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ABSTRACT

The research work is on reduction kinetics of mill scale reduction by low
grade coal. The study work comprises the effect of various process parameters on
reduction of mill scale by low grade coal and finding the kinetics behind the process.
The optimization of certain process parameters were carried out in part of
preliminary study work and isothermal Kinetic study was done in final study work.
The parameters studied in research work were: time (15, 30, 60, 90, 120, 150
minutes), temperature (850, 900, 950°C), particle size of mill scale and coal (30-90,
90-150, 150-210, 210-270 microns), ratio of mill scale-coal in crucible {(1:0.9),
(1:1), (1:1.2), (2:1.2), (1:1.3), (1:1.4), (1:1.5)}, addition of limestone ( 0, 5, 10, 15,
20% - w.r.t. weight of mill scale taken) and arrangement of mill scale and coal in
crucible (Mixed, central, alternate concentric and layered). The results were
characterized by using XRD (X-Ray Diffractometer), SEM (Scanning Electron
Microscope) and EDS (Energy-dispersive X-ray spectroscopy) techniques.

The study of parameters reveled that maximum reduction of 93.5% was
found in sample reduced in mixed arrangement, of particle size 90-150, ratio 1:1.3,
having 10% limestone at temperature 950 °C and time 150 minutes. The
characterization study unveils the disappearance of the oxide phases and increase of
metallic iron content after reduction of mill scale by low grade coal. The results of
kinetic study shows that the minimum activation energy found in samples reduced in
mixed arrangement, then equal in layered arrangement and alternate concentric and
last in central arrangement. The samples reduced in mixed arrangement were found
to be chemically controlled, the kinetic data fits on first order equation model: F1 = -
In (1-0) and the samples reduced in central, alternate concentric and layered
arrangement found to be diffusion controlled, the kinetic data fits on the Ginstling-

Brounshtein reaction model : D4 =(1 —% o) — (1 —a)?/3,

The study work will helpful in utilizing the low grade coal for the mill scale
reduction. Giving idea on various parameter values, in which the reduction could be
found maximum. The kinetic study useful in understanding the rate at which the iron
oxide present in mill scale get converted into metallic iron. The rate of process
influences the productivity of the work. This research work helpful in minimizing
the steel industry waste (mill scale), utilization of low grade coal for such process
and saving energy of steel industries.



Contents

D ol 1 1 (o) s A 1
(00T 4 ] == P il
ACKNOWIBAGEMENT ...t re e iii
N 1L Tod SRR OUPRPRR 1\
LISt OF TADIES ... et X
LIST OF FIQUIES ...ttt st et sre e e xii
IS o) AN o] o 1=] T | OSSPSR XVii
LiSt Of ADDIEVIALIONS ......cviiiiiii e XViii
Chapter 1: INtrodUCHION .......cccviiiiiec e 1-3
1.1 BACKGIOUNG ....cooiiiiiiiiitiitist ettt 1
1.2 TRESIS OULHNG ...cueiieieciiee et 2
Chapter 2: Literature REVIEW..........ccciiiiiiiiiise e 4-36
2. Steel and its production MEthOdS ..........cccveieiieii e 4
2.1.  Steel making in integrated steel plant.............ccccoeiveiiiiiicc i, 5
2.1.1  BIASETUIMAECE ...cvvevieie et 5

2.1.2 BasiC 0XYQEN FUMACE ........cceeveiiieceee et 7

2.1.3  EIECLrIC ArC FUIMACE .....cveeivieie et nnees 9

2.1.4  ContinUOUS CASEING PrOCESS......cuveuvevireriiriiaiisieeeeneesre st sie e sieeseeneas 10

2.1.5 HOETOIING ..o 11

2.2 Waste production in integrated steel plant ...........cccooevveveiieie e 12
2.3 Mill scale: Steel iNdUSLIY WaSte .........cccccveiiiiieieeece e 13
2.3.1 Removal of Mill Scale .........cccoovviiiiiiiee e 14

2.3.2  Mill Scale ProduCiON ..........cceieiieiineie e 15

2.4 DIreCt REdUCTION PrOCESS .......coiviieieieieiiesiesie sttt 16
2.4.1  SCenario OF DRI ....ccocoiiiiiiece e 16

2.4.2 TYPES OFf DR PrOCESSES ...ocvvvevieiirieiiie i eiee e sieesiee et sire e 17
2.4.2.1  Gas-based PrOCESSES .......cccvevrerieeieerieiiesieesieeresreesie e e 18

2.4.2.2  Coal-based ProCESSES .......ccvcverieeieerieiiesiesieeeeseesie e 20

2.4.3 Coal based mill scale reduction proCess ..........ccocerererererienieeinenn, 21
2.4.3.1  Reduction mechanism of mill scale or iron ore reduction.22

2.4.3.2  Kinetics of reduction ProCeSS ........ccceverererereresienieennn, 24

2.4.3.3 Rate controlling factors ........c.cccccvvieviiiii i 25

2.4.3.4  Equations for rate controlling Steps ........c.ccccevvvevierineenne. 26

2.4.3.5 Analysis of Kinetic data ............ccceevvvevievie i 26

2.4.4 Effect of process parameters on reduction............ccccevererereseninennn, 30



2.5  Previous investigations done on mill scale reduction ..........c.cccceccvvvervenenne 31

2.6 RESEACN QAP ..oviiiececc e e 35
Chapter 3: MATERIALS AND METHODS........ccccocviiieii e, 37-54
3.1 RAW MALEIIAIS oot 37
3.2 Configurations used in research WOrk.............ccooueerieieienencneseseseseeeeens 37
3.3 Analysis of raw MaterialS..........cccccveiviieiieie e 38
3.3.1 Proximate analysis of COal ............cccvevieiiiiiiic e, 38
3.3.2 Chemical analysis procedure for limestone ..........ccccoeevvevvcvieseenenn, 39
3.3.3 Chemical analysis of Mill Scale (before and after the reduction) .....42
3.3.3.1  Chemicals to be used in analysis.........cccccervrirnenresiinnnnn. 43
3.3.3.2  Preparations of reagents ..........ccoovevereneneneneniseseeee, 43

3.3.3.3  Chemical analysis test procedure for calculating -
Metallic Iron (FEem) ... 45

3.3.3.4  Chemical analysis test procedure for calculating -
Total 1ron (FET) vvieeece e 46

3.3.3.5  Chemical analysis test procedure for calculating -
Ferrous iron (FE+2) ..o 46
3.3.3.6  Calculations for- Ferric iron (Fe+3) ......ccccovvniinivninnnnnnn, 47
3.4 Formulae for degree of reduction (DOR OF 0) ....ccvvvivveriniiiiieiiiiiic e 48
3.5  Stoichiometric calculation for low grade coal ...........c.ccceoeiieiiiie e, 49
3.6 Characterization study teCNNIQUES .........coveiveiieieee e 49
3.6.1 XRD (X-Ray DiffraCtometry) ........cccccceriririninieieie s 49
3.6.2 SEM (Scanning Electron MiCroSCOPY) ......cccvevrreerenerienenieniesieeienens 49
3.6.3 EDX (Energy-Dispersive X-Ray SpectroSCOpY.........ccccrvrervreniennnns 49
3.7 EXPErimental.......c.coveiiii e e 50
3.7.1 Apparatus used in the eXperiment............cccccveveveeieeie s, 50
3.7.2  Experimental ProCedure...........coooveiiiie i 50
3.8 Experimental WOrk-FIOW Chart ...........ccccooiiiiiiiiiiieiceec s 54
Chapter 4: PRELIMINARY STUDY ...cccooiiiiiieieeeeeee e, 55-61
4.1  Preliminary StUdY WOTK.........cocoiiiiiiiieiiec s 55

4.1.1 PRELIMINARY STUDY (PS) 1: EFFECT OF PARTICLE
SIZE oo 55

4.1.2 PRELIMINARY STUDY (PS) 2: EFFECT OF RATIO

BETWEEN MILL SCALE ANDCOAL MIXTURE .........ccccvevvenenne. 58

4.1.3 PRELIMINARY STUDY (PS) 3: EFFECT OF ADDITION
OF LIMESTONE ......coeiteieieiecie ettt 60
Chapter 5: FINAL STUDY ..ot 62-105
5.1 ADOULThE STUAY oo 62
5.2 Graphs of degree of reduction for the final study ..........c..ccocevvviiiiiiiiiiennn, 64

Vi



5.3

5.21

5.2.2

5.2.3

5.24

5.2.5
5.2.6
5.2.7

Graph for DOR of Mixed arrangement at different
TEMPEIALUIES ...ttt ens

Graph for DOR of Central Arrangement at different
TEMPEIALUIE ..ottt enes

Graph for DOR of Alternate concentric arrangement at
different tEMPErature..........cccooveieieece e

Graph for DOR of Layered arrangement at different
TEMPEIALUIE ...ttt

Graph for comparison of DOR of all arrangements at 850°C............
Graph for comparison of DOR of all arrangements at 900°C............
Graph for comparison of DOR of all arrangements at 950°C............

