected
model G* bacteria and G~ bacteria are shown in Tables 3 and 4. From the results, it
is evident that the inhibitory effect of slags differs. Slag S4 had the highest anti-
bacterial activity and intensely inhibited growth of G* and also G~ bacteria. It was
proven already at the lowest concentration of slag S4: 10% in growth media. The
bacteria, except M. luteus, did not grow at higher slag S4 concentrations, whereas
the pH values of growth media (neutral, alkaline) did not affect the intensity of
bacterial growth inhibition.

The slag S3 inhibited the growth of G* bacteria S. aureus and B. subtilis already
at the concentration of 10%, and at higher slag S3 concentrations the growth was
completely inhibited. However, slag S3 did not affect the growth of G~ bacteria,
except for E. coli, at the highest concentration of 60%.

Bacterial growth inhibition with slag S2 was more intensive in the alkaline pH of
growth media. The complete inhibition of the growth of G* bacteria B. subtilis and
S. aureus was measured at slag S2 concentrations of 20, 40, and 60% and, inhibition
of the growth of G™ bacteria S. marcescens, P. aeruginosa and E. coli was detected at
the slag S2 concentration of 60%. Slag S2 only completely inhibited the growth of
B. subtilis at a neutral pH of growth media and at all tested concentrations. Slag Sla
caused total inhibition of B. subtilis growth at concentrations of 40 and 60% at both
a neutral and alkaline pH of growth media. The growth of S. aureus was completely
inhibited at slag Sla concentration of 60% at a neutral pH of growth media. The
40 and 60% slag S1b concentration at neutral as well as alkaline pH of growth
media caused the total inhibition of growth of B. subtilis. No growth of E. coli was
measured at slag S1b concentration of 60% at neutral pH of growth media. Slag S5
did not significantly affect the growth of bacteria. Slags Sla, S1b, S2 and S5 brought
about a change in S. marcescens growth at alkaline pH. The bacteria S. marcescens lost
its red pigment and grew as a white colony. Biostat at concentration of 1.0% caused
100% growth inhibition of all bacteria at neutral and alkaline pH of growth media.
Only negligible or no bacterial growth was observed at Biostat concentration of
0.5% in growth media, and pH had no effect on their growth. Based on the mea-
sured results, it is evident that the antibacterial efficiency of slags decreased in the
order: S4 > S3 > S2 > Sla = S1b > S5. The testing arrangement in Petri dishes regard-
ing the bacterial growth inhibition with slag S2 at neutral pH (N) and alkaline pH
(A) of growth media is given in Figure 1A.
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S3N M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% 4 ++ ++ e et P

20% e - - . e e

40% +4++ - - +++ +4++ +44

60% e+ - - - e+ e+

S4A M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% 4+ 4 4+ ++ + _

20% + - - - - -

40% + - — _ _ _

60% - - - - - -

S4N M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% + + + + + -

20% + - - - - -

40% + - - - - -

60% - - - - - -

S5A M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% 4+ +44+ 4+ 4+ 4+ +44+

20% +H+ +4++ ++ +++ TS 44

40% et e+ + 4 +++white et

60% 4+ +++ + +++ ++white +++

S5N M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
10% ++ +++ +++ +4++ s TS

20% 4 +44+ 4+ +4+4+ 4+ 4+

40% ++ +4++ +++ +4++ s TS

60% ++ ++ ++ ++ ++ ++

BiostatA M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
0.5% ++ - + + + +

1% - - - - - -

BiostatN M. luteus S. aureus B. subtilis E. coli S. marcescens P. aeruginosa
0.5% + - - - + -

1% - - - - - -

Notes: —, no growth of bacteria; +, the growth of bacteria is negligible; ++, the growth of bacteria is gradual; +++, the
growth of bacteria is intensive comparable with the control growth media; A, alkaline pH of growth media; N, neutral
pH of growth media; white, the colony of Servatia marcescens—loss of ved pigment by slag impact.

Table 4.

Antibacterial efficiency of slags regarding bacterial growth inhibition.

3.2 Anti-yeast efficiency of metallurgical slags

The test results of anti-yeast efficiency of slags and Biostat on the selected model

yeasts are shown in Table 5. Slag S4 had the highest anti-yeast activity. Growth
of all yeasts was totally inhibited at slag S4 concentration as low as 10%, at both
alkaline and neutral pH of growth media. Slags Sla, S1b, and S3 caused complete
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SlaA C. utilis R. glutinis S1aN C. utilis R. glutinis
10% i i 10% i i
20% - - 20% - -
40% - - 40% - -
60% - - 60% - —
S1bA C. utilis R. glutinis S1bN C. utilis R. glutinis
10% + + 10% + +
20% - - 20% - -
40% - - 40% - -
60% - - 60% - -
S2A C. utilis R. glutinis S2N C. utilis R. glutinis
10% it et 10% it +Ht
20% et ++ 20% et 4
40% - + 40% + +
60% - + 60% - +

S3A C. utilis R. glutinis S3N C. utilis R. glutinis
10% - + 10% - et
20% - - 20% - -
40% - - 40% - -
60% - - 60% - -
S4A C. utilis R. glutinis S4N C. utilis R. glutinis
10% - - 10% - -
20% - - 20% - -
40% - - 40% - -
60% - - 60% - -

S5A C. utilis R. glutinis S5N C. utilis R. glutinis
10% 4 e+ 10% 4 e+
20% ++ +t 20% ++ it
40% 4+ s 40% 4+ e
60% + + 60% ++ ++
BiostatA C. utilis R. glutinis BiostatN C. utilis R. glutinis
0.5% et it 0.5% et it

1%

1%

Notes: —, no yeasts growth; +, yeasts growth is negligible; ++, yeasts growth is gradual; +++, yeasts growth is intensive
comparable with the control growth media; N, neutral pH of growth media; A, alkaline pH of growth media.

Table 5.
Growth inhibition of selected yeasts by metallurgical slags.

growth inhibition of all yeasts from a concentration of 20% at neutral and alkaline
pH of growth media, as well. The growth of yeasts was intensively reduced with
slag S2 at concentrations of 40 and 60%. Slag S5 partially inhibited the growth of
yeasts; however, total growth inhibition was not observed even at the highest slag S5
concentration of 60%. Biostat at concentration of 1.0% caused total growth inhibi-
tion of all yeasts at both neutral, as well as alkaline, pH of growth media. However,
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Sample Growth of selected filamentous fungi (%)
S1aA A. alternata P. funiculosum A. niger T. C. herbarum Ch.
viride globosum
10% 90 30 Os Os 88 72
20% 78 24 Os Os 80 20
40% 50 0Os Os Os 60 Os
60% 50 Os Os Os 40 Oc
K 100 100 100 100 100 100
S1aN A.alternata Pfuniculosum A.niger T C.herbarum Ch.
viride globosum
10% 90 30 Os Os 88 72
20% 60 24 Os Os 80 20
40% 30 0Os Os Os 20 Os
60% 0Os 0Os Os Os Os Oc
K 100 100 100 100 100 100
S1bA A.alternata Pfuniculosum A.niger T C.herbarum Ch.
viride globosum
10% 80 22 Os Os 80 72
20% 60 14 Os Os 40 60
40% 30 10 Os Os 40 50
60% 0Os 0 Os Os 0s 10
K 100 100 100 100 100 100
S1bN A.alternata Pfuniculosum A.niger T. C.herbarum Ch.
viride globosum
10% 40 30 Os 0s 80 72
20% 40 14 Os Os 60 60
40% 40 10 0s 0s 60 40
60% Os Os Os Os Os 10
K 100 100 100 100 100 100
S2A A.alternata Pfuniculosum A.niger T C.herbarum Ch.
viride globosum
10% 80 30 Os Os 80 80
20% 70 26 Os 0s 80 60
40% 54 20 Os Os 60 40
60% 52 15 0Os 0Os 60 40
K 100 100 100 100 100 100

Notes: s, fungistatic effect; ¢, fungicidal effect; N, neutral pH of growth media; A, alkaline pH of growth media; K,
control growth media.

Table 6.
Antifungal efficiency of metallurgical slags regarding inhibition of growth of selected filamentous fungi.

the intensive growth of yeasts was measured at Biostat concentration of 0.5%, and
so Biostat did not possess an inhibiting effect on the growth of yeasts at this concen-
tration. Based on the obtained results, it is evident that the anti-yeast efficiency of
slags decreased in the order: S4 > Sla = S1b = S3 > S2 > S5. The testing arrangement
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in Petri dishes regarding the yeasts growth inhibition with slag S5 at alkaline pH (A)
and neutral pH (N) of growth media is given in Figure 1B.

3.3 Antifungal efficiency of metallurgical slags

The test results of antifungal efficiency of slags and Biostat on the selected
model filamentous fungi are shown in Tables 6-8. Growth of A. alternate was most
intensively inhibited in the presence of slag S4. Total inhibition of A. alternata
growth was measured at slag S4 concentrations of 40 and 60% at alkaline as well
as neutral pH of growth media, particularly at concentration of 20% at alkaline
pH. Slag S4 even possessed a fungicidal (lethal) effect on the fungal spores of A.
alternata at concentration of 60% at neutral pH, while slag S1b hindered the growth
of A. alternata at concentration of 60% at alkaline as well as neutral pH of growth
media. Slags S1a and S3 totally inhibited A. alternata growth at concentration of
60%, but only at neutral pH of the growth media. Slag S2 at concentrations of 40
and 60%, and slag S5 at concentration of 60%, partially inhibited the growth of A.

Sample Growth of selected filamentous fungi (%)

S2N A. alternata P. funiculosum A. T. C. herbarum Ch. globosum
niger viride

10% 80 40 Os Os 100 70

20% 72 30 Os Os 80 60

40% 64 24 Os Os 70 60

60% 54 20 Os Os 60 50

K 100 100 100 100 100 100

S3A A. alternata P. funiculosum A. T. C. herbarum Ch. globosum
niger viride

10% 80 20 Os Os 52 80

20% 70 10 Os Os 40 75

40% 40 0s 0s Os 20 60

60% 20 0Os 0s Os 0s 0s

K 100 100 100 100 100 100

S3N A. alternata P. funiculosum A. T. C. herbarum Ch. globosum
niger viride

10% 60 10 Os Os 60 80

20% 40 0s 0s Os 40 70

40% 32 Os Os Os 28 60

60% 0s 0s Os Os Os 0s

K 100 100 100 100 100 100

S4A A. alternata P. funiculosum A. T. C. herbarum Ch. globosum
niger viride

10% 70 0s 0s Os 60 0s

20% Os Os Os Os Os Os

40% Os 0s 0s Os Os 0s

60% Os Os Os Oc Os Oc

K 100 100 100 100 100 100
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Sample Growth of selected filamentous fungi (%)
S4N A. alternata P. funiculosum A. T. C. herbarum Ch. globosum
niger viride

10% 20 20 0s Os 0s Os
20% 10 10 Os Os Os Os
40% 0s 0s 0s Os 0s 0s
60% Oc Os Oc Oc Os Oc

K 100 100 100 100 100 100

Notes: s, fungistatic effect; c, fungicidal effect; N, neutral pH of growth media; A, alkaline pH of growth media; K,
control growth media.

Table 7.
Antifungal efficiency of metallurgical slags regarding inhibition of growth of selected filamentous fungi.

alternata. Based on the comparison of growth intensity of A. alternata in the pres-
ence of the tested slags, the order of decreasing inhibition efficiency of slags was:
S4 > S1b > Sla =S3 > S2 > S5.

Growth of P, funiculosum was significantly inhibited by all tested slags.
The highest growth inhibition was measured in the presence of slag S4. Based
on a comparison of the growth intensity of P. funiculosum in the presence of
tested slags, the order of inhibiting efficiency of slags decreased as follows:
S4 > S3 > Sla > S1b > S5 > S2. Total growth inhibition of A. niger was measured in
the presence of all tested slags, with the exception of slag S5, at concentration of
10% at both alkaline and neutral pH of growth media. Slag S4 had a fungicidal
(lethal) effect on the fungal spores of A. niger at concentration of 60% at neutral
pH of growth media. The order of inhibiting efficiency of tested slags on A. niger
growth decreased as follows: S4 > Sla = S1b = S2 = S3 > S5. No T. viride growth was
measured in the presence of all tested slags, with exception of slag S5, at concentra-
tion of 10% at alkaline pH of growth media. Slag S4 possessed a fungicidal (lethal)
effect on fungal spores of T viride at concentration of 60% at neutral as well as
alkaline pH of growth media. The inhibiting efficiency of the tested slags on T
viride growth decreased in the order: S4 > Sla = S1b = §2 = S3 > S5.

Slag S4 had the highest inhibiting efficiency on C. herbarum growth. Complete
growth inhibition of C. herbarum was detected at all tested slag S4 concentrations,
with the exception of concentration of 10% at alkaline pH of growth media, when
the growth inhibition of C. herbarum was on the level of 40%. No growth was
detected in the presence of S1b and S3 slags at concentration of 60% at either alka-
line or neutral pH and in the presence of Sla at neutral pH of growth media. Partial
growth inhibition of C. herbarum was measured at slags S2 and S5. The comparison
of growth intensity of C. herbarum in the presence of the tested slags demon-
strated that the inhibiting efficiency of the tested slags decreased in the order:

S4 > S3 > S1b > Sla > S5 > S2. Total growth inhibition of Ch. globosum was measured
at slag S4, even from the lowest concentration of 10%. Similarly, complete growth
inhibition was observed in the presence of slags Sla and S5, however, only at high
concentration values of 40 and 60%, and as in the presence of slag S3 even at

the highest concentration of 60%. Partial growth inhibition of Ch. globosum was
measured at slags S1b and S2. The comparison of growth intensity of Ch. globosum
in the presence of the tested slags showed a decreasing inhibition efficiency of slags
in the order: S4 > Sla = S5 > S3 > S1b > S2.

From the measured results, it is seen that the model filamentous fungi used
were sensitive to the presence of tested slags in various ways. All slags inhibited the
growth of filamentous fungi by 40-100% at concentration of 60% slag. The most
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sensitive to the presence of all slags were T. viride and A. niger. Their growth was
completely inhibited at 20-60% concentrations of all slags at alkaline and neutral
pH of growth media. The growth of these two fungi species was stopped, thus caus-
ing a fungistatic effect. The 60% concentration of slag S4 resulted in the inhibition
of T viride growth with fungicide effect (killed fungal spores). Slag S4 possessed
the most inhibiting activity for all filamentous fungi. It totally inhibited growth of
almost all filamentous fungi in concentrations from 20 to 60% at alkaline pH of
growth media, with mostly a fungistatic effect. Only T viride growth was inhibited
completely at slag S4 concentration of 60% at alkaline pH of growth media with
a fungicide effect. The growth of filamentous fungi was inhibited completely at
concentrations from 40 to 60% of slag S4 and at slag S4 concentration of 60% with
fungicide effect on A. niger, A. alternate, Ch. globosum and T. viride, at neutral pH of
growth media.

A lower inhibiting effect on filamentous fungi growth was measured at slags
Sla, S1b and S3, however, they inhibited the growth of all filamentous fungi from

Sample Growth of selected filamentous fungi (%)

S5A A. P. funiculosum A. T. C. Ch. globosum
alternata niger viride herbarum

10% 84 48 20 20 60 60

20% 80 14 Os Os 40 10

40% 80 10 Os 0s 40 Os

60% 56 0 Os Os 40 Os

K 100 100 100 100 100 100

S5N A. Pfuniculosum A. T C.herbarum Ch.globosum
alternata niger viride

10% 80 52 70 Os 72 80

20% 80 20 0s 0s 40 40

40% 80 10 Os Os 40 Os

60% 50 10 0s Os 40 0s

K 100 100 100 100 100 100

BiostatA A. P. funiculosum A. T C. Ch. globosum
alternata niger viride herbarum

0.5% 100 100 100 100 100 60

1% 10 70 70 40 50 30

K 100 100 100 100 100 100

BiostatN A. P. funiculosum A. T. C. Ch. globosum
alternata niger viride herbarum

0.5% 100 100 100 100 100 60

1% 30 70 70 40 50 30

K 100 100 100 100 100 100

Notes: s, fungistatic effect; ¢, fungicidal effect; N, neutral pH of growth media; A, alkaline pH of growth media; K,
control growth media.

Table 8.
Antifungal efficiency of metallurgical slags regarding inhibition of growth of selected filamentous fungi.
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Figure 1.

Tl'i testing avrangement in petri dishes vegarding the growth inhibition of selected species of G* bacteria,

G~ bacteria, yeasts and filamentous fungi in the presence of tested slags: (A) bacterial growth inhibition
with slag S2 at neutral pH (N) and alkaline pH (A) of growth media (upper line: control (no slag); lower
line from left: slag S2 (N)—60%, S2 (A)—60%); (B) yeasts growth inhibition with slag S5 at alkaline pH
(A) and neutral pH (N) of growth media (upper line from left: slag S5 (A)—10%, control (no slag), slag S5
(N)—10%; lower line from left: slag S5 (A)—60%, S5 (N)—60%); and (C) inhibition of Aspergillus niger
growth with slag S1a at alkaline pH (A) of growth media (upper line: control (no slag), lower line from left:
slag S1a (A)—10, 20, 40, 60%).

40 to 100% at concentration of 40%. The lowest impact on the growth of filamen-
tous fungi was observed at slags S2 and S5, which affected only the growth of the
most sensitive fungi, A. niger and T. viride. The most resistant was A. alternata.

