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Chapter 1
Introduction

Steel production is the main driving force of economic progress of a country. On 2018
India become second largest producer of steel in the world which is preceded by China [1]. Iron
and steel industry’s growth in India has been double since last 12 years. India’s crude steel
production of year 2019 was 111.2 Mt and that was 53.5 Mt in year of 2007. Correspondingly, the
per capita steel consumption in India was 43 kg in the year of 2007 which increased to 74.3 kg
(72.8 pct) in the year of 2019; still which is much lower than the world average 229.3 kg. The
industrial development programmed of any country, by and large, is based on its natural resources.
For producing 111.2 Mt crude steel required about 190 Mt of processed iron ore and 237 Mt run
of mine ore. At present crude steel capacity in India stood at 142.2 Mt in 2018-19 while production
of crude steel reached at 110.9 Mt (78pct utilization) [2].

National steel policy 2017 [3] estimated Indian steel production of 300 Mt will be achieved
by 2030-31. To achieve this target, Indian steel plants must have to anticipate latest technologies,
increase their production capacities, improve the efficiency of operations, implement latest
technologies, utilize raw materials efficiently as well as minimize waste generation [4].

For 300 Mt steel production, there will be requirement of 510 Mt of processed iron ore and
636 Mt run of mine ore per year. India is one of the fortunate countries to have reserves of high-
grade iron ores. But with time these reserves of high-grade iron ores are bound to be diluted.

India is amongst the leading producers of iron ore in the world[5].Hematite (Fe2Oz)and
magnetite(FezO4) are the most important iron ores in India. About 79 pct haematite ore deposits
are found in the Eastern Sector (Assam, Bihar, Chhattisgarh, Jharkhand, Odisha and Uttar
Pradesh); while about 93 pct magnetite ore deposits occur in Southern Sector (Andhra Pradesh,
Goa, Karnataka, Kerala, and Tamil Nadu). Karnataka alone contributes 72 pct of magnetite deposit
in India. Of these, hematite is superior because of its higher grade. Indian deposits of haematite
ore is within banded iron ore formations occurring as massive, laminated, friable and in powdery
form. Another principle iron ore is magnetite that also occurs in the form of oxide. Table 1.2

shows iron ores reserves of India.



Table 1.2: Iron ores Reserves of India (Mt) (as on 1.4.2015) [5]

Type of Ore Reserves Category Remaining Total

Resources Category

Haematite 5,422 17,065 22,487
Magnetite 53 10,736 10,789
Total 33,276

India has reasonable coal reserves 319,021Mt. Out of which mineable are only 148,788
Mt (i.e.46.6 pct). The coking coal is 19,082 Mt (only 12.8 pct), which is useful for blast furnace
iron making. Out of that prime coking is around 4,649 Mt (3.1 pct), medium coking 13,914 Mt
(9.4 pct) and semi coking coal is 519 Mt (0.3 pct).Whereas the non-coking coal is 129,112 Mt
(86.8 pct), as shown in Table 1.3 [6]. Huge amount of coal fines and coke breezes are also produced
during coal mining and coking of coal respectively. These fine cannot be processed in sponge
iron/DRI reactors such as Rotary kiln and Rotary hearth.

Table 1.3: Coal Resources of India (Mt) (as on 1.4.2018) [6]

Type of Coal Proved/Measured | Indicated | Inferred Total
(A) Coking
Prime Coking 4,649 664 0 5,313
Medium Coking 13,914 11,709 1,879 27,502
Semi-Coking 519 995 193 1,707

Sub-Total (A) Coking 19,082 13,368 2,072 34,522

(B) Non-Coking 129,112 125,697 | 28,102 282,911
(C) Tertiary Coal 594 99 895 1,588

Grand Total

(A+B+0C) 148,788 139,164 31,069 319,021




However, in a steel industry where several processes are employed using of various raw
materials. It is obvious that many valueless substances are generated which are termed as waste
materials. Average about 500 kg of solid wastes are generated per tonne of crude steel production
[7]. Various solid wastes are blast furnace slag, blast furnace flue dust and sludge, Linz—Donawitz
(LD) converter slag, LD sludge, LD dust, mill scale, mill sludge, etc. that are coming out from

steel plants.

The utilization of wastes needs to be dealt with in a judicious and sustainable manner. Solid
wastes generated from process units are generally characterized by their uniform size and
composition. Low moisture content, high levels of metallic and non-metallic values (e.g. CaO, C
etc.) content in wastes, which makes these suitable for recycling within the plant or to be sold out
to consuming industries. The production of solid wastes per tonne of production of steel is around
1.2 ton in India compared to around 0.55 tonne of that practicing in abroad due to inferior quality
of raw materials used and an absence of proper solid waste management practices. Out of total
solid wastes generated in the steel plant in our country around 63% are dumped which needs to be
recycled or reused to target a zero-solid waste as being done in many developed countries[10]. The
huge quantities of iron ore slimes (containing 55 to 60% iron, size < 0.15 mm) collected in tailing
ponds, estimated to be 130 Mt (accumulate to the tune of around 10 Mt per year in India) are not

being utilized at present [11].

Efforts are being made to utilize the waste materials by proper characterization,
beneficiation and agglomeration techniques. The treatment/utilization of steel plant sludge/dusts
is still a problem in many countries of the world. Effective utilization of dust and sludge for iron
and steel making can be possible after upgradation of iron percent and discard the valueless
materials. There is also shortage of coking coal all over the world in general and in particular at
India. Large amount of coal fines and coke breezes are generated during coal mining and coking
of coal respectively. By incorporating non-coking coal fines or coke breezes with up-gradated dust
and sludge are utilized in producing cold bonded iron oxide-coal composite pellets. Using waste-
coal composite pellets, metallurgical coke requirement in the ironmaking processes can be
reduced.

The iron bearing oxide and carbonaceous material fines are mixed with an appropriate

binder and optimum quantity of moisture. The mixture is then pelletized into balls of suitable size.



The composite pellets in cold bonding process are hardened due to physio- chemical changes of
the binder in ambient conditions [13] or at slightly elevated temperature (400 to 500K). In cold
bonding process, finding a suitable binder is a challenge that ensures the proper physical and
mechanical properties of the composite pellet.

The term composite pellet [13] is used here to mean pellet containing mixture of fines of
iron bearing oxide and carbonaceous material (i.e. coal/char) which has been imparted sufficient
mechanical properties for subsequent handling by cold bonding technique. The prepared cold
bonded composite pellet must have enough mechanical strength to withstand high temperature and

stresses in reduction furnaces.

1.1 Objective
Looking into the above aspect, the objective of present study is three-fold:

1. Characterization and beneficiation of dust and sludge by using various methods and
establishing proper route for beneficiation with good recovery of iron bearing
oxide.

2. To prepare composite pellets using various binders by cold bonding techniques in
the laboratory and evaluate their properties; this would be a contribution towards
development of suitable binder for cold bonding composite pellets.

3. Utilization of composite pellets in liquid metal bath for steel making in induction
melting furnace. As well as auxiliary studies as backup investigation with emphasis

on isothermal reduction kinetics.

1.2 Methodology
1. Upgradation of flue dust/sludge by various techniques of beneficiation,

2. Characterization of raw materials,
3. Composite briquette and pellet making,
4. Testing of composite briquette/pellet.



Chapter 2

Review of Literature

This chapter deals with the literature review pertaining to utilization of steel plant wastes,
especially dust and sludge. It discusses about the various methods of beneficiation of low-grade
iron ores for upgradation. A comprehensive review of utilization of dusts and sludge is done. It
also discusses about the composite pellets and smelting reduction processes/ technologies. A
comprehensive review of different methods, used by investigators in past, for binder selection is
done. Further composite pellet making is discussed by using several inorganic and organic binders.
It discusses about preparation, reduction kinetics, advantages and uses of composite pellets. A
fundamental knowledge of physical, mechanical and thermal behavior of composite pellets,
concept of cold bonding, smelting reduction process concepts and understanding of mechanism
and kinetics of smelting reduction processes are of utmost importance before advancing through

the intricacies of the present study.



Chapter 3
Characterization and Beneficiation (Experimental-1)

This chapter deals with the characterization of raw materials (which include sieve analysis
of Steel Plant’s wastes (i.e. dust and sludge), chemical analysis of dust and sludge, and proximate
analysis of coal etc. By beneficiation methods, an attempt was made to find suitable up-gradation
technique to increase the total Fe percentage of dust and sludge; thereby to develop a proper

beneficiation method for dust and sludge.

3.1 Characterization and Preparations of Raw Materials
In any experimental work, it is extremely important to characterize the input materials as

they provide necessary information required for assessment of the properties of the products. These
include evaluation of physical, chemical, and other characteristics of the materials. The sources of
raw materials used for experimental work are shown in Table 3.1.

Table 3.1: Sources of Raw Materials

Sources of Iron Oxide (Steel Plant’s wastes)
Steel melting shop dust Jindal Steel Works, Bellari, Karnataka, India
Steel melting shop sludge Jindal Steel Works, Bellari, Karnataka, India
Steel melting shop sludge Vizag Steel Plant, Vishakhapatnam,
Andhra Pradesh, India

Coal
Coal | Procured from local market
Binder
Lime Procured from local market
(laboratory reagent grade)

Fly ash Thermal Power Plant, Vanakbori, Gujarat.
Molasses Procured from local Foundry

Starch Procured from local market

3.2 Characterization
3.2.1 Size Analysis

Sludge (obtained from Steel Plant) was associated with moisture and non-uniform particles
sizes. Since raw materials (i.e. dust and sludge, coal) have non-uniform particles sizes. After drying
and grinding at the ball mill, the samples were taken to a suitable size. Size analyses of raw
materials were carried out in sieve shaker for 15 minutes. In each case, 100 g sample was taken.
Results of size analyses for JSW Dust, JSW Sludge VIZAG Sludge and coal are presented in
Tables 3.2, 3.3, 3.4 and 3.5 respectively.



Table 3.2: Size analysis of JSW Dust

ASTM Mesh Particle Size, Weight Cumulative Cumulative

No. pm pct retained pct retained pct passing
85 180 81.7 81.7 18.3
100 150 6.5 88.2 11.8
150 106 7.0 95.2 4.8

200 75 2.3 97.5 2.5

Pan 2.5 100.0

Table 3.3: Size analysis of JSW Sludge
ASTM Mesh Particle Size, Weight Cumulative Cumulative

No. pm pct retained pct retained pct passing
85 180 65.4 65.4 34.6

100 150 11.1 76.5 23.5

150 106 13.4 89.9 10.1

200 75 5.1 95.0 5.0

Pan 5.0 100.0

Table 3.4: Size analysis of VIZAG Sludge
ASTM Mesh Particle Size, Weight Cumulative Cumulative

No. pm pct retained pct retained pct passing
85 180 54.8 54.8 45.2
100 150 11.6 66.4 33.6
150 106 17.5 83.9 16.1
200 75 8.2 92.1 7.9
Pan 7.9 100.0




Table 3.5: Size analysis of Coal

ASTM Mesh Particle Size, Weight Cumulative Cumulative
No. pm pct retained pct retained pct passing
85 180 89.8 89.8 10.2
100 150 6.6 96.4 3.6
150 106 15 97.9 2.1
200 75 1.2 99.1 0.9
Pan 0.9 100.0

3.2.2 Chemical Analysis
The objective of chemical analysis was to determine the chemical composition of the raw

materials by different established techniques. Studies were carried out either on the samples as
received or after drying if the received samples are associated with moisture. Each material
(individually) was thoroughly mixed for homogeneous composition after drying and a
representative sample was collected from mixed material for investigation.