Standard reduced time plots for different reaction mechanism
T UL o] 1SS

5.3.1

5.3.2

5.3.3

5.34

Graphs of reduces time plots for mixed arrangement........................
5.3.1.1  Graph of reduced time plots for mixed arrangement

AL 850°C ...t
5.3.1.2  Graph of reduced time plots for mixed arrangement

AL 900°C ..
5.3.1.3  Graph of reduced time plots for mixed arrangement

AL 950 OC ..ot

Graph for reduced time plots for the Central Arrangement...............
5.3.2.1 Graph of reduced time plots for Central

Arrangement at 850°C ..........ccovviviiieiiiene e
5.3.2.2  Graph of reduced time plots for Central

Arrangement at 900°C .........ccccceviiiiiiiie e
5.3.2.3  Graph of reduced time plots for Central

Arrangement at 950 °C ........coovveiiiiiiiie e

Graph for reduced time plots for the Alternate concentric
(AC) aITaNQEIMENT ......oveiiiieieeiiee e

5.3.3.1  Graph for reduced time plots for the Alternate
concentric arrangement at 850° C ........cccceevveevveciecieenenn,

5.3.3.2  Graph for reduced time plots for the Alternate
concentric arrangement at 900° C ........ccceeevveevecvieiveenenn,

5.3.3.3  Graph for reduced time plots for the Alternate
concentric arrangement at 950°C .........ccoovvereienenennenn,

Graphs for reduced time plots for the Layered Arrangement............

5.3.4.1 Graph for reduced time plot for the Layered
Arrangement at 850° C.......cooovvviiiiiiiieece e

5.3.4.2 Graphs for reduced time plot for the Layered
Arrangement at 900°C..........ccoceeiiiiiiiie e

vii



5.3.4.3  Graphs for reduced time plot for the Layered

Arrangement at 950°C ..o 76
Isothermal kinetic plot, Rate constant, Arrhenius plot and Activation
N Y e 77
541 MIXED ARRANGEMENT ....ccoiiiiiiiie sttt 77
5.4.1.1 Isothermal kinetic plot for mixed arrangement.................. 77
5.4.1.2 Rate constant (k) values for mixed arrangement............... 77
5.4.1.3  Arrhenius Plot for mixed arrangement...........cccccceevviennen. 78
5.4.1.4 Activation energy (Ea) for mixed arrangement................. 79
5.4.2  Central Arrangement..........ccccveieiiieiieriesieese e e e 79
5.4.2.1 Isothermal kinetic plot for central arrangement................. 77
5.4.2.2 Rate constant (k) values for central arrangement.............. 79
5.4.2.3  Arrhenius plot for central arrangement ............ccccoevveiennen. 80
5.4.2.4  Activation energy (Ea) for central arrangement................ 79
5.4.3 Alternate concentric arrangement ..........ccecveveeireseesieeresee e 81
5.4.3.1 Isothermal kinetic plot for alternate concentric
AMTANGEMENT ...t 81
5.4.3.2 Rate constant (k) values for alternate concentric
AMTANGEMENT ..ottt 81
5.4.3.3  Arrhenius plot for alternate concentric arrangement......... 82
5.4.3.4  Activation energy (Ea) for alternate concentric
AITANGEIMENT ..ottt 82
5.4.4  Layered arrangement .......ccccuovevierierereseseseseeee et 83
5.4.4.1 Isothermal kinetic plot for layered arrangement ............... 82
5.4.4.2 Rate constant (k) values for layered arrangement............. 83
5.4.4.3  Arrhenius plot for layered arrangement ...........c.ccccveveneen. 84

5.4.4.4  Activation energy (Ea) for the layered arrangement......... 84
5.4.5 Comparison of Activation energy (Ea) of all arrangements..85

CharaCterization STUAIES ..........oiiiiiiiieiee e 86
5.5.1 SEM (Scanning electron MiCroSCOPE) ......cccveerreereenrerierieniesieseeeennns 86
55.1.1 SEM micrograph of unreduced mill scale....................... 87
5.5.1.2  SEM micrograph of reduced mill scale..............cccceeenen. 88
55.1.3  SEM micrographs of mill scale and reduced mill
scale at different magnifications............c.coceveririnnniennen, 89
5.5.1.4  SEM micrographs for understanding the effect of
reduction at different timings..........ccocvveerieiie e 90
5.5.2 EDX (Energy dispersive x-ray): Surface mapping ..........c.ccoeereveruenns 95
5.5.2.1 Surface mapping of mill scale sample (P.S: 90-150
MICrons) bY EDX.......oooviiiiiic e 95

viii



5.5.2.2  Surface mapping of reduced mill scale by EDX............... 97

5.5.3 XRD (X- Ray DiffraCtometer) .........ccccccevvvevviieiieieeie e 99
55.3.1 Mill Scale: Sample (90-150M) ......coeiviriniriniiiseeeee, 99
55.3.2 XRD of Reduced Mill Scale.........c.cccceevriviinniiiiiienenn, 100

5.5.3.3  XRD for understanding the effect of reduction at
different temperatures..........cccocevveevvevesieese e 101
56  RESULTS AND DISCUSSION OF FINAL STUDY .....cccoivviiiiieieienen, 102
5.6.1 Effect of furnace holding time ..........ccoocviiiiiiiniiie e 102
5.6.2 Effect of furnace temMperature ...........cccoereriiiieieienc e, 102

5.6.3 Effect of arrangement of mill scale and coal mixture in

(o] (0T | o] =TSR 103
5.6.4 Characterization StUAY ...........ccooereriniiinisieee e 105
Chapter-6 Conclusion and FUture Work.............ccoceoevenenineneneneseees 106-107
CONCIUSIONS ...ttt ettt 106
FULUIE WOTK ..o bbb 107
RETEIENCES ...t bbb 108-116



List of Tables

Table 2.1 Average composition of hot metal produced in blast
furnace

Table 2.2: Types of waste materials produced in integrated steel
plants

Table 2.3: Type of direct reduction process
Table 2.4: Gas-based processes
Table 2.5: Coal-based processes

Table 2.6: Selected reaction mechanism equation for different rate
controlling steps

Table 2.7: Reaction mechanism equations for which the t/t0.5 values
computed by Keattach and Dollimorell

Table 2.8: Variation of a and t/t0.5 for given reaction mechanism
equations

Table 2.9: Previous investigations on kinetic study of mill scale
reduction by solid or gaseous reductants

Table 3.1: The source and cost of raw materials used in the research
work

Table 3.2: Configurations used in research work

Table 3.3: Result of proximate analysis of low grade coal used in the
research

Table 3.4: Result of chemical analysis of limestone (in weight %)
used in the research work

Table 3.5: Result for result of chemical analysis of mill scale
Table 3.6: Result for result of oxygen present in mill scale

Table 4.1: The initial constant and variable parameters for
preliminary study 1

Table 4.2: The constant, variable parameters and their values, as per
preliminary study 2

Table-4.3: The initial constant and variable parameters for
preliminary study 3

Table 5.1: The constant, variable parameters and their values, as per
final study

Table 5.2: The value of rate constant (k) and In k of mixed
arrangement samples at different temperatures

12

17
18
20
26

30

30

31

37

38
39

42

47
48
56

58

60

63

78



Table 5.3: The activation energy calculated of samples reduced in
mixed arrangement

Table 5.4: The values of rate constant (k) and In k of samples
reduced in central arrangement at different temperatures

Table 5.5: The activation energy calculated from the slope of the
Arrhenius plot of the samples reduced in central arrangement

Table 5.6: The value of rate constant (k) and In k of samples reduced
in alternate concentric arrangement at different temperatures