Its growth was most intensely inhibited by slag S4, with total inhibition observed
at 40-60% of slag concentration range, with mostly a fungistatic effect. Biostat,
at concentration of 0.5% did not affect the growth of filamentous fungi, with
exception Ch. globosum, the growth of which was inhibited by 40%. Biostat at
concentration of 1.0% inhibited the growth of filamentous fungi by 30-70%.
Based on the measured results, it is evident that Biostat is characterized mainly by
antibacterial and anti-yeast efficiency, and affects the growth of model filamen-
tous fungi only to a minimum extent. Regarding the fact that model filamentous
fungi were selectively sensitive to the presence of the tested slags, it is possible

to determine only an approximate order of inhibition efficiency of the slags to
filamentous fungi as follows: S4 > S3 = Sla = S1b > S5 > S2. The pH values of the
growth media did not significantly influence the intensity of inhibition of the
model microorganisms’ growth. The testing arrangement in Petri dishes regarding
the inhibition of A. niger growth with slag Sla in alkaline pH (A) of growth media
is given in Figure 1C.
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4. Discussion

The results obtained by testing the antimicrobial efficiency of metallurgical
slags on selected species of G* bacteria, G~ bacteria, yeasts and filamentous fungi
can be summarized as follows: the tested slags are characterized by selective toxicity
on the model representatives of biodeteriogenic microflora; calcareous ladle slag
(S4) has the highest antimicrobial efficiency; slag S4 best inhibits the growth of
bacteria, yeasts, and filamentous fungi of all slags; complete growth inhibition of
A. niger and T viride was measured at all slags at concentration of 10%, except for
copper slag (S5); slag (S4) and granulated blast-furnace slag with the fineness of
340 m*/kg (S1a) had fungicidal (lethal) effect on spores of some filamentous fungi
at concentration of 60%; slag (S5) possesses the lowest antibacterial and anti-yeast
efficiency, despite having the highest Cu, Hg, As, Pb, Cr, Zn, Co, and Ni amounts
from all slags; air-cooled blast-furnace slag (S2) and slag (S5) possess the lowest
antifungal efficiency. Biostat at concentrations of 0.5 and 1% inhibited the growth
of bacteria, at concentration of 1% inhibited the growth of yeasts, at concentration
of 0.5% did not affect the growth of filamentous fungi at all, and at concentration of
1% inhibited the growth of filamentous fungi only to a minimum extent.

In general, slag (S4) is characterized by the highest antimicrobial efficiency
and inhibits the growth of bacteria, yeasts and filamentous fungi most of all slags.
Slag S4 possesses the highest CaO content of 58.97 wt.% and the highest CaOge.
content (3.30 wt.%) as well as the highest pH value of water leachate (12.93), in
comparison with the other slags. Antimicrobial activity of metallurgical slags,
with the very high CaO and CaOg.. contents, as well as the very high pH value
of water leachate, as in the case of slag S4, could be approximately similar to the
antimicrobial efficiency of lime [15, 16]. Calcareous metallurgical slags give rise to
an increase in the pH values of water leachates up to the range of about 11.5-12.9
due to the high CaO content, e.g., similarly in the case of granulated blast-furnace
slag, cements and concretes in the wet state, when they hydrate [1, 2, 6], which
affects the viability of microorganisms. This effect is similar to the effect of lime
during hygienisation. Disinfection by lime reduces extensively the number of
microorganisms when operated at pH 11.2 at a wastewater treatment plant [15].
Lime enables the destruction of all pathogens due to the pH increase (alkaline
hydrolysis), combined with the temperature rise that quicklime hydration pro-
vides (thermolysis) [16]. The thermolysis effect can be excluded at metallurgical
slags in comparison with lime, however, alkaline hydrolysis could be considered as
their antimicrobial potential. Alkaline hydrolysis (OH™) results in the destruction
of proteins, nucleic acids (RNA), carbohydrate and lipids and so finally pathogen
inactivation [16].

5. Conclusions

According to the measured results, it is evident that: the antibacterial efficiency
of the tested metallurgical slags decreased in the order: S4 > S3 > S2 > Sla = S1b > S5;
the decrease in anti-yeast efficiency was in the order: S4 > Sla = S1b = S3 > S2 > S5;
filamentous fungi were selectively sensitive to the tested slags, therefore, it is
only possible to determine the approximate order of inhibition efficiency of slags
to filamentous fungi: S4 > S3 = Sla = S1b > S5 > S2. Calcareous ladle slag (S4) is
characterized by the highest antimicrobial efficiency, while granulated blast-
furnace slag (Sla, S1b) and demetallized steel slag (S3) possess medium activity.
Air cooled blast-furnace slag (S2) has still lower activity and copper slag (S5) has
the lowest activity. Based on the antimicrobial efficiency results, metallurgical slags
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possess a great potential for utilization as appropriate antimicrobial components for
construction applications.
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Chapter 3

Treatments and Recycling of
Metallurgical Slags

Elena Brandaleze, Edgardo Benavidez and Leandro Santini

Abstract

Steelmaking plants continuously strive to reduce the environmental load in the
steelmaking process, resulting in the recycling of energy, water, and other
byproducts. In this chapter, techniques for the treatment and recycling of metal-
lurgical slags are described. Metallurgical slags are considered secondary raw mate-
rials and are used or added during the process to improve steelmaking practice.
Steelmaking slag added into ladle slags makes it possible to minimize slag line wear.
BOF-converter slags are also applied in buildup, foaming, or slag splashing practices
carried out to prolong the lifespan of refractory lining. Also, EAF slags are com-
monly used to avoid refractory wear and decrease energy consumption. It is known
that cement concrete is one of the most common building materials. Blast furnace
crystallized slags are used in cement production, in different percentages. In this
sense, understanding the properties of slags is a prerequisite to apply them in
different functions. This chapter deals with the measurement and modeling of
thermochemical properties of slags, thermophysical properties, and interproperty

correlations. Different experimental tests applied in slag characterization are also
detailed.

Keywords: slag, recycling, steelmaking, refractory wear, slag properties

1. Introduction

In modern steel plants, the emphasis is placed simultaneously on quantity and
quality. Energy consumption per ton of steel production is often considered a
benchmark of operational efficiency. Steel production necessarily involves produc-
tion of millions of tons of slag as well as waste gases containing harmful constituents
such as carbon dioxide, dioxin, and furans. Safe disposal of slag and elimination of
atmospheric pollution by waste gases are now a matter of serious concern in all steel
producing countries. Developed countries are now laying tremendous emphasis on:
(a) reduction in energy consumption per ton of steel produced and (b) sustainable
environmental management. The most recent thrust is on more integrated green
manufacturing and more intensive waste recycling for sustainable development.
Efforts are on for economic use of all types of steel plant wastes, such as slag, dust,
and flue gases [1]. Slag in ironmaking and steelmaking processes has several metal-
lurgical functions such as preventing contamination by atmosphere, providing
thermal insulation, and removing impurities in the liquid metal. Slag as a mixture of
oxide has specific properties of melting behavior, viscosity, and surface tension,
among others [2]. Optimal slag properties require: low thermal conductivity for
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better thermal insulation, low diffusion coefficients to inhibit unwanted pickup
from the atmosphere, and high absorption capacity for nonmetallic inclusion
removal. Physicochemical properties of slag and molten metal directly affect the
surface and interfacial properties in refining process of molten metal [2].

Slag is of great relevance in metallurgy processes for steel quality; however,
during long years, it was considered an important waste together with the accumu-
lation of refractories after use. This forces us to look for alternative uses to minimize
the impact on the environment. A new concept considers to use the waste of one
industry as a resource in another industry. One of the main applications that can be
given to the slag is as recycled aggregate in the formulation of concrete or abrasive
material applications. Nowadays, it is possible to consider the slag as a possible raw
material for ceramics, road buildup, or cement production. The mentioned uses
include an exhaustive control of the content of Ba, Cd, Cr, Mo, Ni, Pb, V, and Zn, in
order to avoid contamination or air pollution. The content of sulfates or sulfides is
also controlled to avoid the SO, emissions. To avoid volumetric instability of the
cement material, MgO content is determined.

The addition of blast furnace slag into cement avoids a part of limestone and coal
extraction and makes it possible to diminish the CO, emissions that cause environ-
ment pollution. It is important to have in mind that blast furnace slags present
particular hydraulic properties. They are produced at high temperatures, and under
fast-cooling rates, the structure obtained is amorphous. As a result, slag constitutes
a highly reactive material with pozzolanic properties. On the contrary, at low-
cooling rate, a crystalline structure with a considerable hardness is produced. In this
case, slag constitutes a good raw material for cement production and also contrib-
utes with Fe addition to the clinker. A great part of the steel produced in the world
is obtained through electric arc furnace (EAF), the process involves the use of scrap
metal and reduces the CO, emissions. EAF slags present great possibilities of
recycling, similar to those of BOF slags.

Slags recycling in cement production, road buildup, or other applications (that
involve soil contact) are subjected to important environmental requirements. The
material must not present reactions or composition changes greater than 1% in a
period of 100 years.

One of the biggest challenges for metallurgists is to recycle the slag directly in
the steelmaking processes. The operation temperatures and aggressive conditions
promote a rapid wear of the refractories of BOF converters and EAF furnaces.
Modern LD converters are lined with MgO-C refractories. The presence of carbon
controls slag penetration and chemical attack. The capacity of graphite to reduce
wear is based upon its large wetting angle for oxide melts. Slags can penetrate the
bricks only when the graphite is burnt away near the hot face owing to diffusion of
oxygen in between flows during a campaign [1].

In BOF converters, different operation practices using slags as protection media
are used to prolong the lifespan of lining refractory:

* Slag coating or buildup, which protects the bottom part of the converter
* Slag foaming, which protects the refractories below the trunnion line

* Slag splashing, which protects the bottom, the middle, and the upper parts of
the refractory lining.

In the three cases, the slags require good physical properties (viscosity and

surface tension) to achieve good protection results and an adequate slag adherence
to MgO-C bricks. In the slag splashing technology, a portion of slag is retained in the
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vessel after tapping. Slag with low FeO and high MgO is desirable. The practice is
carried out with nitrogen injection through a lance at different heights. In this case,
some plants require special equipment installation.

Slag foaming is also applied in EAF to prevent the heat loss and to decrease the
refractory wear. To improve the performance of these industrial practices and their
applications, it is necessary to deeply understand the fundamental phenomena so
as to determine slag’s characteristics and physical properties required at process
conditions.

Another type of slag that is produced in considerable quantity (ton/year) by the
steelmaking industry is ladle slag. Because ladle slag is a premelted flux, when it is
recycled in the steelmaking process, it is easy to be remelted. This type of slag has
good physical properties, high inclusion absorptivity, and high sulfide capacity.
Choi et al. [3] described two possible methods to recycle ladle slag: (a) by pouring
molten ladle slag to another ladle, at time (taking advantage of the heat) and (b) by
making a ladle slag ingot. The latter option mentioned is complex because of the
unstable method used for making ingots. Ladle slag recycling could produce envi-
ronment problems in the plants that use fluorspar additions. HF emissions gener-
ated increased F concentrations in the plant water and exhaust gas. However, it is
relevant to highlight that ladle slag reuse promotes dephosphorization reaction at
BOF and can substitute expensive steelmaking agents, and besides, the process can
be more ecofriendly.

To summarize, slag recycling requires the availability of detailed and precise
information on their behavior, physical properties, and structural characteristics.
This chapter is focused on the chemical composition, structural characteristics,
thermal and physical properties, and behavior (at high temperature) of different
slags used to protect refractories in BOF and EAF as recycling possibilities.

2. BOF slags recycling practices

Longer lifespans of BOF lining and greater availability result in a reduction of
costs per ton of liquid steel. Different steel plants, depending on their lay out,
process conditions, and operation, have developed and implemented various tech-
niques for protecting MgO-C refractory lining: brick patching, gunning, manual
splashing, chemical splashing, slag coating, slag foaming, and slag splashing [1, 4].
In this chapter, two main slag practices are described: slag coating and slag foaming
considering experimental data and theoretical information.

2.1 BOF slags applied in slag coating practice

The application of MgO saturated coating slags helps to reduce the impact of
the BOF operation on the refractory lining. These slags form a protective layer on
the bottom of BOF MgO-C bricks improving the lifespan of the lining. Slag fluidity
and the physics and chemistry of the refractory-slag interaction are relevant to the
design of these coating slags. The blowing practice, the end of blow temperature,
the ratio of solid-to-liquid phases in the slag, its morphology, its particle size, and
chemistry are determining factors for the required properties. Slag-refractory
adherence mechanisms are analyzed, and measurements of slag fluidity at high
temperature and other physical properties obtained by thermodynamic simulation
(up to 1700°C) are informed. Slags of appropriate characteristics allow lining
recovery, reducing corrosion damage, oxidation, and erosion of the refractory, as
well as the impact of the charge, without altering the metallurgical function of
the BOF. Slags used for this purpose need to be optimized and characterized [4].
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Slag behavior at process temperatures depends on slag chemistry, melting
behavior, viscosity, surface tension, fluidity, FeO content, and MgO saturation.
In addition, solid and liquid phases of the slag (at practice temperatures) in

the system have relevant influence on the adherence behavior. All these
factors lead to/foster the achievement of a good slag layer on the surface of
MgO-C bricks.

Experimental tests of physical properties as viscosity and surface tension of
multicomponent systems at high temperatures (higher than 1500°C) are difficult to
carry out due to the complexity of the process and the amount of time involved.
The presence of impurities and possible reactions between the crucible material and
the slag produces a transportation problem in the interface that can reduce the
values of the properties and can occasionally modify wettability. These factors
induce the development of mathematical models and thermodynamic simulation
applications to predict the viscosity of a system as a function of slag chemistry
[5-8]. The Urbain theoretical model is being one of those more used for the steel-
making slags [5], being the Urbain model one of the most widely used for industrial
slags. The model estimates the viscosity of liquid silicates and alumino-silicates in
function of chemical composition and describes temperature dependence of viscos-
ity through the Weymann expression, Eq. (1):

n = AT exp (10% B/T) €

where 1) is the viscosity in poise; T is the absolute temperature in K; and A and B
are the parameters that depend on slag chemical composition (A is expressed in
poise K™ ' and B in K), Eq. (2).

“InA = 0.2693B + 11.6725 )
The Urbain model [5] classified the oxides into three groups:
* Glass formers: Xg = Xsio, + Xp,05

* Modifiers: Xy = Xcao + Xmgo + Xna,0 + X0 + 3Xcar, + Xreo + Xmno+
2XT1i0, + 2X7:0,

* Anfoters: Xo = Xaj,0, + XFe,0, + XB,0,

In this chapter, viscosity values of end-of-blow slags were estimated taking into
account the Urbain model and applying the viscosity module for melts of FactSage
7.2 software [6]. It is important to mention that during the last year, large thermo-
dynamic databases of multicomponent oxide systems have been developed, and
parameters have been optimized in order to reproduce all reliable experimental data
within experimental errors. The information obtained through FactSage 7.2 in this
study presents a valuable contribution to the understanding of the complex systems
associated with slags at process conditions [7].

The industrial end-of-blow slags selected for this study were divided into five
groups with different FeO contents: A (18 < FeO < 22), B (22 < FeO < 25), C
(25 < FeO < 30), D (FeO>30) and E (FeO<18). Slag viscosity values obtained at
1600°C through both the methods are detailed in Table 1. In Figure 1, a comparison
of the viscosity values obtained for slags A, B, C, D, and E shows that slags of the E
group, with FeO content lower than 18 %wt. and a binary index (BI) 2.88, present
the highest viscosities. In Figure 2, it is possible to evaluate the impact of slag FeO
content on the viscosity evolution.

38



Treatments and Recycling of Metallurgical Slags
DOI: http://dx.doi.org/10.5772/intechopen.80595

Slag  SiO, CaO FeO MgO MnO Al O3 P,05 S Nrs NUrbain
%) (%) (%) (%) (%) (%) (%) (%) (poise) (poise)

Group A (18 < FeO < 22)

1 15.9 443 19.6 10.2 6.3 0.8 2.8 0.06 0.25 0.78
2 15.4 47.0 18.7 8.4 5.9 1.5 2.7 0.08 0.26 0.80
3 14.8 453 21.6 8.4 6.3 1.0 24 0.06 0.24 0.75
4 15.3 45.7 20.7 7.6 6.2 1.9 2.5 0.08 0.25 0.81
5 15.3 45.1 21.0 7.6 6.4 21 2.5 0.07 0.25 0.83

Group B (22 < FeO < 25)

6 14.2 44.1 225 8.8 6.3 1.4 2.4 0.07 0.23 0.75
7 14.7 43.9 225 7.9 6.4 1.4 2.7 0.07 0.23 0.77
8 14.0 44.3 24.4 7.5 5.8 1.6 25 0.08 0.23 0.75
9 15.3 43.8 23.7 72 6.2 1.6 2.5 0.08 0.23 0.80
10 14.4 44.2 241 7.2 6.1 0.9 2.6 0.07 0.22 0.74

Group C (25 < FeO < 30)

11 13.2 44.6 25.6 7.5 5.6 1.2 2.3 0.08 0.21 0.70
12 13.8 43.7 26.3 6.9 5.5 1.2 21 0.09 0.22 0.73
13 121 44.3 25.8 7.9 5.7 1.6 2.2 0.08 0.21 0.68
14 13.9 44.0 253 6.9 6.2 1.2 2.5 0.07 0.22 0.73
15 13.4 43.7 26.0 6.9 5.9 1.6 2.3 0.08 0.21 0.73

Group D (FeO > 30)

16 12.7 39.7 321 7.6 5.8 0.8 22 0.08 0.18 0.67
17 10.5 321 39.9 8.5 6.0 0.8 1.8 0.07 0.15 0.59
18 10.5 423 31.4 6.5 5.6 1.2 1.9 0.09 0.18 0.60
19 12.0 40.0 325 6.4 5.6 0.9 2.0 0.08 0.17 0.65
20 11.5 39.9 33.6 6.7 5.3 0.7 1.8 0.07 0.17 0.62

Group E (FeO < 18)

21 18.5 45.2 16.7 7.8 6.8 1.0 31 0.06 0.29 0.90
22 13.0 48.2 16.4 9.8 6.0 17 2.8 0.09 0.26 0.72
23 18.2 49.9 141 6.8 5.6 1.6 33 0.09 0.31 0.91
24 17.9 49.0 15.3 6.8 5.9 18 3.0 0.10 0.30 0.92
25 17.7 49.1 16.1 6.4 5.8 17 2.9 0.10 0.30 0.90
Table 1.
End of blow slag chemistry.