Chemical analysis of Steel Plant’s dust and sludge werecarried out by Energy Dispersive
X-ray Fluorescence (XRF) Spectrometer (Model: EDXRF-800, Make: Shimazdu, Japan); which
is available at Metallurgical and Materials Engineering Department, M. S. University of Baroda,
Vadodara.

X-ray fluorescent spectrometer (XRF)is used to determine the Chemical compositions of
the samples. The chemical analyses of the Steel Plant’s waste samples are shown in Table 3.6.
Proximate analysis of coal is carried out in laboratory as per standard method(Astm D3172) and
presented in Table 3.7.

Table 3.6: Chemical analysis of waste samples (as received)

Assay Fe(m) pct Fe203pct | CaO pct SiO2pct
Dust from Jindal Steel Works, Bellari 38.77 55.39 35.84 5.57
Sludge from Jindal Steel Works, Bellari 51.64 73.77 20.69 2.51
Sludge from Vizag Steel plant, 49.49 70.70 23.29 1.65
Vishakhapatnam




Table 3.7: Proximate analysis of coal samples (as received)

Analyte Moisture Volatile Matter Ash Fixed carbon

Wt.% 1.0 17.0 20.0 62.0

3.2.3 Microscopic Observation of Raw Materials
Scanning electron microscopy (SEM) is used primarily for the study of surface topography

of solid materials. It permits a depth of field far greater than optical or transmission electron
microscopy (TEM). Scanning electron microscopic examinations of the powder samples of JSW dust
and JSW sludge and VIZAG sludge were carried out to observe the size and shape morphology using JEOL
SEM.

Microscopic observation of dust and sludge materials were done by Scanning Electron
Microscope (SEM) at Metallurgical and Materials Engineering Department, M. S. University of
Baroda, Vadodara. The Scanning Electron Microscopic (SEM) photo-micrographs of JSW Dust,
JSW Sludge and VIZAG Sludge are shown in Figure 3.1(a-c). Figure 3.1(a) shows the SEM
photomicrographs of JSW Dust sample showing the presence of typically spheroidal shaped
particles, some irregular shape particles are also present. JSW sludge and Vizag sludge samples
are shown in Figures 3.1(b and c) respectively, that shows spheroidal and irregular shaped

particles. The particles are separate from each other.

(@) JSW Dust (b) JSW Sludge (c) VIZAG Sludge

Fig: 3.1: SEM micrographs of JSW Dust, JSW Sludge and VIZAG Sludge sample



3.2.4 XRD Analysis

A few samples were selected for X-ray diffraction studies. XRD analysis of dust and sludge were
carried out to identify the phase distribution in the raw material. The results of XRD analysis for
JSW dust is shown in Figures 3.2.

(Coupled TwoTheta/Theta)
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Fig. 3.2: XRD Analysis of JSW Dust (Original Sample)

3.3 Beneficiation
The size distribution of all the wastes were non-uniform; from 66.4 pct in VIZAG sludge

to 88.2 pct in JSW dust were found above 150 pm (i.e. 100 mesh). To get uniformity in particle
size the dust and sludge was grinded in ball mill up to 150 pm (i.e. 100 mesh).
3.3.1 Single Stage Beneficiation Method

To upgrade the iron (Fe) value in steel plant wastes, many trials are taken for beneficiation
processes to discard gangue materials. The beneficiation methods of powder samples were carried
out by hydraulic classifier, air classifier and Wilfley table. All the experiments are carried out at
Metallurgical and Materials Engineering Department, MSU Vadodara as per the standard

procedures. Recovery of iron from wastes were calculated as follows:
(WZ xfz)x 100

TRTTE .3

where Wiis weight of feed sample, Wzisweightof product after beneficiation,

Iron recovery (pct) = {

f1 is fraction of Fe(r) in feed sample, and

fo is fraction of Fe(t) in product after beneficiation.

Further all the beneficiation methods for each sample were compared and it was found that

for JSW Dust air classifier was most suitable, total Fe increased from 38.77 to 46.24 pct. Tabling

10



gave good result for JSW sludge, total Fe increased from 51.64 to 60.45 pct. Again, for VIZAG
Sludge Tabling was most suitable, total Fe increased from 49.49 to 60.08 pct. However, Air
Classifier was very much useful beneficiation process to reduce gangue materials in general and

in particular CaO.

3.3.2 Two Stage Beneficiation Methods

Considering the results of individual process on all the three types of waste, a common two stage
beneficiation route was developed. The process route, using two stage beneficiation method, was
finalised where air classifier was used in the first stage and getting good results; hence the
underflow of air classifier was treated again in Wilfley Table. After tabling the concentrate and
middling were mixed for final utilization. Figure 3.3 shows the flow diagram of two stage

beneficiation route for upgradation of dust/sludge.

The results of two stage beneficiation are given in Table 3.8 to 3.10 for JSW dust, JSSW
sludge and VIZAG sludge respectively. Maximum increased in total Fe was 63.48 pct (for Tabling
concentrate) achieved in JSW sludge; for JSW dust Fe total was upgraded to 61.13 pct (for
concentrate + middling of Tabling); and in VIZAG sludge was upgraded to 60.04 pct (for Tabling
concentrate) total Fe. Based on total Fe percentage, the two stage beneficiation route is selected.

e Stage 2 recovery is calculated with result of stage 1 as the initial value

1.2

(Wex Fec + Wy X Fepr)x 100

e Fe (pct)for (Concentrate + Middling)={ WA

where W. is weight of concentrate, Wn, is weight of middling;
Fec is fraction of Fe(r) in concentrate, and Fen is fraction of Fe(r) in middling.

Table 3.11 shows the final Fe,0;, pct considered for pellet production.

11
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Upgraded Waste

Fig. 3.3: Flow diagram two stage beneficiation for upgradation of dust/sludge



Table 3.8: Result of two stage beneficiations for JSW DUST

Process Initial Fem, pct Fe,0;, pct | Weight Recovery,
weight, g retained, g | pct
Original 38.77 55.39
Sample
Stage 1 Air Classifier 200 46.24 66.05 159.26 94.97
underflow
Stage 2 Tabling 149.26 62.16 88.80 54,55 49.15
Concentrate
Tabling
Stage 2 Middling 60.04 85.77 51.35 44.67
. Concentrate +
Final output Middling 61.13 87.33 105.9 93.8
Table 3.9: Result of two stage beneficiations JSW SLUDGE
Process Initial Fem, pct Fe;03, pct | Weight Recovery,
weight, g retained, g | pct
Original 51.64 73.77
Sample
Stage 1 Air Classifier 200 53.25 76.07 162.25 83.65
Stage 2 Tabling 152.25 63.48 90.69 100.12 78.39
Concentrate
Tabling
Stage 2 Middling 59.75 85.36 18.57 13.66
. Concentrate +
Final output | “. dling 62.89 89.84 118.69 92.07
Table 3.10: Result of two stage beneficiation VIZAG SLUDGE
Process Initial Fem), pct Fe;0;, pct | Weight Recovery,
weight, g retained, g
pct
Original 49.49 70.70
Sample
Stage 1 Air Classifier 200 47.95 68.5 170.08 82.39

13



Stage 2 Tabling 160.0 60.04 85.77 73.75 57.72
Concentrate
Tabling
Stage 2 Middling 37.36 53.37 37.78 18.4
. Concentrate +
Final output | dling 52.36 74.80 111.53 76.12
Table 3.11: Final Fe,0s, pct considered for pellet production
Initial Final
Assay 2> Final Fe,0s, pct
y Fe), pct (f1) Ferm, pct (f2) nal Fe20s, b
JSW Dust 38.77 61.13 87.33
JSW Sludge 51.64 63.48 90.69
Vizag Sludge 49.49 60.04 85.77

14




Chapter 4

Briquetting and Pelletizing (Experimental-11)

The fourth chapter discusses the briquettes and pellets preparation and their testing.
Taguchi technique was used, for selection of binder proportion in combination. To select the
proper binder for pellets preparation, cylindrical shaped briquettes (diameter 9.75 mm and height
13-14 mm) were prepared and tested. Different binders like lime, slaked lime, bentonite, molasses
etc. and their combination were used to prepare briquettes and their properties (compressive
strength, drop strength and shatter index) were evaluated. From the results of briquettes’ strength,
pellets were prepared with combined binders (i.e. corn starch and molasses). Isothermal reduction
in tubular furnace was carried out and weight loss method was used to find percentage of reduction.

The activation energy was also calculated.

4.1 Briquette Preparation

Binders play a very important role in the briquetting/pelletizing process. Binder is that
material which serves as a bridge between the particles and thus increases the green or dry strength
of the bonded particles.

To select the proper binder for pellets, initially cold bonded briquettes of waste-coal
composite briquettes were prepared using a die and punch assembly by giving one impact to the
moist powder mixture. The impact force was standardized by proper design of assembly. Diameter
and height of the cylindrical shaped briquettes were 9.75 mm and13 to 14 mm respectively. The
weight of the briquettes varied between 2.0 to 2.20 g. After green briquettes formation that were
exposed to CO gas for 5 minutes (in some cases only) which favored the formation of carbonate
bonds between the particles. These briquettes were dried in open atmosphere for 24 hours.

The binder may be organic or inorganic materials. Initial trials for briquettes using various
organic and inorganic binders were done only for JSW dust; later, all the other wastes are also used

for binder selection.

4.1.1 Testing of Briquettes
The properties of briquettes / pellets of interest are those properties which have bearing on

its performance during handling and transportation until it is charged in the furnace, and

subsequently on its behavior inside the furnace. The success of the cold bonding process depends

15



heavily on attaining sufficient strength of the composite pellets. Some of the room temperature

physical and mechanical properties have been tested and results are reported in this section.

Tests (as per standard procedure) are as follows:

1. Drop test
2. Compression test
3. Shatter test

Trails were done with starch and molasses as binder separately with JSW dust (Table 4.1)

and the results were tabulated (Table 4.2). The starch was formed from corn powder. Starch is a

carbohydrate. It does not dissolve in cold water and decomposes very easily. The starch has other

advantages as binder, such as easy burn out, environment friendly and inexpensive. After careful

analysis it was observed the results were promising with starch and molasses when the percentage

of binder was more than 5 pct. The combination of binder (starch and molasses) were then tested

using design of experiments. It was found that 10 pct starch or 10 pct molasses giving very good

results without CO. gas passed.

Table 4.1: Different amount of binders used for briquettes

Sr.No.

Binder Composition

Coal

1.

5 pct Starch

2.

10 pct Starch

10 pct Molasses

As per Stoichiometric
calculations
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Table 4.2: Results of briquettes using starch or molasses

Batch Binder used No. of Drop No. Shatter Strength
No Stroke Index (pct) | (N/Brigquette)
(Average)
TB7 5pct Starch 3 strokes 11 22.01 78.4
TB8 10pct Starch 3 strokes >150 0.52 431.2
TB9 10pct Molasses 3 strokes >150 0.31 833.0

** CO2gas did not pass after briquetting

4.2 Design of Experiments

Experimental work for the briquetting is carried out in such a way that minimum number
of experiments can give output as desired. For this design of experiment methodology is applied
to select the runs of experiment. After the selection of orthogonal array and experiment
combinations, Taguchi technique was used with two variable (starch and molasses) and three

levels (2.5pct, 5.0 pct and 7.5pct of each).