Table 5.7: The value of activation energy calculated from the slope
of the Arrhenius plot of the samples reduced in alternate concentric
arrangement

Table 5.8: The value of rate constant (k) and In k of samples reduced
in layered arrangement at different temperatures

Table 5.9: The value of activation energy calculated from the slope
of the Arrhenius plot of the samples reduced in layered arrangement

Xi

78

79

80

81

82

83

84



List of Figures

Figure 2.1: Routes of steel making process

Figure 2.2: Production of steel and its primary solid products in
integrated steel plant

Figure 2.3: Schematic diagram of blast furnace
Figure 2.4: Basic oxygen furnace or converter
Figure 2.5: Electric arc furnace

Figure 2.6 Continuous casting process

Figure 2.7: Products of continuous casting process

Figure 2.8: Flow diagram showing different rolling products and their
uses

Figure-2.9: SEM micrograph shows the surface of hot rolled steel and
mill scale formed on the surface

Figure 2.10: Mill scale wastage during rolling

Fig 2.11: (a) Water Treatment for removal of mill scale and (b)
Pickling Process for removal of mill scale

Figure 2.12: The generation of steel and corresponding mill scale in
India

Figure 2.13: Micrograph of Direct Reduced Iron (sponge iron),
magnification x 300

Figure 2.14: Different forms of DRI (A) Lump , (B) Pellet, and (C)
HBI

Figure 2.15: Process flow sheet of Midrex process of direct reduction
Figure 2.16: Process flow sheet of SL/RN process of direct reduction
Figure 2.17: Model of partially reduced mill scale particle
Figure-3.1: Raw materials used in the research work

Figure 3.2 Rod Crusher

Figure 3.3 Jaw and Roller Crushers

Figure 3.4 Powdering of Coal

Figure 3.5 Vibratory Sieve

Figure 3.6 Powdered mill scale/coal in packets

xii

10
11
12

13

14
14

15

16

17

19
21
23
50
o1
o1
51
52
52



Figure 3.7: Arrangement of mill scale and coal mixture: (a) mixed,
(b) alternate concentric (c) layered (d) layered (e) labelling of
crucible and sample shown in central arrangement

Figure 3.8 Electric Muffle Furnace (a & b)
Fig 3.9: Ring magnet
Figure 3.10 Experimental flow chart

Figure 4.1: The diagram of mill scale and coal placed in alumina
crucible in mixed arrangement.

Figure 4.2: The graph for study 1 between degree of reduction and
particle size

Figure 4.3: The graph for PS 2, between degree of reduction and ratio
of mill scale and coal

Figure 4.4: The graph for preliminary study 3, between DOR and %
limestone in crucible w.r.t mill scale

Figure 5.1: The various arrangements of mill scale and coal mixture
(coal + limestone) in crucible for which the final study was carried
out. (a) Mixed, (b) Central, (c) Alternate concentric and (d) Layered
arrangement

Figure 5.2: Graph of DOR at different time and temperatures for
mixed arrangement

Figure 5.3: Graph of DOR at different time and temperatures for
central arrangement

Figure 5.4: Graph of DOR at different time and temperatures for AC.
Arrangement

Figure 5.5: Graph of DOR at different time and temperatures for
layered arrangement

Figure 5.6: Graph for degree of reduction of all arrangements at
850°C

Figure 5.7: Graph for degree of reduction of all arrangements at
900°C

Figure 5.8: Graph for degree of reduction of all arrangements at
950°C

Figure 5.9: The degree of reduction (a)) vs. t/t0.5 standards plots of
various rate mechanisms

Figure 5.10: The degree of reduction (o) vs. t/t0.5 plot of mixed
arrangement sample at 850°C with standards plots of various rate
mechanisms

xiii

52

53
53
54
56

57

58

60

63

64

64

65

65

66

66

67

68

69



Figure 5.11: The degree of reduction (a) vs. t/t0.5 plot of mixed
arrangement sample at 900°C with standards plots of various rate
mechanisms

Figure 5.12: The degree of reduction (a) vs. t/t0.5 plot of mixed
arrangement sample at 950°C with standards plots of various rate
mechanisms

Figure 5.13: The degree of reduction (a) vs. t/t0.5 plot of central
arrangement sample at 850°C with standards plots of various rate
mechanisms

Figure 5.14: The degree of reduction (a) vs. t/t0.5 plot of central
arrangement sample at 850°C with standards plots of various rate
mechanisms

Figure 5.15: The degree of reduction (a) vs. t/t0.5 plot of central
arrangement sample at 950°C with standards plots of various rate
mechanisms

Figure 5.16: The degree of reduction (a) vs. t/t0.5 plot of alternate
concentric arrangement sample at 850°C with standards plots of
various rate mechanisms

Figure 5.17: The degree of reduction (a) vs. t/t0.5 plot of alternate
concentric arrangement sample at 900°C with standards plots of
various rate mechanisms

Figure 5.18: The degree of reduction (a) vs. t/t0.5 plot of alternate
concentric arrangement sample at 950°C with standards plots of
various rate mechanisms

Figure 5.19: The degree of reduction (o) vs. t/t0.5 plot of layered
arrangement sample at 850°C with standards plots of various rate
mechanisms

Figure 5.20: The degree of reduction (o) vs. t/t0.5 plot of layered
arrangement sample at 900°C with standards plots of various rate
mechanisms

Figure 5.21: The degree of reduction (a) vs. t/t0.5 plot of layered
arrangement sample at 950°C with standards plots of various rate
mechanisms

Figure 5.22: Isothermal kinetic plot for the sample in mixed
arrangement following the equation G(a) = -In( 1-a)

Figure 5.23: Arrhenius plot for the samples reduced in mixed
arrangement

Xiv

69

70

71

71

72

73

73

74

75

75

76

77

78



Figure 5.24: Isothermal kinetic plot of centrally arranged following
the equation:

2
G (o) = (1—§ o) — (1 —a)?/3
Figure 5.25: Arrhenius plot for the samples reduced in central
arrangement

Figure 5.26: Isothermal kinetic plots for the samples reduced in
alternate concentric arrangement following the rate control
mechanism equation:

2
G (o) = (1—§ o) — (1 —a)?/3
Figure 5.27: Arrhenius plot for the samples reduced in alternate
concentric arrangement

Figure 5.28: Isothermal kinetic plots for the samples reduced in
layered arrangement following the rate control mechanism equation :

G@=01-2a)-1-a)??

Figure 5.29: Arrhenius plot for the samples reduced in layered
arrangement

Figure 5.30: The value of overall activation energy in different
arrangements

Figure 5.31: SEM micrograph of mill scale sample of particle size 90-
150 microns at magnification of 10um

Figure 5.32: SEM micrograph of reduced mill scale sample of
particle size 90-150 microns at magnification of 10um. The sample
was reduced at 950°C for 150 minutes

Figure 5.33: SEM Micrographs of mill scale and reduced mill scale
sample at different level of magnifications. Figure (i), (iii) and (v)
micrographs of mill scale and (ii), (iv) & (vi) of reduced mill scale at
magnification of 500, 200 & 5000X

Figure 5.34: SEM Micrographs of unreduced sample, i.e. reduced at t
= 0 minutes

Figure 5.35: SEM Micrographs of sample reduced at t = 30 minutes
Figure 5.36: SEM Micrographs of sample reduced at t = 60 minutes
Figure 5.37: SEM Micrographs of sample reduced at t = 90 minutes
Figure 5.38: SEM Micrographs of sample reduced at t = 120 minutes
Figure 5.39: SEM Micrographs of sample reduced at t = 150 minutes

XV

79

80

81

82

83

84

85

87

88

89

89

90
91
92
93
94



Figure 5.40: The surface mapping of the mill scale sample by EDX.
(1) Micrograph of mill scale under study and (ii) combined
concentration of elements in the area under consideration (iii) The
individual concentrations of elements in the area under consideration
and (iv) the intensity graph of various elements present at the surface
mill scale done by EDX

Figure 5.41: The surface mapping of the reduced mill scale sample by
EDX. (i) Micrograph of reduced mill scale under study and (ii)
combined concentration of elements in the area under consideration
(iii) The individual concentrations of elements in the area under
consideration and (iv) the intensity graph of various elements present
at the micrograph of reduced mill scale done by EDX