A slag sample with FeO ~ 18, MgO ~ 11, CaO = 43, Al,03 = 1.6, and SiO, ~ 17%
wt. was characterized by different experimental tests. The melting behavior was
determined by hot-stage microscopy (HSM). The critical temperatures obtained are
Tinitial = 1398°C, Tsoftening = 1408°C, Themisphere = 1412°C, and Tﬂuidity = 1419°C. At
1600°C, the average of the contact angle measured was .yerage = 33°. Also, a good
adherence behavior on MgO-C samples was obtained by means of dipping tests.
Viscosity values estimated by the Urbain model and FactSage 7.2 at 1600°C for the
slag were npsage = 0.29 poise/nurbain = 0.90 poise. The solid and liquid phases
predicted (at 1600°C) by the Equilib module of the software are 92.25 g of a liquid
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Figure 1.
Comparison of viscosity values of slags for groups A, B, C, D, and E with different FeO content.
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Influence of iron oxide content on viscosity at 1600°C.

phase L; with a chemical composition: 4.70% MgO, 17.4% FeO, 6.47% MnO, 18.42%
Si0,, 44.87% Ca0, 2.16% Al 03, 0.98% Fe,03, 3.21% Caz(PO4)2, 0.40% Mg3(PO4),,
and 1.12% Fe3(PO,4), and two solid phases: 6.4 g of MgO and 0.33 g of Fe (bcc).

For slags with FeO =~ 25.8%wt, MgO =~ 7%wt., CaO ~ 44%wt., Al,O3; ~ 1%wt.,
and SiO, ~ 14%wt., the liquid phase L; increases up to 97 g, and the chemical
composition is as follows: 4.33% MgO, 24.2% FeO, 6.16% MnO, 14.45% SiO,, 43.8%
Ca0, 1.03% Al,03, 1.23% Fe,03, 2.82% Ca3(PO4),, 0.33% Mg3(PO4),, and 1.40%
Fe3(PO4),. The solid phases include 2.66 g of MgO and 0.44 g of Fe (bcc).

On the basis of the information obtained, it is possible to conclude that slags
with 18% FeO at 1600°C present the adequate quantity and chemical composition

40



Treatments and Recycling of Metallurgical Slags
DOI: http://dx.doi.org/10.5772/intechopen.80595

of liquid phase (L;), promoting optimum viscosity and contact angle values that
favor the adherence of slag on MgO-C bricks on the bottom of the converter.
However, slags with higher FeO content promote the increase of the liquid phase
proportion (L;) with chemical composition changes that produce disadvantages
regarding wettability. Slags with the chemical and physical properties mentioned
are applied in BOF slag coating practice in the industry with good results increasing
the lifespan of the lining and protecting the bottom of the converter.

2.2 BOF slags used in foaming practice

Slag foaming constitutes another alternative to use the converter slags to protect
MgO-C bricks below the trunnion line [8, 10]. It is important to take into account
that in order to enhance the performance of this industrial practice, it is necessary
to understand deeply the associated fundamental phenomena. Along the steel con-
version process, the oxygen blown is mostly combined with elements dissolved in
the melt. The reaction products are oxides, which are finally incorporated into the
slag. If a carbonaceous material is added after blow, C reacts with FeO and generates
CO, Eq. (3), causing slag foaming.

C(injected) + (FeO) — Fe + CO (3)

CO for foaming is also produced by decarburization of the metal given by
Eq. (4):

C(in metal) 4+ %2 0, — CO (4)

Gas bubbles in the slag foam could be small or large. The size of the bubbles
determines the foam behavior. Foam with small bubbles is dense avoiding the risk
of slopping and promoting good slag adherence to the refractory surface. On the
contrary, large bubbles like soap generate unstable foam and the likelihood of
slopping. Two types of foams can be distinguished: (i) foams initially formed by
spherical bubbles that are separated by thick films of liquid and (ii) polyhedral
foams in which the bubbles are deformed because of drainage of the liquid film
[9-12]. Drainage phenomena decrease the thickness of the liquid separating film to
values lower than 1 pm.

As it is known, converter slags are an extremely complex mix of oxides that
determine the slag physical properties such as viscosity, density, surface tension,
and others. Therefore, accurate viscosity values are essential for the optimization
and improvement of metallurgical processes. Experimental measurements have
difficulties associated with the high temperature needed (or the high melting point
of some slags). Consequently, an alternative is the application of theoretical models
to estimate the viscosity and surface tension, as a function of temperature, on the
basis of slag chemical compositions [13, 14].

As it was already mentioned, viscosity is considerably affected by FeO content.
If the FeO increases in the slag, the viscosity decreases and causes foam bubbles to
drain more rapidly, resulting in foam decay. Hence, there is a critical FeO content
below which foaming increases and above which the foam is less stable. Surface
tension consists in a physical property that depends principally on the surface
and not on the bulk. This is affected by the concentration of surfactants and the
chemical activity of the surface active component, which determines the surface
active concentration in the surface layer [15]. Both properties (viscosity and
surface tension) are necessary to estimate the foaming index X and to increase the
knowledge about this practice. Different expressions have been proposed for
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foaming index X. In this study, Eq. (5) detailed by Fruehan and Matsura [16], is
considered:
1?2

= =115 55 s

6)

where Dg, |, p, and o are the foam bubble diameter, slag viscosity, slag density,
and slag surface tension, respectively.

Another point of interest is the foam life time, because it can vary greatly
depending on the surfactant compounds present. Transient foams last for a few
seconds, while stable foams have prolonged shelf life [12]. In this chapter, results of
16 BOF slags characterized for foaming practice are informed. Slag viscosity and
surface tension were determined by theoretical models in order to establish the
foaming index applying Eq. (5). The Urbain model [5] and Zaharia, Sahajwalla and
Khanna model [17] were used to determine viscosity and surface tension, respec-
tively. The results were completed with information about the thermal behavior of
the slags obtained by hot-stage microscopy (HSM). Also, based on the slag chemical
compositions, the isothermal solubility diagram (ISD) was applied in order to pre-
dict a good foaming behavior and capability of refractory protection.

Another contribution of this work is the information concerning different car-
bonaceous materials used to foam BOF slags. Three materials were studied consid-
ering physicochemical properties and structural aspects. The results were correlated
with the information of the slag characterization.

Table 2 details the chemical composition of the BOF slags selected for the study
in order to improve the foaming process. Based on the slag chemical composition,
the binary basicity index (IB2) and ternary basicity index (IB3) are calculated to
predict foamability of the slags applying ISD (see Table 3). The values of IB2

Slag % SiO, %Ca0 % Al,O3 %MgO %FeO %MnO %P,05 %S

1 13.96 42.60 3.04 12.39 22.18 5.96 1.70 0.11
2 13.55 42.97 2.89 8.58 23.56 531 1.79 0.09
3 12.31 42.45 2.60 8.28 25.79 7.76 1.76 0.10
4 13.12 46.10 2.26 8.95 21.46 7.06 1.86 0.09
5 16.20 42.41 1.63 10.83 20.71 6.64 1.87 0.07
6 18.09 42.02 2.79 10.08 19.99 6.79 171 0.08
7 12.74 41.13 2.25 10.96 26.40 5.79 1.61 0.06
8 17.23 44.32 3.13 9.43 19.15 5.47 2.08 0.09
9 16.74 44.02 2.34 8.66 20.47 7.73 2.04 0.11
10 13.84 40.95 2.14 7.99 25.65 8.33 1.81 0.09
11 12.21 38.19 2.62 7.20 29.55 7.68 1.77 0.09
12 14.47 40.16 1.99 8.26 28.34 5.79 1.60 0.07
13 13.03 39.23 2.67 8.32 26.22 9.96 1.66 0.10
14 14.91 42.47 2.46 9.52 24.05 5.41 1.78 0.09
15 19.68 44.61 3.86 9.47 17.20 5.28 1.96 0.09
16 17.15 45.13 2.57 8.07 19.95 6.67 1.92 0.09
Table 2.

Chemical composition of foaming slags.
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Slag [B2 IB3 n(1550°C) (Poise) y (1550°C) (mN/m) XDp=0.015m XD} =0.005m

1 3.05 251 1.14 665 4.97 14.97
2 317 262 117 648 517 15.57
3 3.45 285 1.04 646 4.88 14.72
4 351 3.00 1.06 642 4.96 14.96
5 262 238 1.20 638 5.32 16.02
6 232 201 1.41 630 5.84 17.58
7 323 274 1.03 625 5.03 15.15
8 257 218 1.40 630 5.82 17.52
9 263 231 1.29 621 5.66 17.06
10 296 2.56 1.12 625 5.24 15.79
11 313 257 1.07 623 5.14 15.49
12 278 244 1.14 619 5.34 16.09
13 3.01 250 1.10 627 5.18 15.59
14 285 245 1.19 616 5.48 16.52
15 227 190 1.61 617 6.37 19.18
16 263 229 1.34 618 5.80 17.47
Table 3.

Basicity index, viscosity, surface tension and foaming index values.

% Mg

Figure 3.
ISD (%MgO-%FeO) for three ternary basicity index ranges.

indicate that the slags are saturated in MgO and are compatible with refractory
lining. All the slags were classified into three ternary basicity index (IB3) ranges:
1.9 > IB3 > 2.29,2.29 > IB3 > 2.74, and 2.74 > IB3 > 3 and then placed in ISD (%MgO-
%FeO).

As it is known, a creamy slag is the optimum condition to obtain the good
foamability described by Pretorious [18]. In this study, it is visualized that the
majority of the slags considered are in the crusty zone (Ca,SiO,4 + (Fe,Mg)O + lig-
uid). Only four slags (E1, E10, E11, and E14) with IB3 ~ 2.5 are near the creamy
zone ((Fe,Mg)O + liquid; see Figure 3). Nevertheless, when ISD includes the %
MnO, the same four slags (E1, E10, E11 and E14) are moved toward the right
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Figure 4.
ISD (%MgO-FeO + %MnO) for IB3 = 2.5.

showing the MnO effect (Figure 4). MgO content in the slags mentioned is between
7.2 and 12.4%.

Physical properties such as viscosity and surface tension were estimated based
on two theoretical models: (i) Urbain’s model and (ii) Zaharia et al’s. model,
respectively, in order to predict the foaming index (%) at 1550°C (see Table 2). Two
different diameters (Dg) of bubbles were considered in the X calculus: 0.015 m and
0.005 m. The results obtained are also detailed in Table 3. For slags (E1, E10, E11,
and E14) with good foamability properties, the viscosity (1) values are between
1.07 and 1.19 poise and the surface tension between 616 and 665 mN/m, at 1550°C.
The results are in agreement with Pretorious [18], who suggests low or medium
values of surface tension in the slag for good foaming behavior. At 1550°C, the
predicted average foaming index values for two bubble diameters (Dg = 0.015 m
and Dy = 0.005 m) are 5.2 and 15.7, respectively. The content of %FeO in these four
slags is between 22 and 30% and of %MnO between 5.4 and 8.3%. This information
represents a good starting point to optimize the BOF foaming industrial practice. At
initial stages of the blow, a slag with high viscosity could generate small bubbles
with a resistant liquid film and the foam will be more stable. The correlation
between IB3 and X shows that the foaming index decreases (slightly) as the basicity
index increases (Figure 5).

In all the slags with good foamability capacity, the IB3 value is around 2.5. It was
observed that when the bubbles present a Dg = 0.005 mm (small size), MnO
content (for MnO < 8%) results in random foaming index values compared to the
effect of FeO content. The highest foaming index X was obtained for slag E15 with
19.68% SiO,, 17.20% FeO, 9.47% MgO, and 5.28% MnO. FeO content in the slag
constitutes a variable that enables to control slag foaming. The study shows the
sensibility of viscosity and surface tension, regarding FeO and MnO contents. Also,
the higher the viscosity the higher the foaming index.

Slag samples, obtained pre (Bf) and post (A¢) foaming practice, were character-
ized. The melting behavior was determined by hot-stage microscopy (HSM).
Figure 6 shows the average critical temperatures: softening temperature (T),
hemisphere temperature (T},), and fluidity temperature (T¢) of the samples.

It is worth noting that critical temperatures in slag samples increase after the
foaming practice. These results indicate a dynamic evolution of the slag chemical
composition during the practice. Average critical temperatures range for B¢ (before
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Average critical temperature values (melting behavior) of the slags before and after foaming practice.

foaming) slags are between 1345 and 1380°C. However, for A¢slags (after foaming),
an increase & 3% of critical temperatures was determined.

During slag foaming, when carbon is injected into the slags, gas bubbles are
formed around the carbonaceous particles. It is necessary to take into consideration
that different carbonaceous materials could produce different impact on slag
foaming. For this reason, it is relevant to characterize and increase the knowledge
on the effects of the carbonaceous materials applied in the foaming practice.
Chemical and structural characteristics of three carbonaceous materials were stud-
ied. In Table 4, results of the chemical characteristics of carbonaceous materials are
informed. Sample C2 presents the highest content of %S and %H,0 and the lowest
content of volatile compounds. Ash content is around 11% in materials C1 and C2
(typically in metallurgical cokes). Nevertheless, material C3 contains very low
percentage of ash because it is a petroleum coke. Moreover, it presents the highest
carbon content. Sulfur content is similar in all samples.
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Carbonaceous material % H,0 (at 105°C) %Ash %Volatile %C %S

C1 0.76 11.81 1.84 86.35 0.62

c2 1.02 10.95 1.38 87.67 0.70

C3 0.61 0.20 2.24 97.56 0.63
Table 4.

Chemical characteristics of carbonaceous materials.

Figure 7.
Different types of porous carbonaceous particles identified.

Size distribution of carbonaceous particles was determined by ASTM sieves. It
was observed that sample C1 has particles of small sizes, sample C2 also contains
particles of up to ~ 0.75 mm, and sample C3 presents particles between 0.80 and
2.5 mm. The morphology, the phases present, and the porosity of the carbonaceous
particles were studied by light and scanning electron microscopy including EDS
analysis. Different types of carbonaceous particles were identified in all the samples
(Figure 7). Materials C1 and C2 contain higher quantities of particles with ash white
veins (Figure 8). This result is consistent with the %Ash experimentally deter-
mined.

The morphology, size, and distribution of pores in each type of carbonaceous
particles are variable. There are irregular, spherical, and elongated pores of differ-
ent sizes and proportion in the particles observed. It was possible to establish that
sample C3 has the largest proportion of pores with different sizes (800-50 pm), and
samples C2 and C1 present porous with sizes between 350 and 50 pm. Rahman et al.
[19] informed that metallurgical cokes (such as materials C1 and C2) promote gas
emissions one order higher (in magnitude) than the synthetic coke. This is
explained by the higher chemical interaction in contact with the slag, due to the
reduction of the oxides present in the ash and FeO content. To control foam height,
carbonaceous particles can be added to slag with adequate size and low volatile
content. This is another alternative to avoid the risk of slopping. It is important to
highlight that the foaming index decreases as the size of carbonaceous particle
increases. Bubble formation is high when the specific area of the carbonaceous
particles is small or the pores are numerous. On this base, material C3 is the most
favorable for the slag foaming practice due to the size and distribution of the pores.
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Figure 8.
Detail of one particle with considerable white ash veins.

Furthermore, the ash content of materials C1 and C2 allows predicting rapid gas
generation, which is not favorable for foam stability.

Based on these results, it is possible to confirm that the evolution of properties
(viscosity and surface tension) of BOF slags during the operation represents the key
to obtain the best aptitude for foaming practice, avoiding the risk of slopping. High
viscosity is perhaps the most obvious factor in the stabilization of BOF-converter
foams, and it retards the rate of drainage in the films of the bubbles. Nevertheless,
surface tension is also a relevant physical property that should be taken into account
to predict foam behavior. Both properties, high viscosity and surface tension, are
determined by the chemical composition and the evolution of the slag at process
conditions. Carbonaceous materials also exert an effect in the foaming practice; it is
possible to recommend the addition of petroleum coke (material C3) in the foaming
practice, because of its ash low content, high proportion of large pores, and higher
carbon content.

3. EAF slags reused in the foaming practice

Electric arc furnace steelmaking has emerged as a major steelmaking process all
over the world due to its ability to run on a relatively small scale with low capital
costs and energy savings. Steel scrap is the preferred metallic charge material, and
sponge iron is also used regularly in most plants in order to dilute tramp elements
introduced through the scrap [1, 17]. The growth of the arc furnace-based steel
industry has been encouraged by modern arc furnaces of large capacity and ultra-
high power, electrical efficiency improvement, and metallurgical efficiency through
oxygen lancing or the co-jet technology. In conventional EAF steelmaking, natural
gas is generally used as a supplementary energy source. Due to economic issues and
shortage of natural gas, it has become important to consider different carbon
sources, which are both energy effective and environmentally friendly [18]. In
addition, the decrease of refractory consumption is a crucial topic of consideration
for all steel plants.

Not only does the slag foaming practice protect the equipment covering the arcs
and the refractory lining (the furnace roof and sidewalls from excessive heating and
radiation), but it also reduces the arc noise, decreases electrode and electricity
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consumption, and has present a significant impact on improving thermal efficiency.
The foamy slag provides an insulating layer to the melt, thereby reducing energy
loss. Slag foaming involves the expansion of molten slag by CO gas bubbles evolving
from chemical reactions at the slag-metal interface. Slag viscosity and surface ten-
sion control the movement of bubbles in the liquid. Foaming was generally found to
improve as surface tension decreases, increasing slag viscosity and suspension of
second-phase particles. The reaction between FeO present in the slag and carbon is
strongly endothermic. It is important to note that sulfur additions suppressed slag
foaming and tended to increase the size of CO gas bubbles. An increase in silica
concentration promotes lower surface tension of slag and leads to smaller CO gas
bubbles and their easier escape from the slag. The injection of oxygen and carbona-
ceous materials in industrial EAF furnaces creates highly dynamic and nonsteady
state conditions. Oxidation and reduction reactions continuously change slag com-
position, and chemical reactions produce CO gas that also changes significantly with
time [19].