The Taguchi method was developed by Genichi Taguchi, Japan. Taguchi method has been
widely utilized in engineering analysis and consist of a plan of experiments with the objective of
acquiring data in a controlled way, in order to obtain information about the behavior of a given
process[110].The Taguchi design involves orthogonal arrays to organize the parameters affecting
particular property of interest and the levels at which they vary. It allows the selection of the
necessary data to determine the factors affecting product quality the most with a minimum number
of experiments.

Weighted index for the individual outcome for strength and shatter index also for combined
properties for pellets are calculated and using that information. Proper combination of starch and
molasses, as per required strength and/or shatter index, is selected. Strength and shatter index are

complementary properties for pellet. Significance of both the properties may be a compromise
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between the two. With the help of the Table 4.3, the combination of the two properties according

to the rank, finally the proportion of the binder can be selected.

Indexes are calculated as follows:

Particular strength

i) Weighted index for strength = Maxstrength ...(4.1)
e.g. for EE9: Weighted index for strength = [1014.3/1435.7] = 0.7065
.. . . . _  Min.shatter index
i) Weighted index for shatter index = D oula shatier ndon ...(4.2)
e.g for EE4 : Weighted index for Shatter index = [0.064/1.488] = 0.043
iii) Total Index = (Weighted index for strength + Weighted index for shatter index) ....(4.3)
Table 4.3: Ranking order considering effect of both outputs
Experi | Starc Strength | Shatter | Weighted \_Neighted
Molasses Raw . . index for | Total
ment h . (N/Briquett | Index index for
Rank (pct) Material Shatter | Index
Run (pct) e) (pct) strength :
index
V| Epo | 75 75 2 10143 | 0.064 | 0.7065 1 -7
2 EE4 5.0 2.5 2 1435.7 1.488 1 0.043 1.043
3 EE8 7.5 5.0 1 1167.39 0.4 0.8131 0.16 0'273
4 EE7 7.5 2.5 3 1063.3 0.358 0.7406 0.1788 0'319
> EE3 2.5 7.5 3 960.4 0.636 0.6689 0.1006 0'269
6 EE5 5.0 5.0 3 759.5 0.529 0.529 0.121 0.65
7 EE6 5.0 7.5 1 784.8 0.86 0.5466 0.0744 0.621
8 EE2 2.5 5.0 2 539.0 2.096 0.3754 0.0305 0'205
o EE1 2.5 2.5 1 451.26 0.84 0.3143 0.0762 0%90

4.3 Bonding Mechanism
4.3.1 Corn Starch

The general chemical formula of corn starch is [(CsH100s)n]. Corn starch has semi-
crystalline particle structure, the internal area is non-crystalline, while the outer area is crystallized

(as shown in Figure 4.1). At the same time, the high relative molecular mass of corn starch and the
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close reticular formation generated from hydroxyl synthesis by hydrogen bond result in high
viscosity[116]. By adding water to the corn starch, swelling take place and viscosity increases; so,
the briquettes get a high strength at room temperature. With the temperature rising, the water
molecules enter the corn starch, combine with starch molecular and start irreversible swell. When
the temperature reaches 110°C, the gelatinization (i.e. it is a process of breaking down the
intermolecular bonds of starch molecules in the presence of water and heat) is completed. The
original morphological structure of corn starch granules is broken, and the intermolecular
interaction is weakened, due to that thoroughly starch spread on the waste concentrate and coal
particles. At 200°C corn starch gradually transforms into a continuous solid bridge formation
(Figure 4.2), which connected the concentrate and coal particles closely and strength of the
composite briquettes increases. Because of mechanical force, the crystal structure of corn starch
has been destroyed. The degree of lattice ordering of crystal in crystalline area reduces gradually,
which creates a good fluidity of corn starch.

b &

Crystalline area

Corn starch
Non C(:'l\:t:ll?;l:e Oxide Coz'll
‘ -m:eh particle particle

Fig. 4.1: corn starch, waste concentrate and coal particles

@ Heating O
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Fig. 4.2: Bonding mechanism of corn starch

Gelatinization
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Corn starch can improve the composite briquettes strength at room temperature and the
strength after drying because of the expansibility after absorbing water and compatibility after
gelatinization of corn starch. At 100-200°C corn starch thoroughly spade on the waste concentrate
and coal particles and after 200°C corn starch gradually transforms into a continuous solid bridge
formation, which connected the concentrate particles and coal particles closely. The strength of

composite briquettes/pellets are improved.

4.3.2 Corn starch and Molasses

Molasses is a viscous product resulting from refining sugarcane or sugar beets into sugar.
Molasses (containing around 50 pct fermentable sugars and 80 pct soluble solids), usually is
diluted with an equal amount of water[117] to reduced viscosity. Initially dilute molasses gives a
coating on the concentrate particles and coal particles, then due to gelatinization of corn starch
which thoroughly spade on the waste concentrate and coal particles; and finally, by solid bridge

formation connecting the concentrate and coal particles closely (Figure 4.3).

Fig. 4.3: Corn starch-molasses bonding. a) concentrate particle and coal particle coated with
molasses, b) corn starch thoroughly spade on the particles, and c) solid bridge formation
connecting particles.

Again, chemically corn starch and molasses are form long chain bonding. Reactions of

corn starch and molasses are as follows:
(CeH1005)n + n H20 = n (CsH1206) ...(4.4)

Starch Glucose
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n (CeéH1206) = 2n (C2Hs0H) + 2n CO» ...(4.5)

Glucose Ethanol
Again, C12H22011 + H20 = CgH1206 + CsH1206 ...(4.6)
Molasses Glucose  Fructose
CsH1206 = 2 C2HsOH + 2 CO2 ..(4.7)

Glucose Ethanol

(C6H1005)n + C12H22011 + (n+1) H20 = CeH1206 + 2(n +1) (C2HsOH) + 2(n +1) CO;

Starch Molasses Fructose Ethanol ...(4.8)

4.4 Pellets Preparation
Figure 4.3 shows the flow diagram for composite pellet making. Binders were selected

based on briquettes formation and proper strength of briquettes. Waste-coal composite pellets
were prepared using as binder based on Table 4.2, binder proportions (i.e. starch and molasses)
were selected for all the three raw materials (Table 4.3) and bulk pellets were prepared according
to their compositions.

First mixing of raw materials (waste fines, coal fines, and binders) were done in a
porcelain jar rotated at 50 rpm for one hour in a pebble mill. Pellets were prepared in batches
using a disc pelletizer (400 mm diameter) which rotated at 17 rpm and angle of pelletizer is 40°.
The mixture was fed into the disc manually and water was added by spraying time to time. Total
moisture was in the range of 8 to 10 pct by weight of the mixture. The green pellets of nearly 12
to 22 mm sizes were formed. CO2 gas were not passed to the pellets for hardening. The pellets
were dried in open atmosphere for 24 hours. These pellets got hardened in cold bonding process
due to physico-chemical changes of the binder in ambient condition. For experimental work,
composite pellets were prepared using coals from local sources having Few/C ratio as per

stochiometric.
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Table 4.3: Selection of binder for pellets

Raw Material Starch, Molasses,
pct Pct
JSW Dust (1) 7.5 50
JSW Sludge(2) 5.0 55
VIZAG Sludge (3) 75 95
Upgraded waste Fines : .
(-100 mesh) Binders Coal Fines (-100 mesh)
Dry Mixing )
Water
Wet Mixing
:
Pellet Making
Air Drying
Oven Drying
Testing of Pellet

Composite Pellet ready for use

Fig.4.4: Flow diagram of composite pellet making
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4.5 Study of Reducibility

The degree of reduction of iron oxide can be obtained by reducibility studies through
weight loss method when a gaseous reductant is used. For reduction of iron oxides by carbon, the
degree of reduction cannot be found out directly from the weight loss of the sample, since both
oxygen and carbon are loosed during reduction. It is not possible to delineate the two unless the
released gases are analyzed and their volumes are measured. Accordingly, such reactions have
been studied with the help of gas chromatograph attached with the reduction chamber. Even this
method runs into trouble when coal is used in place of pure carbon or graphite. Alternatively the
reaction product can be chemically analyzed after each test run, but this procedure is time
consuming, more expensive and gives only intermittent information. For ore-coal composite
pellets, the weight loss of the sample arises not only from oxygen and carbon loss, but also the loss
of volatile matters and residual moisture present in pellets[13]. Since only weight loss of the
sample is not sufficient, some additional measurements are required for estimating the degree of

reduction (o), which is defined as follows:

Weight of oxygen removed from iron oxide

o= x 100 ..(4.9)

" Total weight of removable oxygen present in iron oxide

Sah and Dutta[96] used the following equation for calculation of fraction of reduction to
take care of the loss of volatile matters:

f= [4X{fwl_(fcoalevm)}

7 X (fore X Pore X fo)

] ..(4.10)

where, f., is fractional weight loss, = [(Wi — Ws) / Wi],
Wi is the initial weight of the composite pellet,
Wt is the final weight of the composite pellet after reduction,
feoal is fraction of coal present in composite pellet,
fum is fraction of volatile matters present in coal,
fore is fraction of waste present in composite pellet,
pore 1S purity of iron oxide (Fe203) in waste,

fo is fraction of oxygen present in pure Fe20s.
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4.5.1 Horizontal Tube Furnace
Electrically heated tube furnace was used for reducibility studies. Temperature was

controlled by a Pt-Rh thermocouple. Fused quartz tube of diameter 20 mm and length 600 mm
was used for the reduction. One end of the tube was connected to the nitrogen gas cylinder for
creating inert atmosphere during reduction while the other end of the tube was connected to the
water beaker to check the flow of gas. The quartz heating tube was calibrated along the length

using Pt-Rh thermocouple to assess the perfect reaction zone within the tube.

The experiments were designed to investigate the reduction Kinetics of the composite
pellets in isothermal condition at various temperature. Special ceramic boat was prepared for the
pellets to be placed into the tube furnace. Pellets were dried at 150°C for 30 minutes before placing
it into the furnace. Two pellets of 12-15 mm diameter were taken simultaneously. Pellets were
weighed using electronic balance of 0.001g accuracy. The weights of pellets were in the range of
31to 7 g. The pellets were placed in high alumina boat, which was put into the preheated tube
furnace in nitrogen atmosphere. The reaction time was noted and after reduction the boat was
shifted to the cooling zone of the tube and allowed to cool the pellets in the nitrogen atmosphere
for 5 minutes. Then the reduced pellets were transferred to the desiccators for further cooling. The
cooled pellets were weighted to calculate the fraction of reduction. The variables for Isothermal
reduction of composite pellets are shown in Table 4.4.

Table 4.4: Variables for isothermal reduction of composite pellets

Sr.No. | Variable Number | Remarks

1 Steel plant Waste 3 JSW Dust, JSSW Sludge, VIZAG
Sludge

2 Coal 1 From local market

3 Temperature (°C) 3 950, 1000 and 1050

4 Time () 5 150, 300, 450, 600 and 1200

4.5.2 Measurement of Rate of Reduction (k) and Activation Energy (E)
The fraction of reduction (f) of composite pellets are calculated as per eq. (4.22). Then, f

vs t plots are drawn. From the initial straight line of the plot, the slope of the line is found out to

know the rate of reduction (k).
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Therefore, k= % ....(4.11)

From the rate of reduction (k), the activation energy (E) can be calculated from Arrhenius equation:
Rate, k = A-¢"ERD ... (4.12)
where A is constant, E is activation energy, R is gas constant, and T is absolute temperature.
Therefore, Ink=1InA-(E/RT) ... (4.13)
Equation (4.25) is used in analyzing the reduction Kinetic data. A plot of In k vs 1/T gives slope

(E/R) and from the slope of the line, the activation energy (E) can be estimated.