Figure 5.42: XRD plot of mill scale sample of particle size 90-150
pum, showing various peaks of different oxides of iron

Figure 5.43: XRD plot of mill scale sample reduced at 950°C, for 150
minutes in mixed arrangement

Figure 5.44: XRD plot of samples of mill scale reduced at different
temperature
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CHAPTER -1
INTRODUCTION

1.1  Background

Conventionally steel produced from Blast Furnace (BF) via basic oxygen
process and still it is the highest for steel making process. The integrated steel
production method requires large capital, land, machines, labor, cheap and easy
availability of raw materials, electricity etc. In addition these production produces so
much pollution in environment in all solid, liquid and gaseous form like mill scale,
slag, oil sludge etc. With the due course of development and time, there arises a
great need for production of steel from other methods. Of course the electric arc
furnace is nice clean process of making steel from the scrap as compared to BF. But
it completely depends upon the availability of scrap. Due to the inflexibility of the
process, some different raw material required which can be utilized as charge in
electric arc furnace. The development of the direct reduction process is the
remarkable discovery in that work. [1, 2]

The term direct reduction can be defined as a reduction of oxides of iron ore
to metallic iron in the solid state at high temperature in the presence of suitable
reductants without undergoing the melting process. The oxygen present in iron
oxides is removed during the reduction process to give porous spongy structure
called as Direct Reduced Iron (DRI) or sponge iron which can be used as a feed
material for electric arc furnace [3, 6].

In the process of making steel from both the routes (BF via BOF and EAF),
various wastes generated during the steel production. Mill scale is one of the waste
generated during the continuous casting and hot rolling of steels. It is an oxide layer
formed on the surface of steel during hot rolling process. Mill scale constitutes iron
(60 to 70 %) in form of oxides such as Wusite (FeO), Hematite (Fe,O3), Magnetite
(Fes04) and traces of non-ferrous elements. Mill scale can be reduced by the process
of direct reduction. The reduced matter thus obtained can be utilized as feed material
for the production of steel [3-6]. There are many hot rolling industries in Jaipur city

and in nearby areas, producing tons of mill scale every day. In addition there are
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huge reserves of low grade coal production at Matasukh coal mines, Nagur district,
Rajasthan- India. This low grade coal constitutes high moisture content and volatile
matter as compared to fixed carbon. Therefore the given low grade coal is not fully
utilized for industrial purpose and if it is transported to long distances, it remains not

much economical.

In this research, study of reduction kinetics of mill scale (obtained from
nearby hot rolling industries) by low grade coal (of Matasukh coal mines, Nagaur)
was done. Effect of various possible parameters on mill scale reduction has been
studied. The reduction study was carried out in fixed size alumina crucible. The
optimization of certain parameters were carried out in part of preliminary study
work. In the final study the effect of different arrangements of raw materials in
crucible on reduction of mill scale was estimated. The isothermal kinetic study for
different arrangement study was also carried out. Kinetic study includes the
identification of reaction mechanism equation and calculation of activation energies.
Characterization study includes: XRD, SEM and EDS of reduced and unreduced

mill scale sample.

1.2 Thesis Outline
This thesis has been divided in five chapters:

. Chapter 1 deals with the background of research related subjects. Some
basics of direct reduction also discussed in short. The motivation and
overview of the research work also been presented along with the thesis
outline.

o Chapter 2 deals with the basics of all the research related topics. The topics
include- steel and its production methods, waste from steel industry, mill
scale, direct reduction process. Details of direct reduction process include its
types, mechanism, kinetics, effect of process parameters, previous research
work and gap in field of coal based direct reduction. The chapter ends with
objective and scope of research work

o Chapter 3 deals with the materials and methods used in the thesis. The
chapter discuss about the raw materials used, their analysis and procedure of

analysis. Stoichiometric calculation, formulae used, experimental procedure
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and experimental flow chart of the research work. It also provides the
information on characterization techniques used in research work.

. Chapter 4 In this chapter the result of reduction of mill scale by low grade
coal for certain parameters have been discussed. The aim of this chapter was
to optimize the reduction parameters for the final study. The parameters
studied in part of preliminary study work were: (i) effect of particle size (30-
90, 90-150, 150-210, 210-270u), (ii) effect of ratio {(1:0.9), (1:1), (1:1.1),
(1:1.2), (2:1.3), (1:1.4), (1:1.5)} of mill scale and coal in crucible, (iii) effect
of addition of catalyst (0, 5, 10, 15, 20 %) at fixed time (150 minutes) and
temperature ( 950°C). The effect of parameters were calculated in terms of
degree of reduction and influence of parameters on reduction also discussed.

. Chapter 5 deals with main (final) study of the research work on — Effect of
mill scale reduction by low grade coal for different arrangements (mixed,
central, alternate concentric and layered) in crucible. The value of kinetic
parameters were calculated for the given study. For calculating the kinetic
parameters, the final study was carried out at different time and
temperatures. The kinetic parameters include the rate constant, activation
energy and identification of rate control equation for the samples reduced in
different arrangement. The characterization study by XRD, EDS, SEM for
samples studied in research work were shown.

. Chapter 6 deals with the conclusions derived from research work and

suggestions for future work.
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CHAPTER - 2
LITERATURE REVIEW

In this chapter all the important topics beginning from the basics to the
subject of final research work were discussed in detail. The topics include- steel and
its production methods, waste from steel industry, mill scale, direct reduction
process. Details of direct reduction process include its types, mechanism, Kinetics,
effect of process parameters, previous research work and gap in field of coal based
direct reduction. The chapter ends with objective and scope of research work.

2. Steel and its production methods

Steel is the most extensively used material in the world. It is widely used in
area of construction, automobiles, defense, telecommunication, electronic parts and
equipment’s, devices, machineries, utensils etc. In fact development of nation
depends upon steel production and its utilization. Majorly there are two different
routes for steel making, as shown in figure 2.1 [1, 2]. First is conventional process of
steelmaking in integrated steel plant of blast furnace (BF) and basic oxygen furnace
(BOF). Second is includes the use of scrap and DRI (direct reduced iron) as charge
in Electric arc furnace (EAF) [2,22,23,25,30,31] The DRI produced separately by

reduction of iron ore in direct reduction furnaces.

Coal | Coke
_ COKE MAKING ¢ Molten Steel
(A) & : L
N\ ’ SO
s | BLAST BASIC OXYGEN
"| FURNACE CONVERTER
R |
Lump, Fine I
SURDEN ‘
. ' g
Iron Ore PREPARATION| Sinter, Pellets Scrap
Scrap
~ Molten Steel
(B) —m8
IRONORE DIRECT ‘ i ARC
GAS/COAL > REDUCTION ; FURNACE
‘ " DRI

Figure-2.1: Routes of steel making process [3]
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The molten steel produced from both the routes is cast into different solid
shapes like billets, blooms, sheets etc., during continuous casting process. Further
these different solid shapes subjected to various forming process like rolling,
forging, wire drawing etc. in steel equipment’s making industries, as shown in figure
2.2,[18, 19, 25].

2.1  Steel making in integrated steel plant
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Figure-2.2: Production of steel and its primary solid products in integrated steel plant [4]

2.1.1 Blast furnace

BF is a tall shaft reactor. The charge is introduced to the furnace at the top
which consists of iron ore, scrap, flux (limestone) and coke. Coke has different roles
in BF. First, it is a heating source for the furnace due to its reaction with air and
second, it acts as a reductant to reduce the iron ore. Since there are different regions
inside the furnace in terms of temperature and gas composition, various reactions
occur in blast furnace depending on the position within the furnace, as shown in
blast furnace figure 2.3 [5, 22, 30, 31].
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Figure 2.3: Schematic diagram of blast furnace

As the iron melts, it descends and accumulates at the bottom of furnace. At
different tapping times, slag and carbon saturated iron, known as hot metal or pig
iron are drained through tapping holes. Hot gases produced from the coke burning
exit through top of the furnace after they participated in the reactions. The average

composition of pig iron is shown in Table 2.1 [2, 22, 30, 31]
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Table-2.1: Average composition of hot metal produced in blast furnace.[2]

Element Iron Carbon Sulphur | Phosphorus | Silicon
Composition
(in weight %) 94 45-4.7 | 0.02-0.06 0.08 0.3-0.8

Although blast furnace is still the dominant process for making iron, it is
accompanied with some disadvantages. Blast furnace utilizes metallurgical grade
coke to heat up and reduce iron oxide. However, coke is expensive and causes
significant CO, emissions. Moreover, blast furnace projects carry a high capital cost;
hence minimum capacity constraint is inherent to the process. Consequently, other
processes may be employed including mini blast furnace, smelting reduction and
direct reduction [6, 22, 30, 31, and 44].