In agreement with BOF foaming practice, the rate of gas generation was found to
be an important parameter in carbon-slag interactions and needs to be optimized to
maintain optimum levels/duration of gas entrapment by the slag and foaming
behavior. The type of carbonaceous material added affects the foaming practice.
Metallurgical cokes affect foaming because of the ash content. Natural graphite, on
the other hand, produces excellent slag volumes but slow reduction of iron oxide.
Slower rates of gas generation and higher surface tension values cause slag to trap
gases and sustain foaming. Slag foaming height is well connected to carbon injection
rate and slag chemical properties. Bubble sizes in EAF slags are & 1-2 mm. In
general, bubble number in the slag foam is greater than the number of coal particles.
One particle of coal can form more than one bubble. In EAF steelmaking, the foam
becomes less stable toward the end of the process.

4. Reused of ladle slags

The amount of ladle slag generated in the steelmaking is important. The former
method of recycling ladle slag is pouring the molten slag from a ladle to another or
making ladle slag ingot [3]. The ingot production is complex. However, nowadays
three main types of ladle slag recycle products are used depending on the particle
size and chemical composition: (a) desulfurizing agent in hot metal pretreatment,
(b) as a product to substitute converter flux, and (c) as a product to substitute ladle
flux. It is possible to reduce steelmaking cost and get ecofriendly benefits, recycling
ladle slag.

Ladle slags present similar melting behavior respect synthetic flux (T, =2 1334°C,
T¢ =2 1346°C) and also have a good inclusion absorptivity. For this reason, they
constitute an alternative for ladle flux substitution. Slag low-melting point
possibilitates the application in ladles during secondary refining process reducing
the fluorspar or lime additions. Finally, lumps of slags could be added in BOF to
improve dephosphorization.

5. Slags reused as concrete raw material
Slag is a partially vitreous byproduct of the process of smelting ore, which
separates the desired metal fraction from the unwanted fraction. Blast furnace slag

is furthermore classified into granulated blast furnace slag and air-cooled blast
furnace slag. Granulated blast furnace slag is produced by quenching molten
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furnace slag with high-pressurized water [20]. Blast furnace slags cooled in air
constitute a crystallized material used as raw material instead of sand in the pro-
duction of concrete. In the case of water applied during granulated slag production,
it is possible to recover heat from the slag quenching water, thereby reducing
energy consumption. Blast furnace slag is obtained at 1300-1400°C; viscosity is
around 0.4-1.0 poise; the chemical composition mainly includes FeO, CaO, MgO,
SiO,, ALO3, TiO,, S, and C; the alkalinity (CaO/SiO;) is 1.2; and the alkalinity
[(CaO + MgO)/SiO,] is around 1.5. A lot of research has focused on the reuse of
blast furnace slag to make building materials. Crystallized slag sand is added to
Portland cement in particles of & 3.15 mm. The chemical and mineralogical compo-
sition of Portland cement is detailed in Table 5. Senani et al. [21] informed that
concrete with crystallized slag sand addition presents good physical and mechanical
properties. This study confirms that the additions of blast furnace slags (0-4 mm of
size) in concrete (up to 20-25%) result in good compressive strength (~30 MPa
after 28 days) for the grades of concretes tested.

The use of blast furnace slag as artificial rocks is also possible because they are
similar to semi-hard stones. As a recyclable material, they support resource conser-
vation by substituting nonrenewable natural stone. Land and marine applications
include seaport and airport civil engineering projects, coastal protection structures,
seaweed bed rehabilitation, and land surface coverage [22]. This type of slag may
represent a good alternative to reduce the cost of cement production, contribute to
environment protection, and provide enormous social and economic benefits.

Brand and Roesler studied different basic steel slags: energy optimizing furnace
(EOF), electric arc furnace (EAF), and arc oxygen decarbonization (AOD), as
aggregates in concretes [23]. However, for civil applications, exhaustive controls are
carried out in order to determine contents of Ba, Cd, Cr, Mo, Ni, Pb, V, and Zn, in
order to avoid soil contamination. The content of sulfates or sulfides is also con-
trolled to avoid SO, emissions causing air pollution. It was found that steel slag is
volumetrically unstable as compared to blast furnace slag due to the content of
expansive oxides such as MgO and CaO. In the case of basic slags, the authors
propose to modify the surface of the aggregates by blending them with a slurry
mixture of fine quarry dust and cement in order to avoid the expansion and to
reduce the porosity. Another possibility is the use of steel slag as a binder or filler
replacement in composite materials in civil engineering production. These binder or

Chemical composition of Portland cement Range (%) Mineralogical composition Range (%)

CaO 56-63 CsS 50-65
ALO; 4-6 C,S 10-25
Si0, 19-27 C3A 9-12
Fe,03 2.5-35 C,AF 7-11
MgO 1-2
Na,0 0.1-0.6
K,0 0.3-0.6
Cl™ 0-0.2
SO; 2-3
CaO 0.5-2.5

Table 5.

Chemical and mineralogical composition of Portland cement.
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filler substitutes were mixed into composites, and their compressive strength was
tested with good results.

6. Conclusion

The disposal and exploitation of residues from steelmaking plants are still an
open problem because of the huge amount and the remarkable variety of waste
materials. Slag recycling in the steel job constitutes a relevant way of reusing with
important economic impact on refractory costs. The coating and foaming practices
are very useful in BOF converters and EAF. The ladle slag recycling also represents
an important alternative to reduce steelmaking cost, decreasing the consumption of
fluorspar and lime (among others metallurgical applications), and get ecofriendly
benefits.

The growing trend in the construction industry is to develop sustainable build-
ings. The principles underneath this movement bring new requirements with an
emphasis on the rational use of material and energy resources by controlled mini-
mization of total emissions produced. One of the possible ways of achieving sus-
tainable development in the construction industry is to use easily renewable raw
material resources and waste materials instead of limited and finite resources. In
this sense, the interest shown by the professional community in aggregates based on
secondary raw materials is increasing, and slags constitute a good alternative.

Author details

Elena Brandaleze*, Edgardo Benavidez and Leandro Santini

High Temperature Physicochemistry Group, Metallurgy Department, DEYTEMA
Center, Universidad Tecnoldgica Nacional, Facultad Regional San Nicolas,

San Nicolds, Argentina

*Address all correspondence to: ebrandaleze@frsn.utn.edu.ar

IntechOpen

© 2018 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.

50



Treatments and Recycling of Metallurgical Slags
DOI: http://dx.doi.org/10.5772/intechopen.80595

References

[1] Chakrabaharti AK. Steel Making. 1st
ed. PHI Learning Private Limited; 2014.
230 p. ISBN: 978-81-203-3050-4

[2] Jung E-J, Kim W, Sohn I, Min DJ. A
study on interfacial tension behaviour
between solid iron-Ca0-SiO,-MO
system. Journal of Materials Science.
2010;45:2023-2029. DOI: 10.1007/
s10853-009-3046-1

[3] Choi IS, Song WY, Yoon C, Shin KC.
The technology of recycling ladle slag.
In: Proceedings of the 4th European
Oxygen Steelmaking Conference (EOSC
'03); 12-15 May 2003. Graz, Austria:
EOSC; 2003. pp. 175-181

[4] Madias ], Brandaleze E, Topolevsky
R, Camelli S. Slag-refractory adherence
mechanisms. Refractories Applications
and News. 2004;9:21-24. DOI:
10.1.1.200.2234

[5] Urbain G. Viscosity of silicate melts.
Transactions and Journal of the British
Ceramic Society. 1981;80:139-141. DOI:
10.10.1002/srin.19870151310

[6] Bale CW, Belisle E, Chartrand P,
Degterov SA, Eriksson G, Gheribi AE,
Hack K, Jung IH, Kang YB, Melangon
AD, Pelton AD, Petersen S, Robelin C,
Sangster J, Spencer P, Van Ende MA.
FactSage thermochemical software and
databases—2010-2016. CALPHAD:
Computer Coupling of Phase Diagrams
and Thermochemistry. 2016;54:35-53.
DOI: 10.1016/j.calphad.2016.05.002

[7]1 Brandaleze E, Valentini M, Santini L,
Benavidez E. Study on fluoride
evaporation from casting powders.
Journal of Thermal Analysis and
Calorimetry. 2018;133(1):271-277. DOL:
10.1007/s10973-018-7227-6

[8] Seetharaman S, Teng L, Hayashi M,
Wang L. Understanding the properties
of slags. ISI] International. 2013;53(1):
1-8. DOI: 10.2355/isijinternational.53.1

51

[9] Cicutti C, Valdez M, Pérez T,
Donayo R, Petroni J. Analysis of slag
foaming during the operation of an
industrial converter. Latin American
Applied Research. 2001;32:237-247.
ISSN: 1851-8796

[10] Santini L, Pérez J, Rapetto A,
Benavidez ER, Brandaleze E. Evaluation
of BOF slag applied in foaming practice.
In: AISTech Conference Proceedings
(Aistech 2013); 6-9 May 2013;
Pittsburgh, Pennsylvania, USA. 2013.
pp. 2105-2112. ISSN: 1551-6997

[11] Pretorius EB, Carlisle RC. Foamy
slag fundamentals and their practical
application to electric furnace
steelmaking. In: Proceedings of the 16th
Process Technology Conference; 1998
Nov 15-18; New Orleans, LA, USA.
1998. pp. 275-292. DOI: 10.1590/
1980-5373-MR-2016-0059

[12] Ismail AN, Nur Farhana MY,
Jamaludin SB, Idris MA. Influence of
recycled wastes on slag foaming during
EAF steelmaking. Materials Science
Forum. 2015;819:381-386. ISSN:1662-
9752. DOI: 10.4028/www.scientific.net/
MSF.819.381

[13] Kapilashrami A. Interfacial
phenomena in two phase systems:
Emulsions and slag foaming [thesis].
Stockholm: Royal Institute of
Technology; 2004. ISBN: 91-7283-930-9

[14] Zhang GH, Chou KC, Mills KC.
Modelling viscosities of CaO-MgO-
Al,03-Si0, molten slags. ISI]
International. 2012;52-3:633-637. DOI:
10.1016/S1006-706X (16)30099-1

[15] Mills KC. The Estimation of Slag
Properties. Short Course presented in the
Southern African Pyrometallurgy; 2011

[16] Matsura H, Fruehan RJ. Slag
foaming in an electric arc furnace. ISIJ
International. 2009;49-10:1530-1539



Recovery and Utilization of Metallurgical Solid Waste

[17] Zaharia M, Sahajwalla V, Khanna R,
Koshy P, O’Kane P. Carbon/slag
interactions between coke/rubber
blends and EAF slag at 1550°C. ISIJ
International. 2009;49-10:1513-1521.
DOI: 10.2355/isijinternational.49.1513

[18] Pretorious EB. Slags and the
Relationship with Refractory Life and
Steel Production. ABM Brasil: ABM
Course. Process Technology Group,
LWB Refractories; 2003

[19] Rhaman M, Khanna R, Sahajwalla V,
O’Kane P. The influence of ash
impurities on interfacial reactions
between carbonaceous materials and
EAF slag at 1550°C. ISIJ International.
2009;49-3:329-336. DOI: 10.2355/
isijinternational.49.329

[20] Junak ], Stevulova N. The study of
washed recycled concrete aggregates
and blast furnace slag utilization in
concrete production. Advanced
Materials Research. 2015;1100(3):
197-201. DOI: 10.4028/www.scientific.
net/AMR.1100.197

[21] Senami M, Ferhoune N, Guettala A.
Substitution of the natural sand by
crystallized slag of blast furnace in the
composition of the concrete. Alexandria
Engineering Journal. DOI: 10.1016/j.
aej.2016.05.006. in press

[22] Gu HF, Yao CG. Environmental
conservation efforts and byproducts
recycling technologies of JFE. Advanced
Materials Research. 2012;573-574:
379-382. DOI: 10.4028/www.scientific.
net/AMR.573-574.379

[23] Sabapathy YK, Balasubramanian
VB, Shankari NS, Kumar AY,
Ravichandar D. Experimental
investigation of surface modified EOF
steel slags as coarse aggregate in
concrete. Journal of King Saud
University- Engineering Sciences.
DOI: 10.1016/j.jksues.2016.07.002

52



Chapter 4

The Comprehensive Utilization of
Steel Slag in Agricultural Soils

Angélica Cristina Fernandes Deus,

Rosemary Marques de Almeida Bertani,

Guilherme Constantino Meivelles,

Anelisa de Aquino Vidal Lacerda Soares,

Lais Lorena Queiroz Moreira, Leonardo Theodoro Biill
and Dirceu Maximino Fernandes

Abstract

The use of metallurgical solid wastes such as steel slag, in agricultural activity,
has become very important to contribute to reducing the accumulation of such
wastes in the environment and to increase crop production. So, this chapter aims to
emphasize the main aspects of the application of slags to soil chemical attributes as
elevation of pH and neutralization of AI** toxic in acid soils and increase nutrient
content as phosphorus, calcium, magnesium, some micronutrients, and silicon. In
addition, the advance in studies of the utilization of these residues in no-tillage
systems in tropical soils will be discussed. Aspects related to monitoring the pres-
ence of heavy metals will be addressed.

Keywords: calcium and magnesium silicate, soil fertility, steel industry residue

1. Introduction

The metallurgical industries can produce various residues, and some of these
residues can be utilized with success in the agricultural activity, as in the case of the
steel slag, which has brought important contributions in agricultural production.

In agriculture, slags can be used as fertilizers and corrective of soil acidity [1].
Slags are calcium and magnesium silicates, which show neutralizing action due to
SiO3>~ base [2]. Additionally, steel slags have been used as a low-cost source to
supply Si to rice plants [3]. In China, the first steel slag fertilizer program invested
by Taiyuan Iron and Steel Group and Harsco Corporation of the USA started
building in 2011 [4].

Steel slag is the result of industrial processes in which iron mineral is reduced,
generating products as pig iron (iron with a high proportion of carbon) and steel.
These processes can occur in different types of furnaces such as basic oxygen
furnace or electric arc furnace [5]. Inside the furnaces, oxygen pressure is injected
to remove impurities such as gaseous carbon monoxide, silicon, manganese, phos-
phorus, and some iron as liquid oxides; these impurities combine with lime and
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dolomitic lime to form the steel slag. Steel can also undergo a greater process of
refinement, into a ladle and, at the end of the process, to generate ladle steel slag
[5]. The steel slags from these two furnaces are very similar. However, ladle steel
slag, resulting from further refining, is quite different from steel slag [5]. For
production of every tone of steel, nearly 150 kg of slag is generated [6].

There are several types of steel slag, which present variation in chemical com-
position, physical composition, and solubility, and these variations occur mainly,
due to the different processes and different raw materials used in the metallurgical
industries. Examples of slags are steel slag, stainless steel slag, ladle furnace slag,
and blast furnace slag; all of these residues have already been tested for agricultural
use at some moment, as will be shown in the chapter.

2. Steel slag composition

The main chemical components, which slags contain in their composition and
which are important for their use in agriculture, are CaO, MgO, SiO,, P,0s, FeO,
and MnO. The amount of these components in each slag varies widely depending on
raw materials, type of steel made, furnace conditions, and other aspects [4, 5].

Table 1 shows the chemical composition of different steel slags compared to
wollastonite which is a rock and is considered as the standard of silicates [7]. The
chemical evaluation of soil acidity correctives for agricultural purposes consists of
the following determinations: neutralization power (NP) and calcium and magne-
sium contents [8]. The different slags have different contents about the components
that characterize a material as soil acidity corrective that can provide different
effects in the neutralization of the soil acidity.

Considering the Brazilian legislation of soil acidity corrective materials [9], for
example, all the slags evaluated in Table 1 can be considered as an alternative
source to limestone, because the values of NP and somatory (%) of CaO and MgO
are according to the established values of 60% ECaCOj3 and 30%, respectively; this
means that the application of such materials allows good performance in the neu-
tralization of soil acidity.

We can also observe different concentrations of Si and P,Os in the different
slags. LS showed the highest content of Si, while SS has a great amount of P,0s
(Table 1). These variations may lead to possible increase in the content of these
elements in the soil and increase in the availability to the plants.

Table 2 indicates the micronutrients and heavy metal contents in different slags
[7]. It is noted that some materials have a higher amount of micronutrients, for
example, the steel slag with a higher presence of iron than the other materials and

Materials CaO MgO NP RR ECC Si P,05 K,0
% %ECaCO; % gkg
SSS 37.65 9.55 84 71 60 13.6 3.5 0.3
SS 28.13 6.10 70 71 50 14.2 11 0.3
LS 36.10 5.76 77 80 62 21.6 2.5 0.3
w 30.00 3.00 60 100 60 16.0 1.5 0.1
Adapted from [7].

SSS, stainless steel slag; SS, steel slag; LS, ladle slag; W, wollastonite; NP, neutralization power; RR, reactivity rate,
expresses the percentage of corrective material that veacts in 3 months; ECC, effective calcium carbonate.

Table 1.
Chemical and physical characterization of different slags.
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Materials Cu Fe Mn Zn Cd Ni Pb Cr Hg
mg kg ™!
SSS 20 38.000 5.300 50 31 53.6 12.6 990 <0.1
SS 30 193.500 21.500 70 14.5 3.0 <0.5 941 <0.1
BFS 20 17.400 51.000 50 1.8 1.4 <0.5 104 <0.1
LS 20 28.600 3.700 50 1.6 11 <0.5 126 <01
w 10 600 100 40 <0.03 0.3 <0.5 0.5 <0.1
Adapted from [7].

SSS, stainless steel slag; SS, steel slag; LS, ladle slag; BFS, blast furnace slag; W, wollastonite.

Table 2.
Micronutrients and heavy metal contents in different slags.

the blast furnace slag with higher content of manganese; the presence of higher
micronutrients could be interesting to provide this element for the plant.

The main restriction for the use of slags is the presence of heavy metals in its
composition, which have to be evaluated before their soil application. Heavy metal
contents in the slags shown in Table 1 agree with the values which are considered
tolerable for application to the soil [10].