Therefore, the activation energy (E) = [slope X R] ... (4.14)

4.6 Results for Reduction of Composite
4.6.1 Results for JSW Dust

Figure 4.5 shows the reduction curve sat various temperatures for JSW Dust composite.
From the Figure 4.5, the fraction of reduction increases with increasing in temperature and time.
The rate of reduction for JSW Dust at various temperatures are shown in Table 4.5. Ink vs 1/T is
plotted for JSW Dust composite (Figure 4.6) and the slope of the line is found out to calculate

activation energy. The activation energy for JSW Dust composite is found to be 52.59 KJ/mol.
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Fig. 4.5: Reduction curve sat various temperatures for JSW Dust composite
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Table 4.5: Rate of reduction for JSW Dust composite at various temperatures

Sr.no.

Temp
(°C)

Temp
(K)

(1/T) x
10

Rate, k
X 10*

Ink

950 1223

8.18

2.27

-8.39

1000

1273

7.86

3.08

-8.09

1050

1323

7.56

3.37

-8.00

‘7.9 T T T T T T T 1
5 7.6 7.7 7.8 7.9 8 8.1 8.2 8.3

-7.95 /

-8.05
8.1 *

-8.15

InK

-8.2

-8.25

-8.3

-8.35 y =-0.6325x - 3.1847
-8.4 ¢

-8.45

(1/T) x 10*

Figure 4.6: Arrhenius plot for JSW Dust composite

4.6.2 Results for JSW Sludge

Figure 4.7 shows the reduction curves at various temperatures for JSW Sludge composite.
From the Figure 4.7, the fraction of reduction increases with increasing in temperature and time.

The rate of reduction for JSW Sludge at various temperatures are shown in Table 4.6.

Ink vs 1/T is plotted (Figure 4.8) for JSW Sludge and the slope of the line is found out to

calculate activation energy. The activation energy for JSW Sludge is found to be 49.8 KJ/mol.

26



f vs t at various temp.

0.4
“
g 0.35 g
B 0.3 o 3
3 0.25
&
£ 02 e ©950
2015 . ° 1000
2 01 ®
& 0.05 ® 1050
L

0
0 500 1000 1500
Time, t(s)

Fig. 4.7: Reduction curves at various temperatures for JSW Sludge composite

Table 4.6: Rate of reduction for JSW Sludge composite pellet at various temperature

Tgmp Temp (U/T) X Rate,f Lnk
srno. | (C) (K) 10 | X10
1 950 1223 8.18 7.08 -7.25
2 1000 1273 7.86 9.33 -6.98
3 1050 1323 7.56 10.26 | -6.88
'6.8 T T T T 1
-6.85 714 7.6 7.8 8 8.2 8.4
-6.9 ¢
-6.95
-7 ¢
£7.05
7.1
-7.15
7.2
y = -0.5995x - 2.3205
-7.25 *
-7.3
(1/T) x 104

Fig. 4.8: Arrhenius plot for JSW Sludge



4.6.3 Results for VIZAG Sludge

Figure 4.9 shows the reduction curves at various temperatures for VIZAG Sludge

composite. From the Figure 4.9, the fraction of reduction increases with increasing in

temperature and time. The rate of reduction for VIZAG Sludge at various temperatures are

shown in Table 4.7.

Table 4.7: Rate of reduction for VIZAG Sludge composite pellet at various temperature

Temp |Temp | (1/T)x | Rate, k Ink
Sr.no. (OC) (K) 10* X 10*
1 950 1223 | 8.18 4.29 -1.75
2 1000 1273 | 7.86 3.78 -7.88
3 1050 1323 | 7.56 6.79 -7.30
f vs t at various temperatures
0.45
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E\ 0.35 P ®
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Fig. 4.9: Reduction curves at various temperature for VIZAG Sludge

In k vs 1/T is plotted (Figure 4.10) for VIZAG Sludge and the slope of the

line is found out to calculate activation energy. The activation energy for

VIZAG Sludge is found to be 59.28 KJ/mol.
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Fig. 4.10: Arrhenius plot for VIZAG Sludge

Table 4.8: Values of Activation Energies for All the Composite Pellets

Sr.No. Steel Plant Waste Activation Energy, KJ/mol
1. JSW Dust -52.59
2. JSW Sludge - 49.80
3. VIZAG Sludge -59.28

The computed values of activation energies (Table 4.8) are found to be low (49.8 to 59.28
kJ mol™?) which means, volatile gases (in particular Hz) diffuse through porous solid iron oxide
particles boundary. Overall reduction is controlled by gasification reactions [C (s) + CO2 (g) =
2CO (g) and C (s) + H20 (g) = CO (g) + H2 (9)]. In all cases, lower activation energies obtained
may be due to the catalytic effect of freshly reduced iron and gangue present in waste, influence
the gasification rate.

These above values are comparable to the values of activation energies reported in the
literatures. Wang et al. [118] obtained activation energy 68.95 kJ mol for iron ore-hard coal (low
volatile content) pellet. Goswami et al. [119] obtained activation energy 60.75 kJ mol for fluxed

composite pellets. They observed a mixed kinetic model where reduction is initially diffusion
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controlled and later on chemical reaction controlled. For non-isothermal reduction studies of
composite pellets, it was reported [120] that when temperature is lower than 1,073 K (800°C) , the
reaction is controlled by interface chemical reaction; when the temperature is higher than 1,173 K
(900°C), the reaction is controlled by diffusion (E = 57.3 kJ mol™).

4.7 XRD and SEM
XRD were carried out on reduced composite pellets to identify the phases present in

reduced composite pellets. Figure 4.11 shows XRD peaks for JSW Dust. The result shows the
presence of sharp peaks of different phases. The XRD peaks confirm the topochemical pattern of
reduction (i.e. Fe2O3> Fe304—> FeO - Fe) occurred in the composite pellets.

JSW Dust Reduced at 1050Deg. C for 20 Mins

M = lewmadile
M = "’ﬂﬂ“\gi(,’(
Fe W T wuskeds
Fe = L F&
1 ¢ = Trew Casbids

M

Intensity

2 Theta

Fig. 4.11: XRD of reduced JSW Dust composite at 1050°C for 1200 s
Reduced composite pellets were examined by SEM to observe the microstructure. The
SEM micrographs (Figure 4.12) confirmed the presence of reduced metallic Fe in reduced
composite pellet samples. Fine metallic particles (without sinter) were confirmed the
homogeneous reduction mechanism. But the topochemical pattern of reduction in the composite

pellets were not found in micrographs.
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(b)

Fig. 4.12: SEM micrographs of reduced (a) JSW Dust and (b) VIZAG Sludge composite
samples at 1050°C for 1200 s(5000X)
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Chapter 5

Smelting Reduction (Experimental 111)

The fifth chapter deals with the analysis of experimental data generated on smelting
reduction of the composite pellets made from upgraded waste. The dissolution behavior of the
individual pellet as well as bulk dissolution of the pellets are discussed in terms of yield and other

output of the smelting reduction.

5.1 Smelting Reduction
The need for an alternate ironmaking technology arises out of the demand to conserve the

depleting reserves of good quality coking coal, to make use of non-coking coal reserves dispersed
across the country and to take advantage out of large price differences between imported
metallurgical coal and non-coking coal. The scenario forced innovators to look for alternative coal-
based iron production routes[95]. In order to overcome the above, scientist and technologists have
been working for quite some time specially in the second half of last century to develop suitable
process of ironmaking, called smelting reduction (SR) process, using non-coking coals and iron
ore[15].

5.2 Smelting Reduction of Composite Pellet in Induction Furnace

Smelting reduction of waste-coal composite pellets was carried out in a laboratory
induction furnace at Metallurgical and Materials Engineering Department of M. S. University of
Baroda. The experiments were designed to investigate i) dissolution behavior of composite pellets
in molten bath, and ii) bulk dissolution of composite pellets in molten bath to produce steel/cast

iron and to assess the recovery of iron.

5.2.1 Dissolution Behavior of Composite Pellet

Initially the furnace crucible was filled with mild steel scrap. Before switching on the
furnace, the demineralized water circulation through heating coil and induction panel was set on.
The crucible was filled with steel scrap and furnace was switched on with initial power supply of
4 to 5 kWh and gradually raised to 10 kWh. Within half an hour the steel scrap was melted and
chemically homogenization took place. Sample of liquid metal was taken for analysis. Now liquid
metal bath was ready to receive the composite pellet. To study the dissolution behaviour of
composite pellets in molten bath, a single composite pellet was put in the molten bath and was
visually observed that how the composite pellet dissolved in the molten bath and the time required

32



for complete dissolution was noted. This was repeated several times. It was observed that thel6-
17 mm diameter composite pellets completely dissolved in the molten bath at an average 27

seconds.

5.2.2 Bulk Dissolution of Composite Pellets

Table 5.1 shows the variables for smelting reduction of composite pellets in induction
furnace. The experiments were carried out to observe the bulk dissolution of composite pellets in
molten bath to produce steel/cast iron and to assess the recovery of iron (in terms of yield). Initially
the furnace crucible was filled with mild steel scrap. The switching on the furnace as described
earlier, within half an hour the scrap melted and formed molten bath i.e. hot heel. A small amount
of liquid molten metal, as sample, was collected for initial chemical analysis of the melt.
Composite pellets were charged in small batches to hot-heel. Preheating of pellets took place due
to the radiation from hot heel and subsequently reduction and dissolution of pellets occurred in hot
heel. Some amount of lime powder was added for easy slag formation. After complete dissolution
of pellets and slag-off, the liquid molten bath was allowed to homogenize for some time. The
fluidity of molten metal increased with time which led to the homogenization of bath due to
convective stirring within liquid molten bath. Slag was removed with the help of steel (TMT) rod.
Liquid molten metal was poured in earlier prepared sand mould. The casting was knocked out after
solidification and samples were cut for chemical analysis and testing.
Recovery of iron (i.e. yield) was calculated as follows:

Iron present in product x 100

Iron yield (%) =

Total iron present in the charge

Total iron in output as cast sample x 100

Total iron from scrap + Iron from composite pellet + Iron from starring rod

- (Ws x Fg) x 100 .“(5.1)

{{(Wy = W) x F1] +(W3 x F x F3 x Fy) + (Wy x F5)}
Where W1 = Weight of MS scrap, kg

W> = Weight of sample taken for chemical analysis before pellet addition

F1 = Fraction of Fe present in initial melt

W3 = Weight of composite pellets charged, kg

F> = Fraction of iron oxide present in composite pellets
Fs = Fraction of purity of iron oxide

F4 = Fraction of Fe present in iron oxide (i.e. 112/160 = 0.7)
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W, = Weight of TMT rod dissolved during stirring the melt, kg

Fs = Fraction of Fe present in TMT rod
Ws = Weight of product, kg

Fs = Fraction of Fe present in product

Table 5.1: Variables for Smelting Reduction of Composite Pellets

Sr.No. | Variable Number | Remarks

1 Steel plant Waste pellet 3 JSW Dust, JSW Sludge, VIZAG Sludge
2 Steel Scrap 1 From Local Market

3 Percentage of Pellets charged 4 5%, 10%, 15%, 20%

4 Fewt/C 1 3.11 (as per stoichiometry)

5.3 Results of Bulk Dissolution of Composite Pellets

5.3.1 JSW Dust

Table 5.2 shows carbon (in product) and iron yield variation with addition of JSW dust composite

pellet.