2.1.2 Basic oxygen furnace

This steelmaking method involves selective oxidation of C and Si in the hot
metal by blowing oxygen to the convertor. The process was first developed in 1947
at Linz and Donawitz (two 7 towns in Austria) [7, 8]. In different geographical areas
it may be known as basic oxygen furnace, BOS (in UK) or LD in other European
countries. The schematic diagram of BOF is shown in Fig 2.4. The charge materials
of BOF contain mainly hot metal while the remaining is scrap. The portion of scrap
depends on the price and availability of scrap as well as Si and C content of hot
metal, thus it varies from one steel plant to another. However, it may constitute up to
30% of charge material
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Figure 2.4 Basic oxygen furnace or converter

By blowing oxygen into the molten metal, some impurities including Si, P,
Mn and S areremoved from steel bath by oxidation according to the following
reactions (2.1-2.4).

Si + 0,= SiO; (2.1)
P +5/4 O, = 1/2(P,0s) (2.2)
Mn + 1/2 O, = MnO (2.3)

Meanwhile, steel is decarburized through reaction 2.4
C + 1/20,= CO (gas) (2.4)

Before each run depending on the carbon target, calculations should be
carried out to estimate the charge and oxygen ratio in order to meet the final quality
of steel. These calculations are based on the mass and heat transfer inside the

furnace [8].
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2.1.3 Electric Arc Furnace
In electric arc furnace (EAF) utilizes several graphite electrodes to heat up
the charge (scrap and other materials) through the generation of electric arc between

them and converts them into fine molten steel, as shown in figure 2.5.

high
current—)l u
connection n H h gap for air
/ [ \ to enter

refractory :
Iining graphlte

electrodes
slag removed

from surface
through door

e 3
purified

steel

molten slag
steel scrap

Figure-2.5: Electric arc furnace

Depending on the grade of steel and melting conditions in the furnace, the
charge composition is estimated, and then fed to the furnace (furnace charging). In
the next step the furnace roof is put on and as mentioned before by passing high
voltage current in the electrodes the charge begins to melt (melting). Refining
involves removing undesired impurities such as phosphorus, sulfur, silicon and also
carbon. Once the bath is completely molten, the oxygen lance is inserted into the
bath and by blowing oxygen most of impurities are oxidized. This process continues
until the target carbon content in the bath is achieved. After refining, the slag that
contains removed impurities from the previous step is tapped out (de-slagging).
Finally, the steel produced is tapped and transferred to other furnace (usually ladle

furnace) for further processing [9, 10, 31, 44].

The steel making through EAF plant is less expensive, clean, easy installable

as compared to former processes. However the production depends upon the
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availability of scrap [11, 12, 31, 44]. This problem was greatly solved in past

decades by melting of direct reduced iron (DRI) with the scrap in EAF. The charges

used for melting in electric furnace are:

1) Scrap — Scraps are generated within the steelmaking and forming processes,
e.g. metallic losses in slag, chop-out from continuous casting or rolling
operation, defected and rejected a portion of casting etc.

i) Direct reduced iron (DRI) — The product forms when the reduction iron ore
reduced by suitable reductants in different reduction furnace is called DRI. It
can be directly added as charge in EAF. DRI is produced in many forms.
These are lump, pellets, hot briquetted iron (HBI), fines, and cold
briquettediron (CBI). [13-15,30,31,44]

2.1.4 Continuous casting process

Ladle

Tundish

Submerged Entry Nozzle

Meniscus

Support roll Torch

SO'ldlfymg cutoff
shell i
Spray point
cooling / Solid steel slab
Y3
Strand

Figure 2.6 Continuous casting process

The molten steel brought from basic oxygen furnace or from electric arc
furnace in ladle is sent for solidification and casting in continuous casting plant. The
schematic diagram of continues casting process shown in figure 2.6. A two way

stopper at the bottom of the ladle is removed, and the metal flows into a reservoir
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called a tundish. This is filled with the entire load from the ladle. As it is being
filled, it releases the molten steel in a continuous stream through a hole in its base.
The steel flows out at a steady rate and is distributed into a series of moving molds.
The metal solidifies as it moves through a roller pron. Next, the metal enters the
straightener. The straightener contains rollers that reshape the slightly curved metal
in form of flat slab, bloom and billets. The dimension and figure of these products

showed in figure 2.7.

SLAaB. Up to 3000 mamn

wide and up to 220 M
thick

BLOOM. Lp to BILWFT. Up to
arcound S00 Fam 120 oo square
either square or

rectangul ar

Figure-2.7: Products of continuous casting process

The cast products from the continuous casting units in form billets, slabs,
blooms sent to those industries which produce the steel made machineries, items. In
that companies further operations like forging, casting, extrusion, rolling etc carried
out to produce the forms like plates, tubes, wires, rods etc. (as shown in figure2.8)
[16-18, 31].

2.1.5 Hot rolling

Hot rolling is process in which the solid metal or alloy is passed between the
small gaps of two parallel rolls in presence of strong compressive forces which
decrease the thickness or diameter of the passed section and increases its length. It is
very important forming process to change the shape of the products obtained from
continuous casting units. Mostly this operation carried out at high temperature,
above the recrystallization temperature to remove the residual stresses and easy
deformation of the object. This type rolling carried out at high temperature (400-

700°C) called hot rolling process. Generally during such operations scales of metal
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oxides forms on the surface of hot rolled product. Rolling operation carried out

below the recrystallization temperature called as cold rolling [19, 20, 32, and 44].

Slabs Blooms Billets /A

Bars

= % % &=
swip [ JWire rocs

Strip Tube ruun(l\ E
I! !' | Wire
\\ Pipe and tubing B = =13

Large diameter pipe Tin plate Seamless pipe Cold drawn bars

Figure 2.8: Flow diagram showing different rolling products and their uses

2.2 Waste production in integrated steel plant [21-30]
During the making of iron and steel, many type of wastes generated in large amount
at various stages of production. The different types of waste are shown in table 2.2.

Table 2.2: Types of waste materials produced in integrated steel plants.

Solid wastes Solid waste
Unit . (pollution control
(process unit) .
unit)
Coke oven and by-product | e Coke breeze e Coke fines
plant e Tarsludge
e Acid sludge
Sinter, raw material handling | ¢ Undersize sinter e Dust
and refractory plant e Fines
Blast furnace e Slag e BF flue dust
Steel making shop e Slag e SMS dust
e Broken refractory
Rolling mills e End cutting e Mill scale
e Broken refractory e Oilysludge
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At present time, environmental related issues are increasing day by day
which has risen a task for the steel manufacturers to use the waste by-products
generated in the industry.Mill scale is one of the waste produced during the steel
making process is utilized in the steel production. [32-38]

2.3  Mill scale: Steel industry waste

Mill scale is an oxide layer formed on the surface of steel during hot rolling
process (as shown in figure 2.9 and 2.10). The oxides of iron are formed on the
surface of metal like arising out of continuous casting, soaking, reheating and rolling
operations. Normally, mill scale thickness is less than 2.00 mm. It constitutes iron
(60 to 70 %) in form of oxides such as Wusite (FeO), Hematite (Fe,O3), Magnetite
(Fe3O4) and traces of non-ferrous elements. About 20% mill scale produced during
the process can be recycled at the steel plants without any pre-treatments and the rest
of the mill scale is used for land filling due to oil contamination. Mill scale is
contaminated of lubricants, oils and greases from the machines and equipment’s
linked with rolling operations. It is generally produced in the range of 2 to 3% of the

steel produced.

Figure-2.9: SEM micrograph shows the surface of hot rolled steel and mill scale formed on the
surface. [4]
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Figure-2.10: Mill scale wastage produced during hot rolling

2.3.1 Removal of Mill Scale

Mill scale can be removed by two process; they are following:

@) Water Treatment: The high-pressure water jet is commonly used to remove
the mill scale from hot strip surface of the steel, shown in figure 2.11 A [39]

(b) Pickling Process: Steel strips pulled through various dilute acid baths kept
at temperatures around 180-200°C at speeds approx. 540 feet’s per minute,
then rinsed with water sprays and air drier (figure 2.11B). Chemical
inhibitors are further added to discourage the acid from attacking the steel
base [40].