3. Steel slag modifying soil chemical attributes

The results of the researchers with the use of steel slag in agriculture have
demonstrated that the proper application of these residues brings benefits on the
chemical attributes of the soil, such as increase of pH in acidic soils; increase in the
nutrient content of phosphorus, calcium, and magnesium; and increase in the
content of the beneficial element silicon [6, 11-14]; these aspects contribute to
greater crop production.

For proper application, the initial chemical characterization of the soil to calcu-
late the dose either for use as corrective of soil acidity or fertilizers is important. The
homogeneous application of the residue in the area and the adequate incorporation
in the soil are also important aspects to be considered.

The application of slag can neutralize part of the soil acidity; this occurs because
these materials have in their composition the neutralizing base SiO5*~ [15] that
reacts in water and releases hydroxyl (OH ™) ions, according to the equations
below [2]:

CaSiO; + H,0 — Ca®" + Si03~ (1)

MgSiO, + H,0 — Mg”* + Si03~ ©))

Si03~ + H,0 (soil) < HSiO; + OH™ (Kb; = 1.6 x107?) 3)
HSiO; + H,0 (soil) <> H,SiO3 + OH~ (Kb, =3.1x107°) 4)
OH™ + H" (Soil Solution) — H,0 (5)

OH™ + AP’* (Soil Solution) — Al(OH), (6)

The value of the ionization constant (Kb;) shows that SiO5>~ is a weak base, that
is, the OH™ forming reaction is relatively slow and partial. The hydroxyl (OH™)
produced neutralizes the H* of the soil solution and the phytotoxic AI**, and,
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consequently, there is an increase in pH and a decrease in the concentration of the
potential acidity (H + Al) [16].

Correction of acidity with slag occurs similarly to the use of limestone. In
addition to the decrease in acidity levels, Ca and Mg supply also occurs in soil
[6, 11, 12], with positive effects for crops such as potatoes, rice, black oats, beans,
soybeans, alfalfa, coffee, and sugarcane, among others, making steel slag a source
capable of being used instead of limestone [11, 13, 17-21, 23].

The application of steel slag was also studied in acidic tropical soils cultivated
under no-tillage system. Tropical soils are characterized by being acid with excess of
APP* that is a toxic element to plants because it limits the root development.

The no-tillage system is growing in these areas; however, one of the require-
ments for the success of this system is that there is no soil revolving, so the acidity
corrective material should be applied to the surface without incorporation. Due to
the fact that the limes present low solubility in water and little movement in the soil
profile [24], the study of the use of slags (silicates) in no-tillage system has
increased due to the greater solubility of this residue [2]. Calcium silicate is 6.78
times more soluble than lime [2], so the use of steel slag in the no-tillage system can
be an important alternative source for the process of soil acidity correction, because
it may promote greater mobility of SiO;*~ anions in soil profile, ensuring faster soil
acidity correction in deeper layers in relation to the lime.

Studies conducted by [19, 22, 25-28] showed positive effects in soil acidity
correction of surface application of steel slag compared to lime in no-tillage system,
in tropical soil.

After 27 months of application of steel slag at doses 2, 4, and 8 t/ha, without
incorporation, under no-tillage system, there was an increase in base saturation and
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pH, base saturation (V%), and APP* content at different depths of a dystrophic Red Latosol at 27 months after
surface application of lime, centrifuged sewage sludge (LC), steel slag, and lama cal (Lcal) in the no-tillage
system (source: [22]).
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reduction of AI** up to 0.40 m with application of steel slag; in the same period, the
effects of limestone on the soil were observed up to 0.20 m (Figure 1) [22].

In a long-term experiment under no-tillage system, [26] applied limestone and
slag to increase base saturation to 70% and observed that the steel slag corrected
acidity and increased the bases up to 0.10 m at 12 months. After 18 months of
reaction, the steel slag corrected the soil acidity up to 0.60 m and increased the
bases up to 0.40 m, while the effects of the lime were observed until 0.20 m [28].

On the other hand, the study conducted by [7] with surface application of steel
slag, blast furnace slag, ladle furnace slag, and stainless steel slag at the installation
of the no-tillage system presented that the ladle furnace slag, stainless steel slag, and
steel slag had similar efficiency to the lime in the neutralization of soil acidity at
24 months after application. The divergence of the results reported above with the
application of slag in no-tillage system can be explained by the chemical composi-
tion of these residues, because the industrial process promotes the production of
several types of slag, with different recrystallization depending on the amount of Ca
and Mg and of the cooling time, aspects that may reduce its solubility [29].

In addition to the corrective effect of the slag, several studies point to the
efficiency of slag to increase phosphorus nutrient in the soil [7, 17, 19]. Some
researchers attribute the P content increase with the use of slag due to the compe-
tition between Si and P that occurs through the same adsorption sites of soil col-
loids. This occurs due to the application of slag (silicates) to generate a
concentration gradient of the anion silicate (Si05%7), which removes the P adsorbed
to the colloids of Fe and Al oxides from the soil, which under the conditions of the
tropical soils are in great quantity [30]. Others relate the P content increase with the
increase of the soil pH provided by these materials, as well as greater solubilization
of the organic phosphorus and the labile fraction, increasing its content in the form
available to the plants. In addition, steel slag has P in its composition, which may
contribute to such results, as can be seen in Table 1.

The application of steel slag in soil can contribute to the chemical attributes of
the soil, reflecting the benefits to the agricultural sector; however, this contribution
is variable depending on the composition of the used residue making it always
important to know the chemical and physical characterization of the residue before
its application to the soil.

The presence of heavy metals in steel slag is one of the problems with its use that
at high levels, it can become toxic and limit its use in agricultural activities. The
steel residues have very variable chemical composition due to the different pro-
cesses to obtain them, becoming the important quantification of these elements in
the soil and the crops after long-term residue application.

After 18 months of steel slag incubation in an Argisol, it is observed [31] that the
solubility of Zn, Mn, Pb, Ni, Cd, and Cu decreased due to the passage of the
exchangeable form retained in oxides and residues, explained by the phenomenon
of chemosorption influenced by the soil pH. In another study [33], it is found that
the application of 8 and 4 Mg ha " of steel slag, respectively, did not increase the
availability of heavy metals of the soil. The increase of heavy metals, such as
cadmium (Cd), chromium (Cr), nickel (Ni), mercury (Hg), lead (Pb), and arsenic
(As), was insignificant compared to the application of 8 t/ha [32]. The steel slag,
ladle slag, and stainless steel slag (chemical characterization in Tables 1 and 2)
applied as soil acidity correctives, at the dose necessary to raise the initial soil
saturation to 70%, did not change the soil metals content evaluated at 12 and
23 months after the application of residues, and the Pb content decreased with the
application of residues [7]. Also, the additions of heavy metals were not observed in
the plant tissue of beans, soybean, and black oats cultivated in the area where the
slags were applied [7, 32]. The presence of elements in the composition of residues
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in nontoxic amounts and the soil pH increase contributed to avoid toxicity by heavy
metals [32].

In the soil, heavy metals can be adsorbed by specific reactions (chemosorption)
influenced by soil pH or nonspecific [33]. The pH and CEC and the presence of
cations affect the adsorption and ionic speciation of heavy metals in soils [34]. In
weathered soils, such as those of the cited studies, the presence of colloids with pH-
dependent charges represents more than 70% of the total cation binding sites. Thus,
in this soil type, the acidity correction is of great importance in the adsorption of
heavy metals [33].

Although the above studies did not observe an increase in the heavy metals’
levels in soil and plants, monitoring of the availability of these toxic elements in the
soil and in the plant, as well as the characterization of the residue to be used, is
fundamental for the success in the residues used in agriculture.

4. Benefits of using steel slag for crops

Slag application favors the increase of pH and the availability of nutrients such
as Ca, Mg, and Si in the soil, which leads to the increase in the absorption of these
elements by the plant, favoring the growth and yield of the crops. Slags application
may supply silicon which is considered a beneficial element to plants. Silicon may
bring benefits to plants such as reduction of foliar diseases; improvement in pest
control; increase in photosynthetic capacity due to the silicon benefit to the archi-
tectural activity of the plant, leaving the leaves more upright [32]; and improve-
ment in the use of water by the plant [35]. Si may also influence the uptake and
translocation of various macro- and micronutrients and increase plant tolerance to
excess of Mn and Fe [37] and Zn, Al, and Cd [38].

Slag-based fertilizers applied in Si-deficient paddy soil improved rice growth,
productivity, and brown spot resistance [39]. The application of steel slag in the soil
increases the concentration of Si in the rice straw and promotes a higher yield of
grains [40]. Also, studying the effect of slag in rice crop, [41] observed an increase
of base saturation and availability of silicon and phosphorus in the soil, with a
consequent increase in grain yield, Si content, and accumulation in rice straw, in
2 years of cultivation.

The supply of P and Si available in the soil for the potato crop, through the
application of slag, increased the absorption of these nutrients by the plant,
decreasing the lodging and increasing the height of plants and the production of
tubers [17].

Nitrogen fertilization associated with steel slag also increases the dry mass pro-
duction and the absorption of Si by the marandu grass [42].

Steel slag, used as soil acidity corrective material, increased the contents of Ca,
Mg, P, and Si in the soybean leaves and Ca, Mg, and Si in maize and also provided
increased shoot dry matter yield and grain yield of both cultures under no-tillage
system; compared to limestone, steel slag was more effective in improving maize
grain yield [27].

5. Conclusions
The steel industry generates large volumes of slag, which are considered as an
environmental problem; it is necessary to increase the use of this waste in new

processes to avoid disposal in landfills. Steel slags can be used in several activities,
such as construction and paving, and also in the agricultural sector due to its ability
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to correct soil acidity, as it contains some nutrients for the plants and also as silicate
fertilizer that is capable of providing silicon to the plants. Thus, steel slags can be
considered as a sustainable alternative to agricultural practice.
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Comprehensive Utilization of
Iron-Bearing Converter Wastes
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Abstract

Basic oxygen furnace (BOF) sludge is composed of not only valuable iron but
also impurities like Zn, Pb, and some alkaline oxides. It is collected from wet clean-
ing system in steelmaking plants. How to deal with these double identity wastes?
Will the traditional landfill treatments result in environmental pollution? What
technologies have been developed recently, and is it actually useful? In this chapter,
physical-chemical properties and mineralogical phases of converter sludge were
characterized, and different recycling technologies were introduced. The proven
metalized pellet-producing process would be highlighted that green pellets made
from iron-bearing sludge are dried and preheated in a traveling grate firstly, and
then reduced at high temperature in a rotary kiln or a rotary hearth furnace (RHF)
to get direct reduced iron (DRI), served as a good iron source for blast furnace.

Keywords: BOF sludge, iron bearing, metalized pellet, direct reduced iron,
environment friendly

1. Introduction

BOF sludge is collected from wet cleaning system in steelmaking plants. It is
composed of not only valuable iron but also impurities like Zn, Pb, and some alkaline
oxides [1-3]. Traditional landfill treatments inevitably result in environmental pollu-
tion because of the contained heavy metal and the high pH values of water-absorbed
soil [4, 5]. Sintering is another recycling way to treat the sludge as raw material for
sintering ore and fed to the blast furnace (BF). However, it leads to the circulation and
accumulation of zinc in BF [6, 7]. To decrease the negative effects on BF production
and surrounding environment, new recycling technologies have been developed, one
proven of which is the metalized pellet-producing process, that green pellets made
from iron-bearing sludge are dried and preheated in a traveling grate firstly, and then
reduced at high temperature in a rotary kiln or a rotary hearth furnace (RHF) to get
direct reduced iron (DRI), served as a good iron source for electric arc furnace (EAF)
or BF [8-10]. It is an appropriate method to recycle the valuable iron and remove the
harmful elements, simultaneously improve the burden structure of BF, which attracts
more and more attention of metallurgical researchers.

Green pellets should be dried before charged into the consequent preheating and
reduction process, or else they are easily to be cracked or pulverized owing to dras-
tic volatilization of moisture at a high temperature, and results in the significant
drop of the permeability, which will eventually lower the metallization rate of the
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products in the reduction furnace, or even make the production abnormal [11, 12].
Additionally, it has been reported that about 25% of energy for pellet induration is
consumed for drying [12]. Thus, the improvement of the drying performance will
be energy efficient, and also the drying mechanism of iron ore pellets made from
BOF sludge is extremely important.

After dried and preheated, the mainstream approach dealing with pellets is
baked first and then reduced by coal or reduction gas; another way is directly
reduced so-called one-step method, one proven of which is the grate-rotary kiln
process with high heat transfer efficiency, where the preheated iron-bearing mate-
rial instead of fired oxide pellets directly reacts with the reductant of coal at high
temperature to get direct reduced iron (DRI) [13, 14]. Compared with the tradi-
tional two-step rotary kiln, the new process is simplified and the risk of kiln accre-
tion is reduced, because of the decreasing degradation without phase transferring
from hematite to magnetite, which has been developed rapidly in China [15-17].
Metalized pellets could be used as burden for electric arc furnace (EAF) or BF, and
the reduction degree, compressive strength and dezincification rate are considered
as three important indicators [18-21]. They were energetically investigated by
metallurgical researchers recently [9, 22, 23]. Many significant researches have been
carried out to understand the reduction behavior of iron-bearing materials.

In this chapter, performances of pellets prepared from the BOF sludge are briefly
presented at first and then studies on drying characteristics and reduction behavior
under different conditions are introduced and compared to provide scientific guid-
ance for recycling of secondary iron-bearing resource from BOF wastes [24-26].

2. Brief process of metallized pellet production
2.1 Two-step method

For traditional two-step method, oxidized pellets are prepared initially as raw
materials for metallizing process, and then metallized pellets are produced through
the direct reduction process, during which the temperature is below the melting
point of the iron and the products referred to as direct reduced iron (DRI).

2.1.1 Prepavation of oxidized pellets

The grate-rotary kiln producing line is considered and adopted as one of the
most mature technologies, which has a strong adaptability to raw material and fuel,
good quality, and low cost of production. The process consists of proportioning
system, mixing, pelletizing system, green ball roller screen, and distribution, as
well as grate-rotary kiln system for pellet indurations, finished product stock piling,
and delivery system. The grate-kiln process flow is shown in Figure 1.

Concentrate fines are discharged to storage bins through the belt in the stockyard.
Each concentrate store is equipped with disc feeder with frequency control and electric
belt scale. Limestone and bentonite are delivered by tanker and then in a pneumatic
transmission. Dust from multicyclone and electrostatic precipitators (ESP) for the main
induced system is delivered by pneumatic transmission to dust bin. All the storage bins
adopt weighing level gage to check material level in storage bin. The set value of charge
ratio is automatically controlled and regulated by programmable logic controller (PLC)
microprocessor. After all kinds of materials are compounded at a certain proportion,
they are delivered directly to mixing room by the belt conveyor. Mixing room is usually
equipped with a vertical mixer, which can mix materials both in micro- and macroway
with high effectiveness, reliable operation, and simple maintenance. Materials mixed are
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Figure 1.
Process flow chart of grate-kiln pelletizing plant.

delivered to pelletizing room by the belt conveyor. The belt conveyor is equipped with
moisture detector for check and control of water addition for palletizing.

Disk pelletizers are often adopted for preparing green pellets. Revolving speed
and inclination of disk are adjustable to guarantee the quality. Roller screener is
equipped for screening, and pellets with suitable size are delivered to the distributer
system in chain grate room, while others that unqualified are returned by the return
conveyor system.

Chain grate area is mainly consisted of shuttle-type distributor, wide belt con-
veyor, roller distributer, chain grate, combustion burner fan for chain grate, electric
double-dumping ash valve, bucket elevator and belt conveyor, etc. Shuttle distribu-
tor discharges green pellet to wide belt conveyor under motion back and forth, and
the wide belt conveyor with speed in frequency control delivers green pellets to roller
distributing device. Qualified green pellets are dried and preheated in the chain
grate, and delivered to rotary kiln for roasting. Chain grate is divided into four zones,
which are up-draft drying zone, down-draft drying zone, preheatI zone, and pre-
heat I zone, respectively. The thickness of material bed in chain grate is about 180—
200 mm, with the normal motion speed of 3.1 m/min. Pellets are first dried in the
up-draft drying section by the recycle hot air in the temperature range of 160-250°C
from the third cooling zone of annular cooler, which remove attached water in green
pellets and to avoid pellets in the bottom of the grate bed from wetting. Temperature
of hot returning gas from the annular cooler is in the range of 180-320°C, which can
be mixed with cold air if necessary. In down-draft drying zone, 320-400°C recycle
hot gas from the preheating II zone is pumped by hot-resistance draught fan across
material layer from upper smoke shield, which makes green pellets dewater and
dry, and can bear high-temperature stress and strain in 550-700°C in preheating I
zone. The main induced draught fan is set to pump exhausted gas from air bellow,
and eliminate it into atmosphere from electric precipitator. In preheating I zone, hot
gas flow continues to dry green pellets through the material layer, and dried pellets
begin to be oxidized, and the heat is derived from the hot exhausted gas of annular
cooler II cooling zone. In preheating II zone, pellets are heated and oxidized further,
and completely indurated, which makes pellets have a certain intensity, and can bear
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impact without breakage when falling to rotary kiln from chain grate in the motion
of rotary kiln. Heat source comes from 900 to 1180°C hot air flow in rotary tail. A
hole is left and sealed by fireclay brick in the partition wall between the first and sec-
ond preheating zones. The hole can be opened in the case of thermal compensation.
Hot exhausted gas in preheating I zone through collection header pipe of air bellow
two sides and hot exhausted gas in down-draft drying zone are together discharged
by electrostatic precipitator, main induced draught fan, and chimney. Chimney and
valve are set at the top of the shield in preheating II zone, which is used for waste gas
blowing off during furnace baking and emergency failure operation. Burners are
installed in the cover of chain grate for thermal compensation. Preheated pellets get
enough compressive, and then enter rotary kiln through kiln tail chute.