Table 5.2: Carbon (in Product) and Iron yield variation with composite pellet charged for

JSW dust
Heat No. Pellet Charged, pct | Carbon, pct Iron yield, pct
1 5.26 1.9 90.66
2 11.10 1.45 98.23
3 17.65 0.97 94.44
4 24.93 3.44 87.58

5.3.2 JSW Sludge

Table 5.3 shows carbon (in product) and iron yield variation with addition of JSW Sludge composite

pellet.
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Table 5.3: Carbon (in Product) and Iron yield variation with composite pellet charged for

JSW Sludge
Heat No. Pellet Charged, pct Carbon, pct Iron yield, pct
5 5.28 1.45 93.95
6 11.33 1.32 94.31
7 17.62 1.45 96.12
8 24.93 2.59 91.51
5.3.3 VIZAG Sludge

Table 5.4 shows carbon (in product) and iron yield variation with addition of VIZAG sludge

composite pellet.

Table 5.4: Carbon (in Product) and Iron yield variation with composite pellet charged

forVizag Sludge

Heat Pellet Charged, | Carbon, pct | Iron yield, pct
No. pct

9 5.28 1.43 94.52

10 13.38 1.23 81.93

11 17.66 1.45 98.33

12 24.96 1.97 93.11

Figures 5.1 and 5.2 shows comparison of carbon (in product) and iron yield with addition
of different composite pellets. Above 20 pct addition of composite pellets to the molten metal
formed cast iron, due to higher carbon input along with composite pellets. There was some carbon
dissolved from graphite crucible, due to more times were spend for dissolving the total composite
pellets.As addition of composite pellets increases, carbon in product also increasing in general.
Above 20 pct addition of composite pellets to the molten metal, in general, iron yield decreases

due to loss of iron in slag.
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Fig. 5.1: Variation of carbon (in product) with addition of composite pellets
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Fig. 5.2: Variation of iron yield with addition of composite pellets

5.7 Microstructure of Products (i.e. Steel/Cast Iron)
The solidified samples were first normalized at 850°C forlhourand then the microstructural

studies were carried out. Microstructure was observed under microscope using 2% NITAL as
etchant and 100X magnification. The microstructure of steel/cast iron produced in all 12 heats and

few are shown in Figure 5.3 to 5.5.
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(b)

Fig. 5.3: Microstructure of product by addition of JSW Dust composite pellet

to the melt at (a) 5.26 pct, (b) 24.93 pct (100X)

Fig. 5.4: Microstructure of product by addition of JSW Sludge composite pellet
to the melt at 11.33 pct (100X)

Fig. 5.5: Microstructure of product by addition of Vizag Sludge composite
pellet to the melt at 17.66 pct (100X)

Figure 5.3 (a) shows more of pearlite and less of cementite (1.29 pct C) and Figure 5.3 (b)
shows more of cementite and some pearlite (3.44 pct C). Figure 5.4 shows cementite at grain
boundary and pearlite (1.32 pct C). Figure 5.5 shows more cementite percentage with pearlite (1.45
pct C). The microstructure reveals that as the percentage of composite pellets increases in the
molten steel the cementite percentage also increases which is the result of increase in the carbon

percentage of steel/cast iron produced.
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Chapter 6

Summary and Conclusions

6.1 Summary

Steel is the main driving force of economic progress of a country. The industrial
development programmed of any country, by and large, is based on its natural resources. There
are planning for about 300 Mt steel production by India in 2030, that will be required 513 Mt of
processed iron ore and 639 Mt run of mine ore. India is fortunate to have reserves of high-grade

iron ores. But with time, these reserves of high-grade iron ores are bound to be diluted.

However, in a steel industry where several processes are employed using of various raw
materials. It is natural that many valueless substances are generated which can be termed as waste
materials. The waste can be categorized in terms of solid, liquid and gases. The solid wastes are
from process units and also from pollution control units. The process wastes, dust and sludge from
pollution control unit, are the area of attention. Solid wastes generated from process units are
generally characterized by their uniform size and composition. Low moisture content, high levels
of metallic (i.e. Fe) and non-metallic values (e.g. CaO, C etc.) content in wastes, which makes

these suitable for recycling within the plant or to be sold out to consuming industries.

Efforts are being made to utilize the waste materials by proper characterization,
beneficiation and agglomeration techniques. The treatment/utilization of steel plant sludge/dusts
is still a problem in many countries of the world. Effective utilization of dust and sludge for iron
and steel making can be possible after upgradation of Fe percent and discard the valueless
materials. There is also shortage of coking coal all over the world in general and in particular at
India. Enormous amount of coal fines and coke breezes are generated during coal mining and
coking of coal respectively. By incorporating non-coking coal fines or coke breezes with up-
gradated dust and sludge utilized in producing cold bonded iron oxide-coal composite pellets, the

metallurgical coke requirement in the blast furnaces can be reduced.

The term composite pellet is employed here to mean pellet containing mixture of fines of
iron bearing oxide and carbonaceous material (i.e. coal) which has been imparted sufficient green
strength for subsequent handling by cold bonding technique. The prepared cold bonded composite

pellet should have sufficient mechanical strength to withstand high temperature and stresses in
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reduction furnaces. Interest in composite pellets have grown from the decade of 1980s because of

the following advantages:

1. Utilization of cheaper resource and pollution control,

2. Very fast reduction rate due to intimate contact between reductant and oxide particles,

3. Reduction in energy consumption for production because cold bonded composite
pellets do not require induration,

4. Promising prospect for iron making at small scale with higher production rate,

5. Because of their uniform size and convenient form, composite pellets can be
continuously charged into the furnace leading to higher productivity, and

6. Consistent production quality as the chemical composition of composite pellets does

not change.

The concept of Smelting Reduction (SR) process of iron ore, an alternative to blast furnace
technology was initiated around 1970. The SR processes involving both reduction and smelting
are very similar to blast furnace in which all the reactions take place in a single reactor. Most of
the smelting reduction processes involve by removal of oxygen from the iron ore in the solid state
(initially) followed by further removal of remaining oxygen in the liquid phase reduction reaction.
Ideally, a smelting reduction process should have 100 pct reduction of iron oxides in the liquid

state in a single stage in a single reactor.

There is a shortage of coking coal in India. On the other hand, India has vast reserves of
non-coking coal, which is widely available and cheapest reducing agent for iron oxide. Hence,
non-coking coal based iron making technology has special relevance for country like India. In fact,
the need to make non-coking coal based iron making units economically viable has resulted in the

development of SR processes, which do not face sticking problem at high temperature.

The composite pellets, produced from steel plant dust or sludge (after beneficiation), can
be utilized as the feed material for smelting reduction. Rate of production is expected to be higher
with composite pellets due to high degree of pre-reduction to the smelting reactor. There have been
very few studies for the utilization of various steel plant wastes in the steel making process.

However, the dust and sludge are used in steel making at some places, but the productivity is not
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good by using directly. There are a few published literatures on utilization of steel plant dust and

sludge. Looking into the above aspect, the objective of present study was three-fold:

1. Characterization and beneficiation of dust and sludge by using various methods and

establishing proper route for beneficiation with good recovery of iron bearing

oxide.

. To prepare composite pellets using various binders by cold bonding techniques in

the laboratory and evaluate their properties; this would be a contribution towards
development of suitable binder for cold bonding composite pellets.

Utilization of composite pellets in liquid metal bath for steel/iron making. As well
as auxiliary studies as backup investigation with emphasis on isothermal reduction

kinetics.

To achieve the set objectives, the overall study consisted of four parts:

)
i)
i)

iv)

Characterization of raw materials,

Beneficiation of waste materials to upgrade iron content,

Selection of binder for waste-coal composite pellet making,

Fundamental studies on isothermal reduction of waste-coal composite pellets, and

Bulk dissolution of composite pellets in molten bath to produce steel/cast iron.

Therefore, it was decided to carry out the beneficiation of the waste to enrich iron content.

Preparation and testing of waste-coal composite briquettes / pellets were done. Isothermal

reduction of waste-coal composite pellets and investigation on reduction smelting of composite

pellets in liquid metal bath were done. Some auxiliary studies as back-up investigations with

emphasis on kinetics, for better understanding of reduction behavior of composite pellets were

also done.

The following raw materials were selected and procured for the present study:

Sources of Iron Oxide (Steel Plant’s wastes)

Steel melting shop dust Jindal Steel Works, Bellari, Karnataka, India

Steel melting shop sludge Jindal Steel Works, Bellari, Karnataka, India

Steel melting shop sludge Vizag Steel Plant, Vishakhapatnam,

Andhra Pradesh, India

Coal

Coal

| Procured from local market
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Binder

Lime Procured from local market

(laboratory reagent grade)
Fly ash Thermal Power Plant, Vanakbori, Gujarat.
Molasses Procured from local Foundry
Starch Procured from local market
Charge material for | Steel scrap (procured from local market)
induction furnace

Chemical analysis of waste samples were done using Energy Dispersive X-ray
Fluorescence (XRF) Spectrometer. The proximate analyses of coal was done according to the
standard method. The Scanning Electron Microscopic (SEM) examination of waste sample were
carried out using JEOL SEM (Model: JSM-5610 LV) coupled with Oxford Energy Dispersive
Analytical X-ray (EDAX) system. The waste powder sample showed the presence of mostly
spheroidal shaped particles. XRD of the waste samples showed the waste were amorphous in
nature. A wide variation in particle size was observed in sieve analysis of the samples.

The ground dust and sludge were beneficiated using various methods like Air Classifier,
Welfley Table and Hydraulic Classifier. Finally, after beneficiation trials, two stage beneficiation
route was selected. After the two stage beneficiation route, it was observed that in case of JSSW
dust, JSW Sludge and VIZAG Sludge there was increase in percentage of Fe>Os up to 87.33 pct,
90.69 pct and 85.77 pct from initial 55.39 pct, 73.77 pct and 70.70 pct of Fe>Os respectively.

To select the proper binder, cylindrical shaped briquettes (diameter 9.70 - 9.75 mm and
height 13-14 mm) were prepared and tested. It was observed that the highest compressive strength
of 1436 N/briquette was obtained for briquettes prepared using 5 pct starch and 2.5 pct molasses
as binder in JSW sludge, 1167 N/briquette strength was for JSW dust using 7.5 pct starch and 5
pct molasses as binder and 1063 N/briquette was obtained for briquettes prepared using 7.5 pct
starch and 2.5 pct molasses as binder for VIZAG sludge. From these results of briquettes,
composite pellets were prepared. Variation in compressive strengths were observed mostly by £15
pct of the average value. Similarly, the highest drop strength (more than 200 drops) and lowest

shatter index value (0.064 pct) were also obtained.

The iron ore-coal composite pellets were produced using starch and molasses as binder

with Fewt/Crix ratios as per stoichiometry. The degree of reduction of composite pellets were
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obtained by reducibility studies. For measurement of degree of reduction for composite pellets, the
weight loss method was used. The loss in weight due to loss of oxygen, carbon and volatile matters
were taken into consideration. The isothermal reduction of composite pellets was carried out in
nitrogen atmosphere. The reduction studies of composite pellets were analysed, and rate of
reduction and activation energy was calculated. The activation energies were found to be low
(49.8-59.28 kJ molt) which means, volatile gases (in particular Hz) diffused through porous solid
iron-oxide particles boundary. Overall reduction was controlled by gasification reactions.
Reduced composite pellets were examined by SEM to observe the microstructure of the reduced

composite pellets. XRD was carried out to identify the phases present in reduced composite pellets.