(A) (B)

Figure-2.11: (A) Water Treatment for removal of mill scale [39] and (B) Pickling Process for

removal of mill scale [40]
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2.3.2 Mill Scale production
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Figure-2.12: The generation of steel and corresponding mill scale in India

With increase in production of steel, the mill scale generated from
continuous cast and hot rolling plants also got increased year by year. The figure
2.12 shows the production of steel and mill scale (in million tonnes) in India from
last decades and expected production in future years. In 2003-04, the production of
mill scale was only 0.7MT in India while the production of steel was almost some
greater than 25MT. After some year in 2009-10, the production of steel was
increases and it achieved 60MT. In 2003-04, the production of mill scale was only
0.7MT in India while the production of steel was almost some greater than 25MT.
After some year in 2009-10, the production of steel was increases and it achieved
60MT. That’s mean the production of mill scale was obviously increased and
reached to the 1.20MT. But in 2013-14, the rapid growth in the production of steel
and it achieved 70 MT while the production of mill scale also increased by 1.45MT.
In 2019-20, as per expectation, the production of steel will be 150MT and the
production of mill scale will be 3MT. Demand of today is to optimize the available
resources and reutilize the waste materials. The mill scale (steel waste) enriched in
iron. It can be reduced via direct reduction process to suitable product, which could
be utilized in steel production. The literature work on mill scale reduction is
discussed in last section of the chapter named -previous work done on mill scale
reduction [41, 42, and 43].
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2.4  Direct Reduction process

Figure-2.13: Micrograph of Direct Reduced Iron (sponge iron), magnification x300

From last 40 years onwards, direct reduction (DR) process has rapid
development in the making of iron. The term direct reduction can be defined as a
reduction of oxides of iron ore to metallic iron in the solid state at temperature
below the melting point (T< 1150°C) in the presence of suitable reductants without
undergoing the melting process. The oxygen present in iron oxides is removed
during the reduction process to give porous spongy structure called as Direct

Reduced Iron (DRI) or sponge iron, as shown in figure 2.13 [3, 6, 45-49].

2.4.1 Scenario of DRI

Electric steel making uses steel scrap as a primary feed material for steel
production, and it occupies 28-30% of steel production in the world. Secondary steel
zones search for some other steel scrap because of non-reasonable price in the
inconsistent quality of the available material. DRI is a suitable solution for these
problems and also used in making a good quality steel. The world recognizes the
DRI production is cheaper, good-quality, high- indictment material. DRI extends
thickness in content, size and also consists of low residual components. In the
electric steelmaking, DRI plays an alternative role of scrap. DRI is a pure material
which deduces from iron components. DRI production reduces impurities in the
scrap and also upgrades the steel quality. DR requires lesser energy compared to BF
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process because of DR works at lower temperature. DRI makes high-class steel with

the help of electric furnaces. The DRI produces in different forms, as per

requirement, as shown in figure 2.14 [50-52, 54].

(A) (B)

©
Figure-2.14: Different forms of DRI (A) Lump, (B) Pellet, and (C) HBI

2.4.2 Types of DR processes: On the basis of reductant, the DR processes are
classified into two groups and their classification shown in table 2.3:

. Gas based DR production (gaseous reductant)

. Coal based DR production (solid reductant)

Table-2.3: Type of direct reduction process.
(Rank based on production-popularity in the world.)[46]

Process Type of Type of ore | Type of Rank
reactor use reductant
MIDREX Shaft Lump/pellet | Gaseous 1
HyL Retort Lump/pellet | Gaseous 2
SL/RN,KRUPP,ACCAR, | Rotary kiln | Lump/pellet Solid 3
CODIR,TDR
HIB Fluidized bed Fines Gaseous 4
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2.4.2.1 Gas-based processes:

Natural gas acts as reductant agent where the natural gas should be reformed.
In solid state, lump iron ores are diminished and oxygen is removed from the iron
oxide with a reductant agent like gas.The reduction gases like CO and H, are
producedby using Ni or Al,O3 (catalysts) at 950 °C (1223K). The reactor contains
the reduction gases inflated upto 1000°C (1273K) temperature and pressure (up to
5bars).If CH4 is present in the reducing gas, it results in carburization of the reduced
product.The gas based reduction processes is restricted in outside areas because of
low prices where the natural gas is available. According to flow of reducing gas nad
rector design, the gas based direct reduction process further divided in categories
shown in table 2.14. Midrex (1969) and HyL (11-1957, 111-1980) uses natural gas as
reductant agent for commercial processes. From the literature data, it was found out
that Midrex process covers 78.8% of DRI production in the world.[3, 46,50,52]. The
process flow chart of Mydrex process is shown in figure 2.15.

Table-2.4: Gas-based processes

Retort processes Shaft furnace processes Fluidized bed processes

HyL I, Hoganas Midrex, HyL 11, Plasmared, FIOR, Finmet, Circored
Armco, Purofer, NSC,HyL IV

Advantages of gas-based processes:

) Gas-based plants have a less capital cost per tonne compared to coal-based
plants(1.8-2 times higher).

i) Gas-based DRI plants have higher productivity against coal-based plants.

iii) Gas based plants contain higher carbon and metallization in the DRI
production.

iv) Gas based processes are extremely energy efficient.

V) Gas based processes are highly standardized, and plants do not create any
maintenance issues.

Vi) In environmental point of view, gas-based plants are pollution free source
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Figure-2.15: Process flow sheet of Midrex process of direct reduction

The principle of counter flow followed for the reducing gases which get
develops in the shaft furnace in order to reduce iron ore present in it.The important
components of this furnace are counter current shaft furnace, combustion chamber,

air reformer, cooling system.

The principle of this process is the reduction of iron ore in a shaft furnace by
reducing gases in accordance with the counter flow principle. The main components
of the process are the shaftfurnace, the gas reformer, and the cooling system. The
flow of reducing gas and solid materials controlled time to time to operate at correct
conditions. The main bed temperature for the reduction is maintained by is
maintained to obtain appropriate reduction, metallization and carbon content in the
product. The vessel of the furnace made up of steel and inside there is reformatory
lining for high temperature working operations. The charge fed from top of the shft
furnace where it settle down automatically under force of gravityThe charge flows
step wise from preheated zone to the bottom cooled zone where the prepared DRI
taken out from sealing windows present in bottom of the furnace. The process gases
are checked by insert gases which are passed through seal legs. At last the fines
present in DRI are screened. The fines may be finally briquetted to make them a
usable DRI product.
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2.4.2.2 Coal-based processes:

In coal based direct reduction processes, the non-coking coal acts as
reductant agent. The carbon monoxide (CO) gas produced during the reduction,
indirectly reduces the iron ore. Limestone or dolomite often added in reactors with
the charging material, which act as catalyst - to increase the gasification reaction.
After the reduction and cooling, magnetic separation method used to separate metal
from reduced charge material containing ash, lime materials, etc. Hot briquetting &
feeding process are not feasible for coal-based production. DRI is not applicable at
high temperatures in separation process by the magnetic separators. The various type of
coal based DR process according to the reactor design is mentioned in table 2.5. The
advantages and disadvantages of coal based DR processes are given below:

Table-2.5: Coal-based processes

Rotary kiln—based Shaft furnace—based Rotary hearth furnace
processes processes (RHF)-based processes
SL/RN, DRC, CODIR, Kinglor, Metor, NML, INMETCO, FASTMET,
SIIL ACCAR, Vertical Retort Comet
TDR,OSIL and Jindal

Advantages of coal-based processes:
) Non-coking coal is used
i) Easily installable, small-scale units can be planted.

iii) Less complicated in operation technique

Disadvantages of coal-based processes:

)] Energy consumption is high (16.0-21.0 GJ/t).

ii)  Lower productivity (0.5-0.9 t/m®/day).

iii) Hot feeding & briquetting not applicable because of ash, char present in DRI.