The rotary head is equipped with natural combustion apparatus with adjustable
frame shape and length. Pellets are roasted while rotating in the kiln, so that the
uniformity is assured. Baking temperature in rotary kiln is 1250-1320°C, revolving
speed of rotary kiln is adjusted according to raw material differences to obtain enough
retention time, and pellet quality. Liner made from precast brick and refractory
castables makes kiln service with better thermal shock resistance and wear resistance
and heat-shielding performance. An infrared simplified scanning temperature
measurement system is adopted to detect and control the temperature inside. Roasted
pellets are screened and discharged to receiving hopper of annular cooler.

Annular cooler consists of rotating part, air bellow, transmission device, rack,
upper shield, and the system of variable-frequency adjustable-speed. It is mainly
divided into four areas: I cooling zone, 900-1100°C of hot air is directly led to rotary
kiln and used to raise temperature in kiln atmosphere; II cooling zone, 500-700°C of
hot air returns to upper shield in preheating I zone of chain grate; III cooling zone,
180-320°C of hot air is led to up-draft drying section in grate; IV cooling section,
85-105°C of hot air is dedusted and exhausted through the chimney, with emission
dust concentration below 50 mg/Nm?’. Fans are adopted to cool down pellets step by
step and control the temperature of hot wind, and the majority of the heat gener-
ated during this cooling process is effectively reutilized. Pellets below 120°C are
discharged through the hopper to belt conveyor, and then delivered out.

2.1.2 Prepavation of metallized pellets

The attempts to develop large-scale direct processes have embraced practically
every known type of apparatus suitable for the purpose including pot furnaces,
reverberatory furnaces, shaft furnaces, rotary and stationary kilns, rotary hearth
furnaces, electric furnaces, various combination furnaces, fluidized bed reactors,
and plasma reactors. Many reducing agents including coal, coke, graphite, char,
distillation residues, fuel oil, tar, producer gas, coal gas, water gas, and hydrogen
have also been tried. For handling the BOF wastes, coal-based direct reduction
technologies including the rotary kiln or the rotary hearth furnace (RHF) are often
adopted in consideration of better material adaptability as well as for steady and
reliable operation.

The representative two-step coal-based rotary kiln reduction process to produce
sponge iron is given below including major technical parameters, types of equip-
ment used, and the flow of materials through the plant. It is mainly composed of
coal shed, iron raw material shed, coal screening building, proportioning building,
rotary kiln-cooling building, etc. Schematic flowsheet of this rotary-kiln sponge
iron plant is shown in Figure 2 [27].

The lump ore or pellet is transported into DRI plant by dump trucks. The iron raw
material feeds the belt conveyor by wheel loader then delivered to the proportioning
building. The reductant (coal) is transported into DRI plant by dump trucks. The
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Figure 2.
Schematic flowsheet of rotary-kiln sponge iron process.

capacity of the reductant (coal) storing yard is for about 16 days. Coal is fed into

the belt conveyor by wheel loader and then delivered to the coal screening building
for classification. The grain size of reductant is 0-50 mm. According to the process
requirement, the grain size of the coal fed at the head of rotary kiln is 3-25 mm and
at the tail is 25-35 mm. The coal is separated into four granularities: 0-3, 3-25, 25-35,
and 35-50 mm by linear screen. The coal with grain size 3-25 mm will be delivered to
the coal hopper at the head of the rotary kiln, coal with grain size 25-35 mm is deliv-
ered to the coal bin in the proportioning building by belt conveyor, and coals with
grain sizes 0-3 and 35-50 mm are delivered to power plant by truck. The desulfurizer
(limestone) is transported into DRI plant by dump trucks and discharged into the
receiving hopper in the proportioning building, and then delivered to the limestone
bins in the proportioning building by steeply belt conveyor. The proportioning of
iron raw material, limestone, and coal is completed in the proportioning building.
The belt scale is adopted to make proportioning accurate.

The rotary kiln is one of the main equipments used to produce directly reduced
iron products. The mixed material fed into the rotary kiln is heated up to a certain
temperature in the kiln, and then the reduction reaction will take place. Detailed
process is as follows. The iron raw materials, coal, and limestone used for reduc-
tion are fed at the head and tail of the rotary kiln separately. The granular coal
injection gunner and the ignitor based on diesel oil will be settled in the head of
rotary kiln. The diesel oil ignitor is set to increase temperature up to the range of
600-800°C. The grain size of coal fed at the head is 3-25 mm, which is injected to
the rotary kiln by granular coal injection gunner. The grain size of coal fed into the
rotary kiln at the tail is 25-35 mm, together with limestone and iron raw material
by belt scale. According to the chemical equation C + CO, = 2CO, the CO will react
with the oxygen contained in the pellet. The rest of the CO is burnt with the second-
ary injecting hot air to heat up the rotary kiln and the pellets. A series of chemical
reactions take place with the iron raw materials, reductant, and desulfurizer, and
then the oxidized pellets are reduced to metallized pellets, so-called sponge iron.
The sponge iron is discharged to the cooler drum from the end of the rotary kiln.
The temperature inside the rotary kiln is in the range of 1000-1100°C, and the
retention time inside is about 5-9 h. After that, the sponge iron at high temperature
is discharged to the fixed screen and sent to the cooler drum to be cooled.

The cooler drum is self-sealed with credible sealing device at the feed end and
discharge end, and operated with micropositive pressure with the inner part iso-
lated from the outside environment (air). To avoid oxidation, the product is cooled
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down below 120°C indirectly by spraying water to the outside surface of the cooler
drum. The material will stay inside for about 25-40 min.

The cooled product is delivered to the product sorting room to screening and
classification in order to separate the DRI, magnetic powder, nonmagnetic pow-
der, and return coal fines. The product discharged from the cooler drum is deliv-
ered to the screen equipment and separated into two granularities: >4 and <4 mm.
To minimize the iron content in nonmagnetic powder, the product of >4 mm will
be proceed in three steps in magnetic separator. The magnetic material discharged
from the magnetic separator is fed to the steel melt shop. The nonmagnetic
material is discharged from the bottom of magnetic separator, regarded as return
coal, and delivered to proportioning building. The product of <4 mm is separated
in two serial elutriator for pneumatic classification: the light one such as ash
is dedusted, and the heavier one is pneumatic delivered to the single magnetic
separator. After magnetic classification, the nonmagnetic powder is delivered to
nonmagnetic bin by belt conveyor and bucket elevator and then transferred by
trucks; the magnetic material will be separated in elutriator, delivered to magnetic
bin by belt conveyor and then pressed into block, and finally delivered to the steel
melt shop too.

2.2 One-step method

The “one-step” method is mainly composed of concentrate pelletizing—preheat-
ing—direct reduction (coal-based kiln reduction/rotary hearth furnace)—cooling.
Compared with the traditional two-step method, the preheated pellets with certain
intensity are directly delivered to the direct reduction furnace, which not only
shortens the process line with satisfactory product quality, but also saves the energy.

The key equipment reform and technologies of one-step kiln process are primar-
ily researched and applied into operation in China. Reduction behavior of two kinds
of pellets using noncoking coal as reductant is studied and compared. The one is
preheated pellet made of magnetite concentrate with composite binder, and the
other is fired oxide pellets containing bentonite as binder [15]. Reducibility, compress
strength, porosity, and microphases evolution are measured. Results show that
preheated pellets possess much better reducibility than fired oxide pellets, which is
ascribed to their higher effective diffusivity due to higher porosity. The compressive
strength increases obviously after 30 min reduction and achieves a high value at the
end of reduction, while the value of metalized pellets from reduction of oxidized pel-
lets is much lower, because of more cracks and fractures formed. Xinjiang magnetite
concentrate in China was studied by one-step process for direct reduction. The results
show that for Xinjiang magnetite assaying with 69.21% Fe, damp milling and adding
agent can improve the quality of green balls obviously. After drying, green balls are
preheated at 800°C for 10 min, pellets with compressive strength of 581 N/pellet are
achieved, preheated pellets were directly reduced at 1050°C for 80 min, and directly
reduced iron assaying 90.33% of total iron and 85.05% of metallic iron and 94.15%
of metallization degree are achieved. Compared with the traditional direct reduction
of fired oxide pellets in coal-based rotary kilns, one-step process for direct reduction
can avoid high-temperature oxidation of pellets at 1150-1300°C, and possess some
advantages such as greater economic profit and good quality of direct reduced iron
[28]. Weike one-step DRI plant with the annual output of 62,000 ton designed by
Changsha Metallurgical Design and Research Institute in China started production in
2002, after more than 2 years trial test and technology renovation [29].

The FASTMET process, developed during the early 1990s by Midrex Direct
Reduction Corporation to provide a coal-based process for North American loca-
tions, is very similar to the rotary hearth pioneered by Inmetco in Ellwood City,
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Pennsylvania for treating waste dusts from steel plants and also a proposed process
studied by Salem Furnace Company in Carnegie, Pennsylvania. The nucleus of the
FASTMET process originated with the development of the heat fast process in the
mid-1960s. The heat fast process consisted of the following steps: (1) mixing and pel-
letization of iron ore fines and pulverized coal, (2) drying the green pellets on a grate,
(3) prereduction on an RHF, and (4) cooling in a shaft furnace. The next step in the
evolution of the FASTMET process was the development of the Inmetco process for
reduction of stainless steel mill wastes in 1974. The process consisted of the following
steps: (1) mixing and pelletization of mill wastes and pulverized coal, (2) prereduc-
tion of the green pellets on an RHF, (3) discharge of hot pellets into transfer bins, and
(4) charging of hot pellets into a submerged arc furnace. The process was tested in a
pilot plant located at Port Colborne, Ontario, and a commercial unit of 60,000 tons
per year capacity was set up in 1978 at Ellwood City, Pennsylvania.

Midrex revived investigations in 1989 and tested a wide range of raw materials
in its laboratory in Charlotte, North Carolina. A 2.5 m (8.2 ft) diameter pilot RHF
with a capacity of 150 kg/h of reduced iron was installed in 1991 to simulate the
reduction portion of the process. This process simulator was utilized to develop data
for the design of an industrial unit. Based on the successful laboratory and pilot
plant tests, Midrex and its parent company Kobe Steel started construction of an
FASTMET demonstration plant in April 1994 at the Kakogawa works of Kobe Steel
in Japan. The plant has a production capacity of 2.6 tones/h and was commissioned
in September 1995. The demonstration plant is reportedly operating under stable
conditions, and several tests have been conducted to develop process parameters for
scale-up to a 60 tone/h industrial scale unit. Tests have also been made for produc-
ing hot briquetted iron (HBI) and for integrating the FASTMET process with DRI
melting in an electric arc furnace.

In the FASTMET process, shown schematically in Figure 3, iron ore concentrate,
reductant, and binder are mixed and formed into green pellets that are dried at
120°C and fed to the rotary hearth furnace. The pellets are placed on a solid hearth
one to two layers deep as shown in Figure 4 [30-32].

As the hearth rotates, the pellets are heated to 1250-1350°C by means of fuel
burners firing into the freeboard above the hearth. Reduction to metallic iron
is completed in 6-12 min, depending on the materials, temperature, and other
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Figure 3.
Schematic flowsheet of FASTMET process [30].
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Figure 4.
Cross section and plan view of the votary hearth furnace [30].

factors. The DRI is discharged at approximately 1000°C and can be hot charged

to an adjacent melter, hot briquetted, or cooled indirectly before storage and/or
shipment. The residence time of the pellets in the ?RHF is 12 min. The hot, reduced
iron from the RHF is partially cooled to about 1000°C by a water-cooled discharge
screw. The product can be obtained either in the form of cold DRI, hot DRI, or

HBI. The product can be discharged from the RHF either to a transfer device for
conveying the hot DRI directly to an adjacent steelmaking facility, or by gravity to a
briquetting system for producing HBI. The off-gas from the RHF flows to a gas han-
dling system, where the SO,, NOy, and particulates can be reduced to the desired
limits. The hot off-gas is used for preheating the combustion air for the RHF burn-
ers and to supply the heat for drying. The process is designed to recycle all process
water. All fines generated in the process are recycled though the feed.

3. Properties of pellets made from BOF wastes

General metallized pellet production processes are introduced above. In this
section, the detailed properties of pellets made from BOF wastes, drying, and
reduction behavior will be set forth further.

3.1 Generation and properties of BOF wastes

Converter sludge is a kind of black slurry with a high water content. It becomes
a dense lump after dehydration and then dispersed into fine particles with large
specific surface area after dispersion, among which the content of particle with a
size below 0.075 mm is larger than 70%, while the percentage below 0.048 mm is
larger than 50%. As the dust and mud are so fine that the surface activity is rela-
tively large, it is easy to be absorbed and blown up into the air after drying, which
seriously pollutes the surrounding environment. In terms of chemical composition,
the total iron content is high and the impurity content is low. Most of them have
simple composition, high content of iron ore, and relatively few impurities, which
is conducive to comprehensive recovery and utilization. However, a strong alkaline
hydroxide would like to be formed after absorbing water because of the contained
CaO0, MgO, K;0, and Na,O, which may lead to the increase of pH of the water and
soil around and is bad for the growth of crops. Hence, reasonable recycling of BOF
wastes is very important.
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Item TFe FeO CaO MgO Sio, MnO ZnO ALO; PbO K;0 Na,O
wt,% 5453 5854 1638 5.75 231 0.9 0.77 0.74 0.36 0.18 01

Table 1.
Major chemical composition of converter sludge.

Chemical composition of the converter sludge obtained from a steelmaking
company is shown in Table 1. Then, mineralogical phase was analyzed through the
Laitz DMRX polarization microscope and the mineralogical content was character-
ized through X-ray diffraction (XRD) analysis.

3.2 Properties of pellets prepared from BOF sludge

To investigate the properties of pellets made from BOF sludge, the raw material
was dried (at 105°C for 24 h in a drying oven) and finely ground with the size dis-
tribution listed in Table 2. Then, they were continuously charged into a pelletizing
disk to prepare the green pellets. After that, the initial moisture content was obtained
through drying method. In total, 100 g of green pellets were weighed and dried in the
oven at 200°C for 24 h, and the difference of weights before and after drying was cal-
culated as the moisture content. The compressive strength was measured according to
the standard of ISO470016, and the falling strength (drop no.) was counted through
repeated pellet falling from a height of 0.5 m to the steel plate with the thickness of
0.01 m until it cracked. In total, 10 balls were measured and the average was taken.

The bursting temperature was defined as the maximum temperature at which
bursting rate was less than 4%. In total, 50 pellets were placed in a baking cup and
heated for 3 min at the predetermined temperature with the flow rate of 1.5 m/s,
then moved out, and observed. If two of them were cracked, the relative tempera-
ture was recorded as a bursting temperature.

Properties of green pellets were listed in Table 3. Moisture content was in the
range of 15.29-16.78%, which was much higher compared to ordinary iron ore pel-
lets (about 7-9%) [17, 18], and would make the drying more difficult. Pellets were
strong enough with both high compressive strength and falling strength. However,
the bursting temperature was low, so the temperature in the primary drying should
be set as 150°C to avoid great bursting.

Figure 5 shows optical microstructures of the converter sludge. The major iron-
bearing phases are magnetite (Fe;0,4), iron, and wustite (Fe; _;O) (Figure 5a and b).
Some of hematite (Fe,O;) (Figure 5a) is also observed. Most of the iron-bearing phases
are spherical, with the grain size smaller than 50 pm. Gangues observed are mainly
composed of silicate crystal phase and glass phase, as shown in Figure 5b and ¢, and
also coke particles are found in Figure 5c and d.

Size, mm >0.5 0.5-0.3 0.3-0.15 0.15-0.105 0.105-0.076 <0.076
wt, % 36.74 8.46 11.24 1.33 14.33 2790
Table 2.

Size distribution of converter sludge after ground.

Item Moisture Compressive strength Falling strength (no. of Bursting
(wt, %) (N/p) drops/p) temperature (°C)
Value 15.29-16.78 11.27-16.27 >20 150
Table 3.

Properties of green pellets made from converter sludge.
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Figure 6.
XRD analysis of the converter sludge.

This mineralogical composition of converter sludge is verified through XRD
analysis shown in Figure 6. The particularly intense peaks of magnetite, iron, and
wustite prove that they mainly comprise iron contained phase. The content of
hematite is relatively lower. For the slag phases observed above, they are predomi-
nantly identified as CaO and CaCO;.
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The CaCO; is formed during the pelletizing with the reaction of formed slak-
ing Ca(OH), and CO, in the air, and two positive charges of Ca** will produce
strong electrostatic adsorption, which makes the green pellets strong enough [33].
However, so much lime in the sludge also brings the issue of much moisture content
in the pellet (~16.52% in average) because of its high hydrophilic ability, which
directly increases the risk of bursting during the drying.

4. Drying mechanism of BOF sludge pellets

Green pellets should be dried before being charged into the consequent preheat-
ing and reduction process or else they are easily to be cracked or pulverized owing
to drastic volatilization of moisture at a high temperature, and this results in the sig-
nificant drop of the permeability, which will eventually lower the metallization rate
of the products in the reduction furnace, or even make the production abnormal.
Additionally, it has been reported that about 25% of energy for pellet induration
is consumed for drying [12]. Thus, the improvement of the drying performance
will be energy efficient. The drying mechanism of iron ore pellets has been studied
by several researchers [12, 34-36]. Two-stage drying is assumed for most drying
models at first, involving surface evaporation and internal drying after a critical
moisture content is reached [12]. Then, four-step drying kinetics of individual
pellet is proposed and verified through experimental and numerical research by
Tsukerman et al. [34]. Feng et al. investigate effects of some parameters on drying
properties [35, 36].

Further research about drying characteristics of converter sludge pellets was
studied to promote its recycle and reutilization [36]. Influence of factors including
temperature, time, and flow on their drying properties were studied and optimized
through experiments in order to get better reuse of secondary resources through
the grate-kiln (or RHF) metalized pellet-producing process. Following is a brief
introduction about the experiments.