The experiments for smelting reduction of composite pellets were done in an induction
furnace of 5 kg capacity at temperature 1723 + 10 K. The process deals with the bulk dissolution
of composite pellets into the molten bath and iron recovery was calculated in terms of yield. During
smelting reduction, it was observed that the 16-17 mm diameter composite pellets completely
dissolved in 24 to 30 seconds. The maximum yield 98.2 pct for JSW Dust composite and 98.3 pct
for Vizag Sludge composite were obtained.

In summary, the present investigation has demonstrated effective recycling and utilization
of steel plant waste like BOF Dust and sludge. Beneficiation of dust and sludge was done to
increase the Fe pct of raw materials. Beneficiation methods were selected such that there was no
chemical used. This investigation also demonstrated smelting reduction of composite pellets in an
induction furnace a feasible alternative route to produce hot metal using dust and sludge. The
investigation on kinetics and dissolution behavior of composite pellets in liquid metal bath gave
insight for fundamental and fair understanding of the reduction behaviour of waste-coal composite
pellets. The metal, produced in smelting reduction, has reasonable iron yield up to 98.3 pct. The
present studies also demonstrate an effective way of utilization of BOF dust and sludge for
extracting metal which is of vital concern for resource conservation and pollution control. Using
cold bonding technique, composite pellets of sufficient green strength were produced. This is a

contribution towards development of suitable binder for cold bonding technology.
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6.2 Conclusions

1.

The steel plant wastes (like JSW dust, JSW sludge and VIZAG sludge) can be easily
beneficiated for the upgradation of the iron (Fe) values.

For single stage beneficiation method: i) JSW dust improved the iron (Fe) values from
38.77 pct to 46.24 pct by Air Classifier with 94.97 pct recovery; ii) JSW sludge improved
the iron (Fe) values from 51.64 pct to 60.45 pct by Tabling with 56.83 pct recovery; and
1ii) VIZAG sludge improved the iron (Fe) values from 49.49 pct to 60.08 pct by Tabling
with 51.2 pct recovery.

It was observed that Air Classifier was the most suitable beneficiation method for all the
samples and the next common beneficiation technique was Wilflay Table, so the first stage
in two stage beneficiation was Air Classifier and then Wilfley Table (if it is needed) in the

second stage. For better recovery concentrate and middling were mixed together.

For two stage beneficiation method (i.e. Air Classifier was used in the first stage and the
underflow of Air Classifier was treated again in Wilfley Table): i) JSW dust improved the
iron (Fe) values up to 61.13 pct (concentrate + middling) with 93.8 pct recovery; ii) JSW
sludge improved the iron (Fe) values up to 63.48 pct (concentrate) with 78.39 pct recovery;
and iii) VIZAG sludge improved the iron (Fe) values up to 60.04 pct (concentrate) with
57.72 pct recovery.

After two stage beneficiation method, it was observed that in case of JSW dust, JSW Sludge
and VIZAG Sludge there was increase in percentage of Fe,Os up to 87.33 pct, 90.69 pct
and 85.77 pct from initial 55.39 pct, 73.77 pct and 70.7 pct of Fe2Os respectively.

During trails for binder selection, it was found that TB3 (with 7.5 pct fly ash, 5 pct lime
and 5 pct molasses) gave good green drop strength (8) and dry drop strength (24), but TB6
(with 7.5 pct fly ash, 5 pct slake lime and 5 pct molasses) gave higher compressive strength
(107.8 N/briquette) and as well as good shatter strength (7.17); that means slake lime was
more effective to form calcite due to CO> passing.

Further trails with starch and molasses as binder were done with JSW dust. Taguchi
technique was used for selection of binder proportion for pellets making. It was found that
E2 (with 2.5 pct starch and 5 pct molasses) gave highest strength (1196.82 N/briquette)
and lower shatter index (0.18).
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10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

During reducibility study of pellet, it was found that fraction of reduction increases with
increasing in temperature and time for all three materials. The fraction of reduction for
pellet was increased with time of heating and rise in temperature. Initially the fraction of
reduction was very low which may be due to the release of volatiles, which was slow
process. But later on-the fraction of reduction increased with time, which might be
attributed to the faster gas-solid reactions at high temperature.

The activation energies for reduction were found - 52.59, - 49.80 and - 59.28 KJ/mol for
JSW Dust, JSW Sludge and VIZAG Sludge composites respectively.

The activation energies for composite pellets reduction were found to be low (49.8-59.28
kJ mol) which means, volatile gases (in particular Hy) diffused through porous solid iron-
oxide particles boundary. Overall reduction was controlled by gasification reactions.
From XRD, it was confirmed that the reduction took place in topochemical manner, i.e.
stagewise reduction (i.e. Fe203> Fe30s4~> FeO - Fe).

It was also confirmed that the presence of metallic iron in reduced composite by SEM.

It was observed during smelting reduction that the composite pellets were completely
dissolved easily at the molten bath.

It was also observed that the 16-17 mm diameter composite pellets completely dissolved
in the molten bath at an average 27 seconds. That means dissolution rate of composite
pellet is very fast. Hence, production rate would be faster.

As addition of composite pellets increased during smelting reduction, carbon content in
product also increased in general.

It was observed that above 20 pct addition of composite pellets to the molten metal formed
cast iron, due to higher carbon input along with composite pellets. There was also some
carbon dissolved from graphite crucible, due to more time were spend for dissolving the
total composite pellets.

The maximum vyields were obtained 98.2 pct, 96.1 pct and 98.3 pct for JSW Dust
composite, JSW Sludge composite and Vizag Sludge composite respectively.

Above 20 pct addition of composite pellets to the molten metal, in general, iron yield
decreased due to loss of iron in slag.

It is possible to charge composite pellets as feed material in Smelting Reduction Process

to get faster steel/cast iron production.
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20. An alternate method of iron/steel making is possible by charging composite pellets as feed

material.

6.3 Suggestions for Further Work

1.

TG-DTA of composite pellet should be carried out at a single heating rate and at
different heating rates.

The waste-coal composite pellets produced in present study have good dry strength but
swelling behavior and strength after reduction were not studied. Such specific
investigations are essential for better understanding of the pellet properties and their
behavior in reduction/smelting furnaces.

Economic evaluation of the smelting reduction of composite pellets by conducting
trials at pilot plant level is required for commercialization in future.

By adding composite pellets in melt, it is possible to get steel directly by controlling
the Fewot/Crix ratio in composite pellet. Since dissolution rate of composite pellet is very
fast, after complete dissolution of composites, oxygen lancing can be done to the liquid
bath to control carbon and phosphorous in the bath and desulphurization can be carried
out in the ladle.

By proper heat balance calculation, it is possible to design the reactor to produce steel
directly by continuous charging of composite pellets.

45



References

Chapter :1

1. World Steel in Figures 2019, World Steel Association.
2. Press Information Bureau, Government of India, Ministry of Steel, 24, Dec, 2019.

3. National Steel Policy 2017, Ministry of Steel (Establishment Division), Notification, New
Delhi, India. 2017 May 8, pp. 1-36.

4.Y. Chokshi, N. Sompura and S. K. Dutta, Utilization of Steel Plants Waste, Material Science
and Engineering International Journal, Vol 2(5), 2018, pp. 144-147.

5. Indian Minerals Yearbook 2017 (Part- 111 : Mineral Reviews), 56" Edition, Iron Ore,
Government of India, Ministry of Mines, Indian Bureau of Mines, March, 2018.

6. https://www.coal.nic.in/content/coal-reserves

7. M. C. Bagatini, V. Zymla, E. Osério et. al. Characterization and Reduction Behavior of Mill
Scale. IS1J International, 51(7), 2011, pp. 1072-1079.

8. B. Das, S. Prakash, P.S.R. Reddy, and V.N. Misra, An overview of utilization of slag and
sludge from steel industries. Resources, Conservation and Recycling, 50, 2007, pp. 40-57.

9. Ela. Jha and S. K. Dutta, Optimization of Binder for Improving Strength and Shatter Index of
Briquettes for BOF Dust using Design of Experiments, International Journal of Engineering
and Advanced Technology (IJEAT) (ISSN: 2249 — 8958), Vol 9(1), Oct 2019, pp. 6282-6287.

10. Sushovan Sarkar, Solid wastes generation in steel industry and their recycling potential,
Management & utilisation of wastes from metal processing industries and thermal power
stations, organized by Millenium Institute of Energy & Environment Management, March 2015,
pp 1-14

11. O. N. Mohanty: Major Metal Industries: Management of Environment & Sustainable
Growth, 1M Metal News, Vol. 13, No. 4, Aug 2010, pp 11-16.

12.J. Aota, L. Morin, Q. Zhuang and B. Clements, Direct Reduced Iron Producing Using Cold
Bonded Carbon Bearing Pellets, Ironmaking and Steelmaking, Vol 33(5), 2006, pp. 426-28.

13. S. K. Dutta and A. Ghosh: Evaluation of Various Cold Bonding Techniques for Iron Ore-
Coal/Char Composite Pellets, Trans. Ind. Inst. Met., Vol 48(1), Feb 1995, pp.1-13.

14. A. Ghosh: Kinetics and Mechanism of Reduction in Composite Iron Ore-Reductant Pellets,
Proc. Inter. Conf. on Alternative Routes of Iron and Steelmaking, Perth, Australia, Sep 1999, pp.
71-78.

46


https://www.coal.nic.in/content/coal-reserves

15. Alternate Methods of Ironmaking (Direct Reduction and Smelting Reduction Processes): S.
K. Dutta and R. Sah, S. Chand & Co Ltd, New Delhi, April 2012.

16. B. Das, S. Prakash, P. S. R. Reddy, S. K. Biswal, B. K. Mohapatra, V. N. Mishra, Effective
Utilization of Blast Furnace Flue Dust of Integrated Steel Plants , The European Journal of
Mineral Processing and Environmental Protection, Vol 2(2), 2002, pp. 61-68.

17. Fahri Demircia, Ahmet Turana, Onuralp Ydcel, An Investigation On The Direct Reduction Of
Mill Scale From Continuous Steel Casting, International Iron & Steel Symposium, 02-04 April
2012, Karabk, Turkiye, Pp. 253-259.

18. Zhang Huaiwei, Hong Xin, An overview for the utilization of wastes from stainless steel
industries Resources, Conservation and Recycling, 55 (2011), pp. 745-754.

19. Ratnakar Bonda, Harikrishna Maddu, Supartick Gupta, Umashankal Attel,VVenkatesh R.
Suribabu Pandiri, Recovery of Iron Ore values from Tailing Pond through Gravity and Magnetic
Separation at JSW Steel Limited- Case Study, xvii International Seminar on Mineral Processing
Technology, MPT-2018 Dhanbad, P 122 (MPT ? Full form) Month, year ?)