Those countries which are rich in natural gases or hydrogen - utilizes these gases for
reduction of iron ore. While countries possess coal reserves, utilizes coal for reduction
of iron ores. Mostly bituminous coal or grade lower than bituminous coal found in

India. So mostly coal based reduction are popular in India. Among the coal based
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reduction processes SL/RN process is most extensively used in the world and in India
also. The process flowchart of SL/RN process is shown in figure 2.16 [3, 46, 53-62].
SL/RN Process

Iron Ore Coal Char Supersaturated steam FLUE GAS
M
" | ‘ EXHAUST
Gas cleaning f = | sTack
FEEDER e 4 ' |
|.___(Al'r inlets | | ' g (—1:]
| e R . s 4
T / i EXHAUST
I -fr-__;f____ | /\/ g FAN
| < < J Feed water ELECTROSTATIC

PRECIPITATOR

Prver N —
Underbed air ROTARY KILN

Return char

Figure-2.16: Process flow sheet of SL/RN process of direct reduction

The SL/RN name refers to Stelco-Lurgi and Republic Steel-National Lead which
was develpoed by their joint efforts. It is the most widely running process in coal
based type of direct reduction processes. The charge in form of iron ore crused to
suitable size, coal and flux forming agents like limestone and dolomie also added. In
the rotary kin the iron ore passed down and hold at the diffferent heating seaction by
the movement of rotary kiln. The heat maintained at different zones (preheated of
temperature around 900 to 1100°C and reduction zone of about 1050 to 1100°C. The
redcued product, that is DRI colleted from the last section of the rotary kiln where it is
transferrred to rotary drum colled by water sprayers at 100°C. After some hours of
holding the DRI descharged and transferred to subsequent units where the cooled

product is screened and magnetically separated to remove char and ash.[3, 53-62].

2.4.3 Coal based mill scale reduction.
As the mill scale constitutes same iron oxides as present in iron ores, so the
reduction mechanism and the kinetics behind the process is similar as in iron ore

reduction.The solid state reduction process generally operate at temperature below
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1100°C, in order to prevent the formation of any semi solid phases. Lime stone or

dolomite often added as catalyst, to increase the gasification reaction.

2.4.3.1 Reduction mechanism of mill scale or iron ore reduction

As the reduction of mill scale in this research work was carried out in crucible or
fixed bed, so the reduction mechanism was stated in terms of fixed bed conditions
(i.e. in crucible reduction). During the reduction process, the iron oxides present in
mill scale or iron ore get reduced to metallic iron in solid state. The reactions

involved in this reduction process are:

)] Reduction by carbon (direct reduction):
3Fe;03 + C — 2Fe304 + CO (2.5)
Fe304+ C — 3FeO + CO (2.6)
FeO + C — Fe + CO (2.7)

In the process of reduction, very less and initial amount of reduction take place by
direct contact of carbon particles with iron ore particles. Most of the reduction
happens due to indirect reduction, by carbon monoxide (CO) gas, which get
produces in intermediate of the reduction process [64-66].

i) Reduction by CO (indirect reduction):

3Fe,03 + CO — 2Fe304 + CO, (28)
FesO4 + CO — 3FeO + CO (2.9)
FeO+CO — Fe+CO (2.10)

The necessary carbon monoxide (CO) for reduction process produces by Boudouard
reaction (eg. 2.11 and 2.12)

iii) Boudouard reaction:
C+0, — CO, (2.11)
CO,+C — 2CO (2.12)

iv) Decomposition of limestone (CaCOs3):
CaCO; — Ca0O + CO, (2.13)

CO+C —  2CO (2.14)

The limestone added as catalyst consists calcium carbonate which decomposes to
CaO and CO,. Thereby, the gasification reaction gets accelerated.
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Explanation of reduction mechanism: With increase in temperature during the
reduction the carbon monoxide and carbon dioxide (CO,) starts forming inside the
crucible by the Boudouard reaction (equation 2.11 and 2.12). The reduction
mechanism could be understandable from the figure 2.17 of partially reduced single

mill scale or iron ore particle during the direct reduction process.

. _/7' Limestone

, COi

4 ¢ POTOVS layer ‘e

40 (Wustite) -4 7 0 TN o

3
e

'-" co,

Reaction Mechanism of Direct Reduction

€O, +C—> 2C0 )
P o Fe,0,+ C/CO ——Fe,0,+CO,
Lot T N s 5 e Fe;0,+C/CO —>Fe0 +CO,
FeO +C/CO >fe +CO,
CaC0, ——> Ca0+CO,
€O+ C—> 2CO 7

Partially reduced mill
scale particle

Figure-2.17: Model of partially reduced mill scale or iron ore particle.

The carbon (C) and carbon monoxide (CO) both works as reducing agent. However
the maximum reduction happens due to CO gas due to its higher flow ability and
diffusive nature than solid carbon. The carbon and CO gas gets adsorb on the
interface of mill scale particle and later get diffuse into different layers. During the
operation the iron oxides gets reduced to simpler forms and last to the metallic iron
by various chemical reactions, as stated before. The iron oxides present in it are

reduced in three stages at temperatures above 570°C.

Fe,O3 — FesOy — FeO — Fe (2.15)
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The oxygen combined with different iron oxides in particle, starts getting removed
from surface to the core of mill scale particle in form of carbon dioxide. Due to
presence of solid carbon and bulk reducing gas outside the surface particle the attack
of reducing agents on iron oxides to convert them into metallic iron is more rigorous
from surface to core. So automatically the layers of Fe,O3, Fe304, FeO and Fe gets
develops from core to the surface of particle. The removal of oxygen from iron
oxides leads to increase in formation of porous structure and subsequently the
metallic content increases w.r.t to total iron in the reduced mill scale. The kinetcs
which undertook during the reduction of any coal based iron ore reduction process

is detialed next.

2.4.3.2 Kinetics of reduction process

Kinetics of iron ore or mill scale reduction concerned with the rate at which
the oxides in iron ore got converted into metallic iron or the rate of oxygen removal
from iron oxides. The rate of reaction during the reduction affects the production of
rate of the DRI (or product of DR) thus obtained by direct reduction. The production
rate determines the feasibility and competitiveness of the product in market. So the
rate of reaction is very important in direct reduction process. During the reduction of
iron ore by suitable reductant, the reaction proceeds with different rates during the
process. In the process the iron oxides got converted into metallic iron or the oxygen
is removed from oxides, giving rise to increase in metallic iron content into product.
This rate of conversion at some steps become higher and at some steps in reduction
becomes slower. So the overall completing of reduction depends upon the step
having the slowest rate during the process. It is like a single relay race, in which the
completeness of the race does not depends upon the person who runs fast, but
depends upon the person who run slow, because the speed or rate of the slowest
person will determine at what minimum time the last man reaches the final line.
Similarly in reduction process, the slowest step will decides the overall rate of
reduction. So first there is need to understand the different rate controlling factors
which controls the overall rate of reduction. [63,64]
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2.4.3.3 Rate controlling factors

When the various sequential steps of reduction and reactions going on during

the process, certain factors which control the overall rate of reduction, also referred

as rate controlling factors. These factors are shown below:

i)

i)

Boundary Layer Control: In this factor the overall rate of reduction is due
to gas diffusion and the boundary layer heat which developed around each
particle. The diffusion rate of gas between the boundary layer is proportional
to the direction and rate of temperature change over the layer (also called as
gas concentration gradient). In most cases of direct reduction process the
flow of preheated gases toward the beds of particles makes the solid and gas
contact.

Phase Boundary Reaction Control: Rate controlled by the chemical
reaction at the wustite iron interface. The rate of reduction per unit area is
found to be constant for the rest iron oxide. The concentration at the surface
of reacting is same at the surface of particle. It is due to diffusion of reducing
gas and product gas at the reduced outer surface is fast. In this situation,
overall rate control due to the reaction at wustite iron interface. This
mechanism is unlikely at the very start of the reduction, when the iron layer
is very thin or for very small porous grains of iron oxide.