In an actual production, drying in the traveling grate was divided into two
stages [37]. This drying test was performed in the baking cup (with diameter of
80 mm and length of 300 mm) equipped with a crossflow adjusting system to
simulate the two-stage thermal condition. The schematic was shown in Figure 7.
Pellets are divided into three layers and placed in the baking cup (each layer
with the height of 60-70 mm, and separated by a meshed stainless steel plate).
Afterward, they were quickly covered by the burner and dried according to the
scheduled time, flow, and temperature. Finally, they were moved out and cooled
naturally. The bursting pellets for each layer were collected and weighed, respec-
tively, and the remaining moisture was measured using the same method as the
green pellets.

An orthogonal array was applied in this drying test. Four technical parameters
were selected based on operation experience in pelletizing plant: first drying stage
time (t;: 5, 7, 9 min), the second drying temperature (T5: 200, 300, 400°C), second
drying time (t;: 2, 4, 6 min), and second drying flow rate (v,: 1.0, 1.4, 1.8 m/s,
standard state), respectively. The temperature and flow rate in the first drying stage
were set as fixed factors (T; = 150°C; v; = 1.5 m/s) according to the previous burst-
ing temperature measurement. Bursting rate of pellets and the dehydration rate
were considered as two major indicators of drying characteristics and calculated
according to the following equations.

Busting rate (%) = m;/mg x 100 1)
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Dehydration rate (%) = (m; - m3)/m; x 100 2)

where, my, is the weight of bursting pellets, m, is the weight of total pellets, m, is
the weight of water in green pellets, and m; is the weight of water in dried pellets.
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Figure 7.
Schematic of the drying simulator.
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Figure 8.
Bursting rate of dried pellets.
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Figure 9.
Dehydration rate of dried pellets.

Figure 8 shows the bursting rate of pellets in each layer for the nine tests. High
bursting rate means poor drying performance. It is found that bursting rate of
the upper pellets in nos. 3, 6, and 2 is the worst, with the values of 46.41, 32.47,
and 23.12%, respectively. Common conditions they share are short drying time
(5-7 min) in first drying section, high level of temperature (300-400°C), and fast
flow rate (1.4-1.8 m/s) in second drying section. It can be speculated that if the first
drying time is not long enough, cracking rate of pellets will go up during the second
drying section caused by the excessive expansion force generated through rapid and
intense vaporization of residual moisture in the interior of pellet at high tempera-
ture and flow rate.

Figure 9 shows the dehydration rate of pellets in each layer. Obviously, the
bottom pellets have the lower dehydration percentage compared with the upper
and middle one, the lowest value of which are nos.1, 2, and 6, with 15.58, 32.31, and
19.16%, respectively.

Actually, moisture evaporation is a dynamic balance of liquid water gasification
and vapor condensation, and evaporation rate is the difference of these two reac-
tions [25]. It follows that the moisture evaporation velocity depends on the temper-
ature and the pressure difference between saturated and ambient vapor. The higher
the temperature and pressure difference, the faster is the evaporation rate. So, this
is the reason why the dehydration rate in the bottom level is the lowest. For one
thing, the temperature at the bottom is lower than the upper one as the endothermic
evaporation reaction takes place when gas flows from up to down. For another, the
vapor generated in the upper gradually enters into the main flow, which will lower
the differential pressure of vapor.

5. Reduction mechanism of BOF sludge pellets

Most DRI production is melted in electric arc furnaces for steelmaking. Minor
amounts may be charged into the ironmaking blast furnace. So the reduction
degree, compressive strength, and dezincification rate are considered as three
important indicators. They were energetically investigated by metallurgical
researchers recently. The study of reduction behavior of the composite briquettes
shows that both the metallization and dezincification ratios increased with the
increasing temperature and the time, but first increased and then decreased with
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the increasing C/O molar ratio [9]. The strength of the metallized pellet could be
controlled by reduction temperature, sintering time, additive quality/quantity, and
manner of reduction [22]. DRI strength values are found to decrease from 200 to
30 kg during reduction and then strengthened up to 50 kg as a result of sintering
and fusion [23].

In order to clarify reduction mechanism of BOF sludge pellets, experiments to
simulate the grate-kiln metalizing process is conducted. Flow diagram is shown in
Figure 10, including converter sludge pellets preparing, drying, preheating in the
baking cup, and subsequent direct reduction in the preheated pellets with reductant
of coal in the simulated rotary kiln.

Experimental materials include the iron-bearing converter sludge and coal.
Converter sludge’s chemical composition and mineralogical phase are shown
above. It mainly contains 54.53% TFe, 16.38% CaO, and 0.77% ZnO (weight per-
centage). The major iron-bearing phases are magnetite (Fe;0,), iron, and wustite
(Fe; - xO). Chemical analysis of coal as the reductant and its softening and melting

Converter sludge
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Drying
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Figure 10.
Flow diagram of direct reduction experiment.
Composition FC,ad M, ad A,ad V,ad V, daf
wt, % 76.18 0.72 9.68 13.42 14.98

ad = on air dry basis, daf = on dry ash free, FC = fixed carbon, M = moisture, A = ash, and V = volatile.

Table 4.
Chemical analysis of coal.

Item Distortional Softening Half global Flowing
temperature temperature temperature temperature
Value, 1125 1180 1210 1280
°C
Table 5.

Softening and melting properties of coal.
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properties are shown in Tables 4 and 5, indicating it is suitable for direct reduction
with high ash melting point.

The simulated rotary kiln is shown in Figure 11. It mainly consisted of a rotary
drum (with a diameter of 130 mm and a length of 200 mm, made of heat-resistant
steel) and an electrically heated tube furnace.

About 500 g of preheated pellets and coal at different ratio (C/O molar ratio)
were put into the steel drum, which had been heated up to the target temperature
in the furnace. Afterward, the direct reduction is proceeded for the predetermined
residence time in the drum with a rotation speed of 30 rpm. Finally, they were
moved out and cooled down to the ambient temperature. Optical microstructures
of metallized pellets were analyzed through microscope. The compressive strengths
before and after reduction were measured. Metallization rate was calculated on
basis of chemical analysis according to the following equations.

Metallization rate (%) = MFe(%)/TFe(%) x 100 3)

where, MFe means metallic iron, and TFe means total iron.

Nine tests were conducted, and three technical parameters including tempera-
ture (1000, 1050, and 1100°C), time (1.5, 2.0, 2.5 h), and coal ratio (C/O molar
ratio, 1.1, 1.3, and 1.5) were selected. Results show that the nos. 3 (T = 1050°C;
t=2.5h; C/O =1.5),2 (T =1050°C; t = 2 h; C/O = 1.3), and 6 tests (T = 1100°C;

t =2.5h; C/O = 1.1) have the highest metallization rate of 74.7, 47.7, 45.7%, respec-
tively. Common conditions they share are relatively long reaction time and high
reduction temperature. Their corresponding compressive strengths are 1014, 897.4
and 1506.7 N/p, indicating pellets produced from certain tests meet the strength
requirement of material served for BF. In addition, the residual zinc contents of
these three reduced pellets are 0.44, 0.54, and 0.38%, and the average dezincifica-
tion rate is calculated as 41.6%. This index can be further improved in an actual
rotary kiln because the vapor of zinc produced during reduction could be brought
out with the flow.

Rotary drum Fumace

Motor Gear Connector

Horizontal furnace

-—...____‘_______-

Rotary drum..

Figure 11.
Schematic of the metalizing simulator.
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Figure 12.
Optical reflecting microstructures of the reduced pellets, 200x: (a) and (b) interior and (c) and (d) exterior.
L: silicate, SFCA: composite calcium ferrite, Fe: metallic ivon, and Fe,O: wustite.

Figure 12 shows optical microstructures of the reduced pellets. A lot of
wustite exists in the interior of metalized pellets as shown in Figure 12a and b,
while a large amount of metallic iron, which looks much whiter and brighter than
wustite, is mainly observed in the exterior shown in Figure 12c and d. It can be
deduced that the reduction condition in the out part of pellets is much better than
the interior at the beginning, and the compact shell of iron rapidly formed in the
initial makes the diffusion of reduction gas more difficult from outside to the
inner.

6. Conclusions

Converter sludge is a kind of useful secondary resource rich in valuable iron and
calcium oxide. High initial moisture in converter sludge enhanced the bursting risk
during drying and made this process difficult. The upper layer bursting rate and the
bottom layer dehydration rate are considered as main indicators of drying performance.
Technical factors of temperature and retention time in the drying section have remark-
able influence on the drying performance, which should be paid close attention in future.

Two-step and one-step coal-based methods have been extensively researched
recently and adopted into operation of the BOF wastes recycling. Effects of direct
reduction parameters including temperature, time, and coal ratio on the metalliza-
tion rate and compressive strength are also studied. Results show that reduction
time and temperature have remarkable influence on the metallization rate. The
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indexes of metallization rate and compressive strength of metallized pellets reduced
from the BOF sludge can satisfy the requirement of iron burden for BF. To improve

the efficiency, the gas-based direct reduction especially hydrogen as the reductants
may be considered to develop breakthrough technologies for emission reduction.
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Chapter 6

The Comprehensive Utilisation
of Red Mud Utilisation in Blast
Furnace

Andrey Dmitriev

Abstract

State-of-the-art formation of red mud during industrial processing of bauxite in
the Sverdlovsk region (Russian Federation) is presented. Red mud chemical com-
position is presented, and an analysis of existing ways in which they are utilised is
executed. In the Institute of Metallurgy of the Ural Branch of the Russian Academy
of Sciences, red mud is utilised by introducing it into the charge for the production of
iron ore sinter and pellets following the use of sinter and pellets in the blast furnace
charge. Metallurgical properties of sinter and pellets (reducibility, strength, softening
and melting temperatures) with different contents of red mud in iron ore raw materi-
als are also presented, including the technology of red mud usage in ferrous metallurgy
carried out through industrial and laboratorial tests. Additionally, the main technical
and economic indicators of blast furnace smelting (productivity, coke consumption,
chemical composition of pig iron and slag, etc.) are presented. The possibility and
expediency of utilisation of red mud in a blast furnace are shown.

Keywords: red mud, agglomerate, pellets, metallurgical characteristics,
blast furnace smelting

1. Introduction

Red mud is one of the mass wastes of the aluminium industry. The exit of red
mud fluctuates, depending on the structure and properties of processed bauxite
raw materials, within 0.8-1.2 kg per tonne of aluminium. In the world, more than
50 million tonnes of red mud are dumped in dumps or reservoirs each year.

In 60 years of operation of the aluminous shop of the Ural Aluminium Plant,
three mud storage facilities have been constructed using more than 500 hectares
of area with over 63 million tonnes of red mud. A similar picture is seen with the
Bogoslovsk Aluminium Plant: mud storage facilities occupy a space of more than
400 hectares with more than 40 million tonnes of mud.

Currently, about 600 million tonnes of red mud are saved in Russia, and this
quantity increases annually by 5-8 million tonnes. In the Sverdlovsk region, mud
storage facilities managing more than 137 million tonnes are necessary, and 3 million
tonnes of dangerous waste are formed every year.

Negative environmental impact has proven the urgency of the problem of red
mud usage. Moreover, there are useful components within the contents of red
mud at the industrial level that increase prospects of its utilisation. However, the
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existence and influence of other red mud components that may variously impact
technological processes in the blast furnace, structure and properties of products
from blast furnace smelting still require detailed study.

2. State of the art

In works [1, 2] the technological expediency of using red mud as a ferriferous
additive in blast furnace smelting has been shown. However, excepting the iron
generally provided in the form of Fe,O;, which contains 15-20% A1,0s, the ratio of
CaO/Si0; is close to one, which contains to 4-5% of MgO. Existence of such a quan-
tity and a combination of slag-forming components allows red mud to be used as an
additive to correct properties of final slags on physical and chemical properties.

In work [3] it is noted that the iron oxide accounts for about 50 wt% in the red
mud; therefore, it is logical to consider the possibilities of red mud usage in burden
structure for receiving blast furnace agglomerates. However, it is also necessary to
consider that this material considerably concedes to processed iron ores according
to the content of iron. Its application undoubtedly reduces productivity of blast
furnaces and increases coke consumption. The specified minus is blocked by pluses
from essential increases in the durability of the agglomerate. Red mud is found to
prevent polymorphism of two-calcium silicate in the structure of the agglomerate.
It also leads to the elimination of internal tension destroying the agglomerate. A
reduction of the fraction of 0-5 mm per 1% promotes a gain of productivity of the
blast furnace per 1% with the same economy of consumption as the expensive blast
furnace coke. The binding properties of red mud are also revealed. The burden
pelletising and its gas permeability improve. Productivity of sintering machines
raises by 5-10% without capital expenditure. If the guantity of small fraction in
the agglomerate is reduced by 3-5%, and reduction in the content of iron averages
about 0.5%, the summary of technological efficiency in blast furnace production
has a gain of 1.2-2.5% on production of cast iron and 1.5-1.8% on economy of blast
furnace coke. In addition, the red mud input in the structure burden agglomerate
will form a hardened aluminoferrite ligament of agglomerate and pellets. The exit
of 0-0.5 mm during the heating and reduction of the agglomerate and pellets in
blast furnaces is reduced by 20-40%. Therefore, iron losses with dust taken out
from blast furnaces decrease and productivity grows.

In work [4] a negative factor of the ecology of the Russian blast furnace pro-
duction is noted: the environmental harm from large dust output caused by low
mechanical strength and durability in the reduction of blast furnace agglomerates
and pellets. This shortcoming can be eliminated through the initial burden of the
waste of aluminous production—red mud. Still, it can be hampered by the nega-
tive consequences of a reduction in the content of iron in blast furnace burdens.
Calculations prove that the negative effect is compensated for by a reduction in the
number of small-sized fractions in blast furnace burdens. Domestic agglomerates
have been chosen for an assessment of the influence of additive red mud on the
increase in productivity and reduction of coke consumption: Bakal with minimum
43.8%, Kachkanar with maximum 60.0% iron content and the Magnitogorsk
agglomerate with an average iron content of 53.10%. Calculations establish an intro-
duction in agglomerate burdens of 2% red mud (with mass percentages: 30.0-50.0
Fe,0;, 12.0-15.0 AL, O3, 4.0-7.0 SiO,, 5.0-8.0 CaO0, 4.0-5.0 TiO,, 2.0-4.0 Na,0, 2-3
others, 8-10 losses on calcination), taking into account the reduction of the content
of a trifle that allows an increase in the productivity of blast furnaces in the range of
0.67-3.67%, with economy of 0.23-1.73% coke. What’s more, inputting red mud in
the structure of the blast furnace burden allows additional technological effects at
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the expense of education protective scar in a high-temperature zone of blast furnace
lining with the raised content in blast furnace slag of hard titanium dioxide.

Work [5] notes a thermal agglomeration of ores and concentrates on the removal
of harmful impurities of sulphur and phosphorus. It is useful that red mud is used
for the improvement of the quality of iron ore agglomerates and pellets. In this
work, it is established that in the agglomeration of red mud in aluminous produc-
tion, it is possible to delete not less than 45% of alkalis and 65% of sulphur from the
mud at an optimum consumption of solid fuel; additionally, by the oxidation-reduc-
tion roasting of pellets from red mud, it is possible to reduce the content of alkali,
sulphur and phosphorus, respectively, by 58-60%, 31-38% and 10-15%. Sintering
and roasting are carried out in semi-factory bowls with a 420 mm diameter, while
the oxidising roasting of pellets from red mud is carried out at 1000-1200°C and
reduction roasting at 1100-1200°C. Coke is used as a reducing agent at a coarseness
of <1 mm, which was loaded into a crucible together with pellets in a mass ratio of
1:1 that provided protection of pellets against oxidation. After oxidising and reduc-
tion, roasting pellets were exposed to phase and chemical analysis.

Work [6] performs the development of technology for the Ural Aluminium
Plant’s red mud enrichment by receiving an iron concentrate of FeO = 45-50%. The
structure of red mud minerals was defined when studying a polished section under
a microscope using the programme “the Mineral-7”. The Ural Aluminium Plant red
mud enrichment methods are mainly the magnetic and gravitational methods, as
well as the physical and chemical methods; a product attrition in the rotor-pulsating
device with participation of processes of cavitation from surface processing by
hexametaphosphate for a flocculus dispersion has been chosen. It is revealed that
the general mineral content of iron in studied tests of the Ural Aluminium Plant
makes 53 and 15% from chamosite with an iron content making 18%. In the struc-
ture of red mud, there is a significant amount of amorphous formations (flocculus)
in which grains of iron-bearing minerals are included. The study of material
structure has revealed the following directions for red mud enrichment: attrition;
use of dispergators and rotor-pulsating units for flocculus disaggregation of initial
red mud; high-gradient magnetic separation for separation of haematite, chamosite
and goethite; and gravitational enrichment on a concentration table for operational
development of magnetic products.

The results of research on properties of the monomineral fractions allocated
from red mud are given in work [7]. The main fractions of red mud are haematite,
chamosite and calcite. These fractions have been received by enrichment methods.
At monomineral fractions the material structure and physical characteristics
(signs), such as a specific magnetic susceptibility and true density, have been
defined, and the factor of visibility between separate fractions on each of the physi-
cal signs is calculated. The maximum values of factors of visibility 3.75and 2.3 ona
specific magnetic susceptibility have been received, respectively, between haematite
and calcite and haematite and chamosite. It has allowed the prediction of the first
operations of the technological scheme of enrichment and the main and recleaning
high-gradient magnetic separation with an induction of a magnetic field of 1.4-1.5
Tesla, which have been received when studying the dependence of specific magnetic
moments of monomineral fractions from the set induction of a field. Further opera-
tions of the scheme (gravitational) have been predicted on the basis of the analysis
of fraction visibility factors and checked with the use of a concentration table and
Knelson separator. The results of research studies issue the optimum technological
scheme of red mud enrichment as receiving an iron concentrate with a 50% general
iron content and a 15% output.