20. Ela Jha and S. K. Dutta, Effective Recycling and Utilization of BOF Dust by Two Stage
Beneficiation, xvii International Seminar on Mineral Processing Technology, MPT-2018,
Dhanbad, P 178

21. Anton Andersson, Amanda Gullberg, Adeline Kullerstedt, Hesham Ahmed,- Lena
Sundgvist- Okvist, Caisa Samuelsson, Upgrading of Blast Furnace Sludge and Recycling of the
Low- Zinc Fraction via Cold- bonded Briquettes, Journal of Sustainable Metallurgy (2019) 5,
pp 350-361

Chapter: 2

22. Annual Report 2018-19, Ministry of Steel, Government of India.

23. Nirlipta, Characterization and utilization of solid wastes generated from Bhilai steel plant,
May 2008, M Tech Thesis

24. Donetsk, Reclamation of Dumped Sludge in Steel Industry, Journal of the Republic
Environmental Control and Rational Utilization of Natural Resources, 1993, Vol. 1719, No 4,
pp. 92-96 [9}]

25. R.C. Gupta, Utilisation of Solid Waste from Conventional Steel Plants for Preparation of Value
Added Products, Environmental Management in Metallurgical Industries (EMMI-2010), 27-34,

26. Kumar Amit, International Journal of Engineering Research & Technology (IJERT)

47



Vol. 3 Issue 1, January — 2014, ISSN: 2278-0181, pp 47-52.

27. van Oss and Hendrik G., “Iron and Steel, Slag [ Advanced Release]: 2007 Minerals Y ear book*,
US Geological Survey, 2007.

28. R. Jha, Utilization of Wastes in Integrated Steel Plant, All India Symposium on Converting
Wastes into Wealth, B.1.T Sindri, 2005.

28a. Roadmap, Chapter 3, Iron Recycling, p. 65

29. C. Samuelsson and B. Bjorkman: Scand. J. Metall., 27 (1998), 54.

30. L. Nedar: Steel Res., 67 (1996) 320.

31. T. Ohno, H. Ono and M. Okajima: Trans. Iron Steel Inst. Jpn., 26 (1986), b312.

32. Ulrika Leimalm, Maria Lundgren, Lena Sundqvist Okvist and Bo Bjérkman, Off-gas Dust in
an Experimental Blast Furnace Part 1: Characterization of Flue Dust, Sludge and Shaft Fines, 1S1J
International, Vol. 50 (2010), No. 11, pp. 1560-1569.

33. A. Rehmat, M. C. Mensinger, Recovery of direct reduced iron from blast furnace dust. In:
Second international symposium on extraction and processing for the treatment and minimization
of wastes; 1996. p. 27-30. (Place of Conf ?)

34. B. Sarma, K. B. Downing, E. Aukrust, Recovery of iron, carbon and zinc from steel plant waste
oxides using the AISI-DOE post combustion smelting technology. Steelmak Conf Proc 1996;79:
667-84.

35. Chen HK, Lin CI, Liu SH. Carbothermic reduction of sludges of blast furnace and basic oxygen
furnace. Scand J Metallurgy, 1992; 21(5), p.218-22.

36. Indian Minerals Yearbook 2015 (Part- 11 : Mineral Reviews), p 22

37. Agrawal Raj kumar, Pandey, Productive recycling of basic oxygen furnace sludge I integrated
steel plant, Journal of scientific and industrial research, VVol. 64, September 2005, pp 702 — 706
38. Weiss, N.L. (1985) Particle Characterization, Mineral Processing Handbook. American
Institute of Mining and Metallurgical, 1, 142-156.

39. K.Osseo-Asare’, D.W. Fuerstenau, Adsorption phenomena in hydrometallurgy, 1 The uptake
of copper, nickel and cobalt by oxide adsorbents in aqueous ammoniacal solutions, Journal of
colloid and interface science, VVolume 118, Issue 2, August 1987, pp 524-542.

40. T.K. Chakravarty and S.K. Panigrahi, Strategies for solid waste management in SAIL steel
plants PROCEEDINGS: NS-EWM 1996 @ NML. JAMSHEDPUR, pp.52-62.

48


https://www.sciencedirect.com/science/article/abs/pii/0301751679900152#!

41. Fionn MacKillop, The construction of ‘waste’ in the UK steel industry, Journal of
Environmental Planning and Management, Vol. 52, No. 2, March 2009, 177-181.

42. Shobhana Dey, Santosh Pani, M. K. Mohanta, and R. Singh, Utilization of Iron Ore Slimes: A
Future Prospective.

43.Y Du, Chaopeng, Li and L Xiao, Recovery Of Iron Values From Iron Ore Washing Plant Slimy
Tailing Pond, Xxvi International Mineral Processing Congress(Impc) 2012 Proceedings / New
Delhi, India / 24 - 28 September 2012, pp. 1250-1257.

44. b John Samuel Thella, Asim Kumar Mukherjee and Y. Rajshekar, Recovering Iron Values
From Iron Ore Slimes Using Cationic And Anionic Collectors, Proceedings of the X1 International
Seminar on Mineral Processing Technology (MPT-2010) pp. 247-254.

45. S.M. Lal, Mohan Ram and C.S. Gundewar, Beneficiation Of A Low Grade Magnetite Ore
From Jharkhand Area, Proceedings of the Xl International Seminar on Mineral Processing
Technology (MPT-2010), pp 559-563.

46. T.V. Vijayakumar. et. al. Reverse flotation studies on an Indian low grade iron ore slimes,
International Journal of Engineering Science and Technology, Vol. 2(4), 2010, 637-648.

47. Anupam A. et. al: Studies On Beneficiation Of Bhg Samples By Different Methods
Proceedings of the XI International Seminar on Mineral Processing Technology (MPT-2010) ©
NML Jamshedpur, pp. 572-582.

48. Elves Matiolo et. al: Treatment of a Low Grade Compact Itabirite Iron Ore From Carajas —
Brazil, XXVI International Mineral Processing Congress (IMPC) 2012 Proceedings / New Delhi,
India , pp. 3315-3323.

49. Guishan Zheng, Kun Xiong, and Xing ke Yang, Beneficiating Of Oolitic Hematite With High
Phosphorous Content From West Region of Hubei Province, XXVI International Mineral
Processing Congress(Impc) 2012 Proceedings, New Delhi, India, 24 - 28 September 2012, pp
6135-6143.

50. M Bhartia, T C Rao, and A Bandyopadhyay: Iron Ore Processing In India- A Holistic
Approach, XXVI International Mineral Processing Congress (IMPC) 2012 Proceedings / New
Delhi, India, 24 - 28 September 2012, pp. 480-494.

51. Pradip, International Journal of Minerals, Metals and Materials Engineering, 59(5), 2006,
pp 551-568.

49



52. Ahmed A. S. Seifelnassr, Eltahir M. Moslim, Abdel-Zaher M. Abouzeid, Effective Processing
of Low-Grade Iron Ore Through Gravity And Magnetic Separation Techniques, Physicochem.
Probl. Miner. Process. 48(2), 2012, 567—578.

53. L. D. Nikitin, V. A. Dolinskii, S. A. Kudashkina, L. V. Portnov, and S. F. Bugaev, ISSN 0967-
0912, Steel in Translation, 2007, Vol. 37, No. 10, pp. 898-899.

54. S. K. Dutta and Y. Chokshi: Basic Concepts of Iron and Steel Making, Springer Nature, March
2020.

55. M. A. Goksel, T.A. Schott and F.T. Kaiser: Hot Metal Production from Iron Oxide in the
Cupola by the MTU-PelleTech Cold Bonded Agglomeration Process, Proc. 4th Int. Symp. on
Agglomeration, Toranto, Canada, June 1985, pp. 401-08.

56. J.F. Gransden, D.A. Reeve, J.H. Walsh and J.E. Rehder: Ironmaking from Peace River Iron
Ore by Smelting Ore-Char Briquettes in a Cupola, The Canadian Mining and Metallurgical
Bulletin, Vol. 71 (795), 1978, pp. 153-59.

57. N. Shivaramakrishna, B.B. Agrawal, A.K. Ray, K.K. Prasad, P.K. Bandopadhyay and S.K.
Gupta: Production of High Carbon Sponge Iron from Ore-Coal Composite Pellets, Trans. Ind.
Inst. Met, Vol. 43, No. 2, April 1990, pp. 95-101.

58. B. B. Agrawal, R.K. Vijayavergia, K.K. Prasad and H.S. Ray: Development of Cold Bonded
Ore-coal Composite Pellets for Sponge Ironmaking, Proc. Int. Conf. on Recent Advances in
Metallurgical Processes, 11Sc, Banglore, 1997, pp. 259- 263.

59. H. Xi-Lun: Iron Steel (China), Vol. 14, 1979, p. 45 [Met. A: 8002 42-0157].

60. H.D. George and E.B. Boardman: IMS-Grangcold Pelletizing System for Steel Mill Waste
Material, Iron and Steel Engineers, Vol. 50, No. 11,1973, pp. 60-64.

61. A. Ganguly and A.A. Patalah: Sponge Iron Fines as a Binder in Ore-coal Composite Pellets,
Trans. Ind. Inst. Met., Vol. 43, No. 5, Oct 1990, pp. 288-93.

62. S. R. Raval and S.K. Dutta: Utilization of Iron Ore Fines by Innovated Cold Bonded Technique,
Proc. Int. Conf. on Recent Advances in Metallurgical Processes, 11Sc, Banglore, 1997, pp. 269-74.
63. R. Sah and S. K. Dutta, Effects of binder on the properties of iron ore-coal composite pellets,
Mineral Processing and Extractive Metallurgy Review, 31(2), 2010, pp 73-85

64. S.K. Dutta and A. Ghosh: Study of Non-isothermal Reduction of Iron Ore-Coal/Char
Composite Pellets, MetalL. and Mat. Trans., Vol. 25B, Feb 1994, pp.15-26.

50



65. B.H. Huang and W.K. Lu: Kinetics and Mechanisms of Reactions in Iron Ore-Coal
Composites, Iron Steel Inst Jpn. Int, Vol. 33, No. 10, 1993, pp. 1055-61.

66. S.K. Dutta: Kinetics and Mechanism of Iron Ore-Coal Composite Pellets Reduction, Trans.
Ind. Inst Met, Vol. 58, No. 5, Oct 2005, pp. 801-808.

67. Q. Wang, Z. Yang, J. Tian, W. Li and J. Sun: Mechanism of Reduction in Iron Ore-Coal Pellet,
Ironmaking and Steelmaking, Vol. 24, 1997, pp. 457-460.

68. O.M. Fortini and R.J. Fruehan: Rate of Reduction of Ore-Carbon Composites: Part I.
Determination of Intrinsic Rate Constant, Metall. and Mat. Trans. B, VVol. 36B,Dec 2005, pp. 865-
872.

69. R. Takahashi: Proc. 6th Int Iron and Steel Congress, Nagoye, Vol. |, 1990, p. 108.

70. Q.A.K. Ansari, S.J. Ahier and A.R.E. Singer: Crushing Strength and Reduction of Bitumen-
bonded Magnetite Super-concentrate, Ironmaking and Steelmaking, Vol. 11, No. 5, 1984, pp.
237-245.

71. S. K. Dutta and Y. Chokshi: Utilization of Iron Ore and Coal Fines by Producing Composite
Briquette/Pellets, Proc. of Inter. Mineral Processing Congress 2012 (IMPC 2012), Sep 2012, New
Delhi, pp 1269-1278.

72. A. Ghosh: Fundamentals of Productivity of Smelting Reduction Processes, Proc. Int. Conf. on
Alternative Routes to Iron and Steel, Jamshedpur, India,1996, pp. A 17-30.