Work [8] shows that the additive-enriched red mud in quantities of 4% in
the high-basicity agglomerate burden of Kachkanarsky Mining and Processing
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Integrated Works leads to growth in the quality of the agglomerate and slightly
influences indicators of blast furnace smelting; this means that enriching red mud
additives in agglomerative production with subsequent blast furnace repartition

is a perspective technology for their utilisation. As a positive influence of red mud
additives to agglomerates, the increase in the content of MgO in the final slags with
9.1 to 11.2-11.5% is noted as a slight improvement to the negative influence of mud
on properties of slags. The increase of magnesia in the final slags, especially when
processing high-fluxed agglomerates, leads to increased stability in their phase
structure, particularly regarding areas on the border of melilite and spinel slags
displaced towards pure spinel, i.e. in areas of more stable temperatures in the begin-
ning of crystallisation. Influence of the specified factor has allowed properties of
slag to be saved at the required level—despite an increase in the content of alumina
in slag—and has weakened influence of red mud on its properties.

Work [9] studies the structure, thermal characteristics and composition of
red mud in the current production of the Ural Aluminium Plant with the help of
spectral methods (a mass fraction on solids: 46.7% Fe,0s, 12.8% Al,0;, 14.5% SiO,,
10.85% CaO, 4.7% TiO,, 4.7% Na,0, 1.125% others). X-ray analysis is carried out
on a diffractometer by X’Pert PRO (PANanalitical, the Netherlands) in monochro-
matic CuKa radiation. For the purpose of specification of the search for iron atoms
in different minerals, samples of red mud have been investigated by a method of
Méssbauer spectroscopy. In work MS-1104Em, a spectrometer with a source of
Co57 in a rhodium matrix was used. The isomerous shift was relatively defined
a-Fe. For high-quality determination of the sizes of mineral phases and distribu-
tion of elements in them, the samples of red mud have been studied on the elec-
tron microscope JXA-8100 (JEOL, Japan) with a power dispersive system, INCA
Energy 400. Extant research of red mud structures shows that from the point of
view of iron ore materials, the material represents a difficult system of dispersed
and ultradispersed crystals of haematite surrounded by ferriferous phases in the
form of a crystal phase of chamosite and amorphous iron-silica-alumina phases.
Enrichment of such material through traditional means is represented as difficult
to realise.

Work [10] establishes the basis of studying red mud structures in the current
production of the Ural Aluminium Plant subject to reduction roasting and attempts
to define the expediency of magnetic separation of roasting production on the basis
of the results of complex research. For this purpose, briquetted samples of red mud
in the current production of the Ural Aluminium Plant are subjected to roasting in
a weak reduction environment (a gas mix CO, (95%) and H, (5%)) and the reduc-
tion environment (H, (100%)) at 810°C. The completed research study on red mud
structure after heat treatment in reduction environments and analysis of similar
research has shown that achieving effective magnetic separation will only be pos-
sible under conditions that develop physical and chemical impacts on the growth of
crystals in the magnetic phases, which form during reduction roasting within the
range of 800-1000°C.

The existence of alkalis in red mud represents danger for the technological
process of agglomeration, especially for blast furnace smelting technology as it has
harmful effects on the flameproof lining of the blast furnace.

In 2011, experts from the United Company RUSAL, together with scientists from
“Uralpromenergoproyekt”, Institute of Solid State Chemistry of the Ural Branch
of the Russian Academy of Sciences, Institute of Metallurgy of the Ural Branch of
the Russian Academy of Sciences and the Moscow Institute of Steel and Alloys,
have carried out a number of research projects on red mud and its properties with
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No. Fe FeO CaO MgO SiO, TiO, ALO; MnO P,0;s SO; R0 LC*

Mud1l 2836 588 2132 063 924 414 12.35 0.30 060 090 076 10.30

Mud2 2780 579 209 0.8 985  4.06 11.9 0.35 031 036 — 11.00

*LC—Losses on calcination.

Table 1.
Chemical composition of red mud (%).

the aim of creating technology for its complex processing, including projects on
dealkalisation, dehydration, enrichment and extraction of rare earth metals. Results
of research studies are based on the creation of trial experimental industrial plants
for red mud processing by calculating the productivity of 200,000 tonnes of mud in
ayear at the Ural Aluminium Plant.

The chemical composition of red mud in the current production of the Ural
Aluminium Plant is given in Table 1 (Mud 1), and alkaline-free red mud is listed
after the above-stated plant (Mud 2).

3. Laboratory studies and industrial tests

Sintering was carried out on the agglomerative cap of a 320 mm diameter,
established in the JSC Uralmekhanobr laboratory. The structure of alkaline-free red
mud is given in Table 2.

The structure of agglomerative burden for the agglomerative factory of JSC
Kachkanarsky Mining and Processing Integrated Works is given in Table 2 (LC—
losses on calcination).

After carrying out sintering-ready agglomerate three times, dumped from a height
of 3 m according to GOST 25471-82, granulometric composition of the received
agglomerate was defined, an output of suitable, drum-type durability and an abrad-
ability in accordance with GOST 15137-77. Agglomerate sampling for all types of tests
was carried out in accordance with GOST 26136-84. The metallurgical properties
of agglomerate, reducibility and a durability indicator at reduction were defined in
accordance with GOST 19575-84. Results of tests are given in Tables 3 and 4.

For production pellets, Kachkanarsky Mining and Processing Integrated Works
concentrates are bentonite and red mud. The chemical composition of materials is
shown in Table 5 (LC—losses on calcination). The content of particles of class in
concentrate makes less than 0.071 mm—90 and 100% in bentonite and red mud.

Material Weight fraction (%)

Fe FeO Sio, CaO MgO ALO; P S C LC
Iron ore 62.1 281 36 1.06 2.06 244 <0.01 0.025 — 2.33
concentrate
Limestone — — 139 53.2 0.32 0.71 — — — 424
Coke — — — — — — — 0.54 83.8 83.8

Ashof coke 613 1.08 48.0 8.02 1.96 244 0.32 134 — —

Table 2.
Chemical composition of components of agglomerative burden.
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No. Indicator/red mud (%) 0 1 2 3

1 Durability (%) 68.73 72.93 67.07 6773

2 Abrasiveness (%) 713 6.07 11.00 8.27

3 Specific capacity (t/(m” hour)) 113 1.07 0.65 0.86

4 Output of suitable (%) 76.83 71.32 64.08 69.68
Table 3.

Results of tests on agglomerate sintering with additives of red mud (%).

Content of GOST15137-77 GOST GOST GOST
red mud 17212-84 19575-84 26517-85
(%)
Durability Abradability Reducibility Durability Temperature
(+5mm, %) (-0.5mm, %) (%) by Linder range (°C)
0 68.7 71 65.2 36.5 1153-1266
1 729 6.1 737 274 1178-1334
2 671 11.0 69.6 315 1169-1313
3 67.7 8.27 69.0 321 1168-1309
Table 4.

Metallurgical properties of iron ore agglomerate when using red mud.

Material/element Fe FeO Fe, 03 SiO, CaO MgO
Kachkanarsky concentrate 61.9 283 57.0 393 110 268
Bentonite 36 13 37 58.5 243 2.86
Red mud 277 5.79 33.14 724 199 0.74
Material/element ALO; TiO, S LC >
Kachkanarsky concentrate 2.19 2.75 — 1.0 98.95

Bentonite 18.3 — — 5.0 92.09

Red mud 12.8 — 0.36 111 91.07

Table 5.

Chemical composition of burden components for receiving pellets with diffevent contents of red mud (%).

Heat treatment of dry pellets was carried out in the vertical tubular furnace with
height of isothermal zone (100-120 mm). Characteristics of the crude and burned
pellets are shown in Tables 6-8 (1—pellets with 0.7% of bentonite, 2—pellets with
0.7% of bentonite and 2% red mud, 3—pellets with 0.7% of bentonite and 4 mass
% red mud, and 4—pellets with 0.7 mass % of bentonite and 6 mass % red mud).

Trial tests of production of agglomerate were carried out in the conditions of
JSC Kachkanarsky Mining and Processing Integrated Works. Results are shown in
Table 9.

Trial tests of production of pellets were carried out in the conditions of JSC
Kachkanarsky Mining and Processing Integrated Works GOK. Results are shown in
Tables 10-12 (1—0.22% of binding, 1% red mud; 2—0.22% of binder, 2% red mud;
3—binder 0.44%, 4—1% red mud without binder, 5—2% red mud without binder,
and 6—0.44% binder).
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No. Binding additives Properties of pellets

of Bentonite Red Damp pellets Pressure

test

(%) mud (kg/dry
(%) Moisture Pressure Dropping Dropping pellet)
(%) (kg/ (3m, (1 m, times)
pellet) times)

1 0.7 — 6.87 115 4.0 1.0 2.81

2 0.7 2.0 7.0 1.25 42 1.0 2.06

3 0.7 4.0 6.85 115 4.5 1.0 1.84

4 0.7 6.0 7.0 1.36 4.5 1.0 172

5 — 2.0 6.34 113 29 0 0.57

6 — 6.0 6.9 131 3.6 1.0 1.0

7 0.35 6.0 7.0 1.32 3.9 1.0 1.55

8 1.0 6.0 7.0 1.88 74 1.0 3.45
Table 6.

Strengthening characteristics of nonfluxed pellets with different contents of binding additives in the form of

bentonite and red mud.

No. Heat treatment conditions Durability of FeO
9
t(°C) 1 (minutes)

1 Top 5 1300 6 325 417
Middle 3 1270 3 317 292
Bottom — 1230 1 260 1.64
Average — — — 301 291

2 Top 5 1300 6 334 3.62
Middle 3 1270 3 365 2.83
Bottom — 1230 1 330 1.89
Average — — 343 2.78

3 Top 5 1300 6 300 3.85
Middle 3 1270 3 376 22
Bottom — 1230 1 308 153
Average — — — 328 2.52

4 Top 5 1300 6 317 33
Middle 3 1270 3 303 193
Bottom — 1230 1 306 1.22
Average — — — 309 215

Table 7.

Heat treatment conditions on air of nonfluxed pellets with additives of ved mud, their strengthening
chavacteristics and chemical composition.
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No. Binding additives Properties of pellets
Bentonite  Red Damp pellets Pressure Pressure
(%) mud (kg/dry  (kg/roasting
(%) Moisture Pressure Dropping Dropping  pellet) pellet)
(%) (kg/pellet) (3m, (1 m, times)
times)
1 0.7 — 6.70 115 4.0 1.0 2.26 301
2 0.7 2.0 6.75 115 4.2 1.0 2.06 343
3 0.7 4.0 6.73 1.10 4.5 1.0 1.74 328
4 0.7 6.0 6.70 110 4.6 1.0 1.72 309
Table 8.
Metallurgical properties of iron ore pellets when using alkaline-free ved mud.
Experience condition/burden Base Fe 53.3% Fe 54.0% Fe 54.0%
(basicity 2.1) (basicity 1.9) (basicity 1.8)
Concentrate (kg) 15.0 15.0 15.00 15.00
Red mud (kg) — 110 115 1.25
Red mud (%) — 7.00 7.70 8.30
Limestone (kg) 2.85 2.86 248 2.29
Fuel (kg) 1.00 1.00 1.00 1.00
Backstock (kg) 6.00 6.00 6.00 6.00
Water (1) 240 240 24 215
Height of layer (mm) 280 280 280 280
Moisture after pelletisation (%) 7.80 76 84 750
Moisture after heating (%) 7.00 71 8.0 7.0
Burden temperature (°C) 80.0 81.0 81.0 81.0
Pelletisation degree (%) 52.8 434 59.6 55.8
Mechanical durability
+5mm (%) 56.8 499 58.8 59.8
-0.5mm (%) 52 91 66 8.0
Granulometric structure (%):
+40 mm 1.0 26 35 42
+25 mm 8.0 4.2 10 12.6
+10 mm 36.1 24.2 335 40
+5mm 26.7 249 24.9 15.0
-5mm 28.2 441 281 28.2
C (burden) (%) 449 4.66 3.89 3.72
Fe (agglomerate) (%) 539 533 539 54.0
FeO (agglomerate) (%) 91 8.17 10.68 9.29
Basicity (shares of units) 2.01 2.06 1.98 1.78
Content in agglomerate (%)
C 011 0.22 0.36 011
V,0s 0.51 0.48 047 0.49
MgO 294 2.73 248 2.68
ALO; 2.38 2.64 343 3.10
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Experience condition/burden Base Fe 53.3% Fe 54.0% Fe 54.0%
(basicity 2.1) (basicity 1.9) (basicity 1.8)
TiO, 2.53 2.53 2.65 2.69
S 0.013 0.016 0.023 0.016
Table 9.
Test vesults of agglomerate production.
No. Burden materials
Concentrate Binder Burden
Moisture Dissemination Moisture Dissemination Swelling Moisture = Dissemination
(%) (%) (%) (%) ability (times) (%) (%)
1 9.3 954 41 93.2 76 915 95.5
2 9.3 954 41 93.2 76 9.45 95.5
3 9.3 95.4 — — — — —
4 8.95 94.2 — — — 9.0 93.6
5 8.95 94.2 — — — 8.95 934
6 — — — — — — —
Table 10.
The industrial test vesults of burden materials.
No. Quality of damp pellets
Moisture (%) Plasticity (times) Durability (kg/pellet) Granulometric structure (%)
Damp Dry +20 +15 +12  +10 +8 -8
1 8.0 5.1 123 3.84 135 408 218 185 42 12
2 8.85 5.8 146 4.0 42 391 460 88 16 03
3 8.85 91 13 5.0 15 302 476 159 32 16
4 9.35 13.8 1.06 1.37 0.0 126 197 249 361 67
5 9.55 4.3 0.7 1.54 19 103 208 320 290 6.0
6 8.8 6.8 112 331 13 350 450 125 50 12
Table 11.
The industrial test vesults of pellets.
No. Burned pellets
Compressive strength (kg/pellet) Laboratory mill FeO, %
More 5.0 mm Less 0.5 mm
1 2314 96.2 25 27
2 245.2 97.0 2.7 2.5
3 211.0 98.5 14 2.0
4 2517 96.0 3.0 23
5 2576 97.5 25 21
6 255.0 97.0 2.0 33
Table 12.

The industrial test vesults of burned pellets.
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4, Calculated research

According to the received properties of experimental agglomerates in carrying
out laboratory research with an introduction in burden of blast furnace, 1 and 3%
of red mud have been calculated. Results of comparative calculations by means of
mathematical models [11] are shown in Table 13 [12].

The analysis of results shows that positive improvement in durability of the
agglomerate when using red mud is practically levelled by a decrease in the general
content of iron in the burden. To save the content of iron at the level of its base
values in the burden of blast furnace smelting, it is possible to use several options:
a decrease in basicity of the high-basicity agglomerate, along with a simultaneous
raise in the relation of CaO/SiO, in Staflux, the addition of a new iron-containing
component in the agglomerative burden (scale), and the replacement of part of the
bentonite in mud in the production of pellets.

Indices Unit of Base Red mud Red mud
measure (1%) (3%)
Useful volume of furnace m’ 2200 2200 2200
Productivity t/day 6241 6235 6141
General consumption of ore kg/t pig iron 17129 1728.8 1742.2
Pellets kg/t pig iron 90738 916.3 9234
Agglomerate, red mud (0%) kg/t pig iron 650.9 0.0 0.0
Agglomerate, red mud (1%) kg/t pig iron 0.0 657.0 0.0
Agglomerate, red mud (3%) kg/t pig iron 0.0 0.0 662.0
Staflux kg/t pig iron 154.2 155.6 156.8
Coke kg/t pig iron 396.6 394.5 3979
Dust exit kg/t pig iron 391 394 39.7
Consumption of natural gas m’/t pig iron 1252 125.2 125.2
Blast:
Temperature ‘C 1206 1206 1206
Moisture g/m’ 8 8 8
Oxygen % 287 28.7 28.7
Consumption m’/t pig iron 925.0 924.7 936.7
Top gas:
Temperature C 1739 176.7 189.5
exit m’/t pig iron 1474.5 1469.1 14837
Cco % 236 231 231
Co, % 219 224 223
H, % 9.6 9.5 9.5
N, % 449 451 452
Extent of use CO Shares of units 0.493 0.481 0.480
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Indices Unit of Base Red mud Red mud
measure (1%) (3%)

Extent of use H, Shares of units 0464 0.457 0.460

Theoretical temperature of burning C 2006 2005 2012

Composition of pig iron:

Si % 0.10 0.10 0.10
Ti % 0.15 0.15 0.5
Mn % 0.327 0.329 0.346
Cr % 0.105 0.106 0.112
\% % 0.407 0.415 0.436
N % 0.025 0.018 0.021
C % 4.666 4.666 4.666
P % 0.051 0.052 0.054
Fe % 94.17 94.16 94.11
Temperature of metal °C 1450 1450 1450
Slag exit kg/t pig iron 347.0 359.0 373.0
Composition of slag
CaO % 34.20 34.82 3334
MgO % 9.34 9.58 9.77
Sio, % 2797 25.27 25.84
ALO; % 15.83 16.79 1734
TiO, % 10.38 11.32 11.07
MnO % 041 041 043
Cry05 % 0.05 0.05 0.06
V,05 % 0.25 0.23 0.26
N % 0.80 0.77 0.76
RO % 0.57 0.54 0.91
FeO % 0.61 0.61 0.60
Ca0/Sio, 122 1.38 1.29
Table 13.

Calculated indicators of blast furnace smelting of agglomerate with additives of red mud.

5. Conclusion
Laboratory tests, calculations, research, and industrial tests have confirmed the

possibility of red mud utilisation as a ferriferous additive (agglomerate) and bind-
ing as a bentonite substitute (pellets).
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At present, a lot of metallurgical solid wastes have not been timely and effectively
recycled, resulting in serious problems of environmental pollution and waste of
resources. As a result, large-scale comprehensive utilization technologies have been
initiated, including slag dry granulation technology, steel slag cement technology,
slag wool technology, slag waste heat recovery technology, etc. The comprehensive
utilization of metallurgical solid waste has attracted worldwide attention. It is an
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wastes comprehensive utilization technology. The comprehensive utilization methods
of four representative metallurgical solid wastes are emphatically described, such as
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