73. R. Sah and S. K. Dutta, Smelting Reduction of iron Ore-Coal Composite Pellets, Steel
Research International (A journal for steel and related materials), Vol 81, No. 6, 2010, pp. 73-
85.

74. J. Srb and Z. Reziekova: Pelletization of Fines, p.18, ELSEVIER Science Publishers,
Amsterdam, 1988.

75. J.B. Patil, N.K, Kakkar, T.M. Srinivasan, S. Dharanipalan, B.B. Patel and N.M. Nayak:
Production of Cold Bonded Pellets, Trans. Ind. Inst. Met., Vol. 33, No. 5, Oct 1980, pp. 382-90.
76. F. Patisson, E. Lebas, F. Hanrot, D. Ablitzer and J. Houzelot: Coal Pyrolysis in a Rotary Kiln:
Part-1 Model of a Pyrolysis of a Single Grain, MetalL and Mat.Trans. B, Vol. 3IB, April 2000,
pp. 381-390.

77. C.Y. Wen and S. Dutta: Coal Conversion Technology, Ed. C.Y. Wen and E.Stanley Lee, p.
57, Addison-Wesley Publishing Co. Inc., Massachusetts, 1979.

51



78. Rene Cypres and Claire Soudan-Moinet: Pyrolysis of Coal and Iron Oxides Mixtures. Part I:
Influence of Iron Oxides on the Pyrolysis of Coal, FUEL, Vol.59, Jan 1980, pp. 48-54.

79. Rene Cypres and Claire Soudan-Moinet: Pyrolysis of Coal and Iron Oxides Mixtures. Part II:
Reduction of Iron Oxides, FUEL, Vol. 60, Jan 1981, pp. 33-39.

80. M.C. Abraham and A. Ghosh: Kinetics of Reduction of Iron Oxide by Carbon, Ironmaking
and Steelmaking, Vol. 6, 1979, pp. 14-23.

81. A. Ghosh and S.K. Ajmani: Proc. Symp. on Kinetics of Metallurgical Processes, IIT,
Kharagpur, 1987, p. 1-6.

82. C.E. Seaton, J.S. Foster and J. Velasco: Reduction Kinetics of Hematite andMagnetite Pellets
Containing Coal Char, Trans. Iron Steel Inst. Jpn.,Vol. 23,1983,pp. 490-96.

83. FJ. Weiss, M.A. Goksel and T. F. Kaiser: Production of Hot Metal from Carbonbearinglron
Oxide Pellets by the PelleTech (PTC) Process, Iron Steel Engineers, Vol. 63, No. 2,1986, pp. 34-
40.

84. T. Sharma: Non-coking Coal Quality and Composite Pre-reduced Pellets, Int. Journal of
Mineral Processing, Vol. 39,1993, pp. 299-311.

85. R.C. Nascimento, M.B. Mourao and J.D.T. Capocchi: Microstructures of Self reducing pellets
Bearing Iron Ore and Carbon, Iron Steel Inst Jpn. Int, Vol. 37, No. 11, 1997, pp.1050-56.

86. M.C. Goswami: Interrelation Between Kinetics of Reduction and Volume Change During
Formation of Directly reduced Iron Rod, Steel Research, Vol. 68, N0.12,1997, pp.507-11.

87. R. Takahashi, X. Zhang, and J. Yagi: Reduction Mechanism of Oxidized Iron-Scrap Briquettes
Containing Pulverized Coke During Heating, China-Japan Int. Symp. On Environmental Problem
in Chinese Iron-Steelmaking Industries and Effective Technology Transfer, Sendai, Japan, Mar
2000, pp. 73-83.

88. E. Kasai, T. Kitajima and T. Kawaguchi: Carbothermic Reduction in the Combustion Bed
Packed with Composite Pellets of Iron Oxide and Coal, Iron Steel Inst. Jpn. Int, Vol. 40, No. 9,
2000, pp. 842-849.

89. A.A. El-Geassy, M.H. Khedr, M.I. Nasr and M.S. Aly: Behaviour of Iron Ore-Fuel Composite
Pellets in Isothermal and Non-isothermal Reduction Conditions, Ironmaking and Steelmaking,
Vol. 28, No. 3, 2001, pp. 237-243.

90. T. Sharma and L.N. Upadhyaya: Effect of Reducing Agents on Reduction Behaviour of
Composite Pellets, Journal of 1E (1) - MM, Vol. 83, Aug 2002, pp. 20-24.

52



91. D.M. Santos and M.B. Maurao: High temperature Reduction of Iron Oxides by Solid Carbon
or Carbon Dissolved in Liquid Iron-Carbon Alloy, Scandinavian Journal of Metallurgy, Vol. 33,
No. 4, Aug 2004, pp. 229-235.

92. 1. Sohn and R.J. Fruehan: The Reduction of iron oxides by volatiles in a rotary hearth furnace
process: Part 1. The Role and Kinetics of Volatile Reduction, Metall. and Mat. Trans. B, Vol.
36B, Oct 2005, pp. 605-611.

93. 1. Sohn and RJ. Fruehan: The Reduction of Iron Oxides by Volatiles in a Rotary Hearth Furnace
Process: Part Il. The Reduction of Iron Oxides/Carbon Composites, Metall. and Mat. Trans. B,
Vol. 37B, April 2006, pp. 223-229.

94. 1. Sohn and R.J. Fruehan: The Reduction of Iron Oxides by Volatiles in a Rotary Hearth
Furnace Process: Part 11l. The Simulation of Volatile Reduction in a Multi-Layer Rotary Hearth
Process, Metall. and Mat. Trans. B, Vol. 37B, April 2006, pp. 231-238.

95. Q. Zhuang, B. Clements, J. Aota and L. Morin: DRI Production Using Cold Bonded Carbon
Bearing Pellets: Part-11: Rotary Kiln Process Modelling, Ironmaking and Steelmaking, Vol. 33,
No. 5, 2006, pp. 429-432.

96. R. Sah and S. K. Dutta, Kinetic Studies of Iron Ore—Coal Composite Pellet Reduction by TG—
DTA, Trans Indian Inst Met, 64, Dec 2011, pp 583-591.

97. Amit Chatterjee: Alternative Routes of Ironmaking - The Indian Perspective, Proc. Int. Conf.
on Alternative Routes to Iron and Steel, Jamshedpur, India, 1996, pp. A45-66.

98. J.P. Hoffman: A Look at the Problems Facing the Developers of Smelting Reduction Using
the Liquid Bath Approach, Steel Research, 1977, Vol. 62, No. 8, 1991, pp. 331-332.

99. P. Bhattacharya, S.S. Chatteijee, B.N. Singh and S. Prasad: Emerging Technologies for
Ironmaking-An Indian Perspective, Proc. Int. Conf. on Alternate Route of Iron and Steelmaking,
Perth, Australia, Sep 1999, pp. 151-158.

100. J.C. Lee, D.J. Min and S.S. Kim: Reaction Mechanism on the Smelting Reduction of Iron Ore
by Solid Carbon, Metall. and Mat Trans. B, vol. 28B, Dec 1997, pp. 1019-1028.

101. T. K. Roy: The Coke - Will it be The Cause? 1M Metal News, Vol. 9, No. 1, Feb 2006, pp.
5-14.

102. M.A. Goksel: Agglomeration-77, Vol. 2, p. 877, [Ed: K.V.S. Sastry], AIME, New York,
1977.

53



103. S. K. Dutta and A. Ghosh: New Charging Material for Cupola, IIF Trans., Vol.72, 1994,
pp.123-126.

104.J.C. Lee, D.J. Min and S.S. Kim: Reaction Mechanism on the Smelting Reduction of Iron Ore
by Solid Carbon, Metall. and Mat Trans. B, vol. 28B, Dec1997, pp. 1019-1028.

105. A. Ghosh: Kinetics of Reduction of FeO in slag by Carbon, Proc. Workshop on Production
of Liquid Iron Using Coal, Bhubaneswar, Aug 1994, pp. 139-142.

106. R.K. Paramguru, R.K. Galgali and H.S. Ray: Influence of Slag and Foam Characteristics on
Reduction of FeO-Containing Slags by Solid Carbon, MetalL and Mat. Trans. B, Vol. 28B, Oct
1997, pp. 805-810.

Chapter: 3

107. R.S. Khandpur (Editor): Handbook of Analytical Instruments, 1989 (Eleventh Reprint
2002), Tata McGraw Hill Publishing Co. Ltd., pp. 202-337.

108. J.P. Sibilia (Editor): A Guide to Materials Characterization and Chemical Analysis, 1988,
VVCH Publishers, Inc. New York.

109. D. B. Cullity, Elements of X-Ray Diffraction, Publisher, p. 101.

Chapter: 4

110. Rama Rao. S., Padmanabhan. G., Application of Taguchi Methods and ANOVA in
optimization of process parameters for metal removal rate in electrochemical machining of Al-5%
SiC composites, International Journal of Engineering Research and Applications (IJERA),
2(3), May-Jun 2012, pp. 192-197.

111. Tosun, N. and Ozler, L., Optimization for Hot Turning Operations with Multiple Performance
Characteristics, International Journal of Advanced Manufacturing Technology, 23 (11-12),
2004, PP 777-782.

112. Srinivas A., Venkatesh, Y. D., Application of Taguchi Method for optimization of process
parameters in improving the surface roughness of lathe facing operation, International Refereed
Journal of Engineering and Science (IRJES), 1(3), November 2012, PP 13-109.

113. Taguchi Techniques for Quality Engineering, Phillip J. Ross; 2" edition, Tata McGraw-Hill
publication, 2005.

114. Ng Chin Fei, Nik Mizamzul Mehat and Shahrul Kamaruddin, Practical applications of
Taguchi Method for optimization of processing parameters for plastic injection moulding: A
Retrospective Review, ISRN Industrial Engineering, Volume 2013 (2013), Article ID 462174

54


https://www.hindawi.com/24343967/
https://www.hindawi.com/58248617/
https://www.hindawi.com/20171047/

115. Dhole N.S., Naik G.R, Prabhawalkar M.S., Optimization of milling process parameters of
En 33 using taguchi parameter design approach, Journal of Engineering Research and Studies,
I11(1), January-March, 2012, pp 70-77.

116. Hongliang HAN* Dongping DUAN and Peng YUAN: Binders and Bonding Mechanism for
RHF Briquette Made from Blast Furnace Dust, ISIJ International, Vol. 54 (2014), No. 8, pp.
1781-1789.

117. www.sciencedirect.com/topics/food-science/molasses

118. Q. Wang, Z. Yang, J. Tian, W. Li and J. Sun: Mechanism of Reduction in Iron Ore-Coal
Pellet, Ironmaking and Steelmaking, Vol. 25, 1998, p. 443.

119. M. C. Goswami, S. Prakash, and S. B. Sarkar, Steel Research, Vol. 70, 1999, p. 41.

120. T. Jiang, G. Qui, J. Xu, D. Zhu, and R. Singh, Direct Reduction of Composite Binder Pellets
and Use of DRI, Electrotherm (India) Ltd., Ahmedabad (2007).

Chapter : 5

121. P.N. Bhagwati: My Experience with Induction Melting, FOUNDRY, Vol. 1, No. 2, Jan/Feb
1989, pp. 3-9.

122. Lecture notes prepared by Faculty of Metallurgical and Materials Engineering Department,
II'T Bombay, Mumbai.

123. P.L. Jain: Principles of Foundry Technology, Fourth Edition, Third Reprint - 2004, Tata
McGraw Hill Publishing Co. Ltd., pp. 230-33.

55