Gaseous Diffusion Control: The rate of reducing gas inward and product
gas outward through the reduced iron layer can control the rate of reduction
of iron oxides. This phenomenon is generally associated with large ore
particle and is known as “Gaseous Diffusion Control”. When gaseous
diffusion is the rate controlling step, the rate of diffusion of reducing gas
inward and product gas outward through the porous layer of metallic iron
surrounding the unreduced inner core particle, is slower than the rate of
reaction. During such occurrence the concentration of the reducing gas will
decrease that of product gas will increase at the interface. The change in the
gas composition will slow down the reduction rate until a pseudo steady state
is established. This is the pre dominant ratecontrolling mechanism for high
temperature reduction of large (greater than 7 mm) particle beyond 50%

reduction, when iron layer thickness exceeds about 1mm.
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iv) Mixed Control: When both Gaseous diffusion control and Phase boundary
reaction control combine influence the rate of reduction, the mechanism is
referred to as “Mixed Control”. Mixed control has been proposed by several
experiments to reconcile the complexities and conflicting results obtained
from direct reduction of iron oxides with simpler mechanism. In mixed
control, the gas boundary layer, the phase boundary reaction and gaseous
diffusion act together under pseudo steady state condition to determine the

overall reaction rate.[64-68]

2.4.3.4 Equations for rate controlling steps: Different mathematical models
equations are proposed to represent different rate controlling steps [64-66],

which are given in table 2.6:

Table-2.6: Selected reaction mechanism equation for different
rate controlling steps:

Equation Rate control
kt = —In(1 - «) Chemically controlled
kt =1—(1- a)/3 Chemically controlled

kt = [1—(1— a)g]z Diffusion controlled

2 Diffusi [
kt = (1 -3 0) = (1— a)?? iffusion controlled

Mixed controlled

kt=k'(1—§ a)—(1- 04)§+ D/ro[1—-(1— a)g]

2.4.3.5 Analysis of kinetic data

Kinetic studies are proposed to find out the discrete parameters involved in
the reaction process. The analysis of these discrete parameters means identification
rate at which iron oxides getting converted into metallic iron or the activation energy
required to complete the reduction reactions. It is determined by identification of
rate control mechanism. Based on kinetic law the below section consists of some
mathematical procedures which are required for identification of reaction
mechanism.

Arrhenius equation: Commonly reaction rate depends on the factor called
temperature when the temperature change there is a rapid change in the reaction rate.
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Each event has weighted mean which is a constant reaction rate value k that cause
the transformation in the process. If there is a variation in the transformation of the
individual events, then the k value changes with the change in temperature. The
range of temperature should be not too broad. Most reaction rates accept the
Arrhenius equation based on the temperature dependence (eq.2.15) [69-72]. Both
homogeneous and heterogeneous reactions are suitable for Arrhenius equation
mentioned below:

k = Aexp RT--—-- (2.15)
Where

k= Constant reaction rate

T= Temperature (in Kelvin)

A= Pre-exponential factor or frequency factor
Ea=Activation energy depends on the reaction mechanism
R=Gas constant

Determination of kinetic parameters

) Integral approach: The reaction progress is evaluated regarding the degree
of transformation and expressed as a in the studies of isothermal kinetics.
The value of a alters from 0 (zero) to unity. The ratio of detached oxygen
from feed to the combination of iron and oxygen in the feed is known as the
degree of reduction which also expressed with a. Based on the given
temperatures, the plot drawn on a versus time (t). The plotted data
corresponded into a useful form of the incorporated kinetic equation. Some
reaction mechanisms have an integral expression on kinetic equations were
widely known [73]. G(a), o is propo'tional to t. The constant reaction rate
expressed with k which acquires from the slope G(a) against time(t). The
constant reaction rates estimated from various temperatures in the isothermal
analysis. The equation 2.15 is temperature dependence of the rate constant

Eq
Ink = ——% + [NA-—- (2.16)
From the plot, a slop of straight line (E/R) obtained from In k versus 1/T.

The activation energy value contributes to the slope of this linear plot. The
frequency factor (A) attains from the intercept.
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i) Differential approach: The earlier recognition of the relevant function G(a)
constructed by an integral approach which is the determined through the trial
and error approaches. When the necessary kinetic data is linearized, then the
rate of reaction can estimate. The a and temperature (T) function are
considered to carry the reaction rate at any given time. So the rate of
expression can be demonstrated through the common differential form is

Z=k(M.f(a) (2.17)
Where,
k (T)=temperature dependent rate constant

f (a)=appropriate function of a.

Substituting k (T) from Eq. 2.15 in 2.17 we get:

Eq
Z—f = A.exp RT.f(a) (2.18)

Equation 2.18 can be written as

da _Ea

— =k [dt=A [exp ’r dt (2.19)
The value of t at R.H.S. integral, zero limits at L.H.S. integral and a value is
constant at any level of a, i.e., at any given temperature, the avalues are

obtained in the required amount of time. Thus it can be written as,

__ constant
to = — Eq (2.20)
exp RT
Eq
or Inty = constant + — (2.21)

RT
The plot between In ty and 1/T is linear. The activation energy can calculate
at different reaction stages with the help of plots of different levels of a.

However, f(a)) describes the kinetics reaction itself.

iii) Reduced time plots: The reaction mechanism identification is an essential
step in many reaction systems is to analyze the Kkinetic data. The initial
identification is possible using in many cases known as reduced time plots
[74, 75]. There is a broad analysis of reaction in the solid state based on such

plots, but there is a limit in chemical metallurgy application [76]. The
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reaction mec"anism checks through this method and hence G(a) can treat as
an appropriate function. In reduced time plots, dimensionless time can
handle as the kinetic relationships [75].
We have:

G(a) = kT (2.22)
If a = 0.5 then g(0.5) = ktoswhere 0.5 fractions are obtained in the required

amount of time tgs.

Dividing Eq. 2.22 by this and obtained Eq. 2.22 in modified form will be:
G(a) = G(a) o =05-t/tos - (2.23)

G(a) = B(t/tos ) (2.24)
Where B = constant dependent on G(a).

Eq. 2.24 is dimensionless and depends on the constant kinetic rate. Without
regarding the nature of the system, any given temperature or various others factors,
the reaction alters on kinetic data. So reduced time plot applies to each mechanism.
Keattach and Dollimorell [75] use reduced time slots to define an approach for some
of the reaction mechanism (shown in table 2.7), and they passed the values of t/tos
for various a values (shown in table 2.8). Initially, the described procedure involved
in the tabular values of function G(a) for different reaction mechanisms for various
a values. The t/tys values calculated by using these G(a) values. Plotting between
the o values and t/tos computed values used to draw plots of the different reaction
mechanisms [77]. Experimental data laid over on these master plots and empirical
data could fit in any one of the theoretical expression which identified by the

reaction mechanism in the reduced time slots.
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Table-2.7: Reaction mechanism equations for which the t/tysvalues computed
by Keattach and Dollimorell [76, 77]

S.No Reaction mechanism equation, G (a)
1 D1(a) = (a)?

2 D2(a0) =(1—a)In(1 —a) + «

3

D3(a) = [1 — (1 — a)5?

4 D4(a)=(1—§a)—(1—a)2/3
5 R2(a) =1 — (1 —a)!/?

6 R3(a0) =1—-(1— )3

7 Fl(a) = —In(1 — a)

8. A2(a) = —In(1 — a)/?

9. A3(a) = —In(1 — )3

Table-2.8: Variation of a and t/tys for given reaction mechanism equations.
o Dl(a) D2(e) D3() D4(e) Fl(e) R2(e) R3(0) A2(a) A3(0)
0.1 0.040 | 0.033 | 0.028 | 0.032 | 0.152 | 0.174 | 0.165 | 0.390 | 0.533
0.2 0.160 | 0.14 | 0.121 | 0.135 | 0.322 | 0.362 | 0.349 | 0.567 | 0.685
0.3 0.360 | 0.328 | 0.295 | 0.324 | 0.515 | 0.556 | 0.544 | 0.717 | 0.801
0.4 0.640 | 0.609 | 0.576 | 0.595 | 0.737 | 0.768 | 0.762 | 0.858 | 0.903
05 1 1 1 1 1 1 1 1 1
0.6 1.44 1521 | 1.628 | 1.541 | 1.322 | 1.253 | 1.277 1.15 1.097
0.7 196 | 2207 | 2568 | 2.297 | 1.737 | 1.543 | 1.607 | 1.318 | 1.198
0.8 256 | 3.115 | 4.051 | 3.378 | 2.322 | 1.887 | 2.014 | 1.524 | 1.322
0.9 3.24 | 4363 | 6.747 | 5.028 | 3.322 | 2.334 | 2.602 | 1.822 | 1.492

2.4.4 Effect of process parameters on reduction.

In the field of direct reduction various investigators always tried to improve
the quality of product obtained on reduction of iron ore (or mill scale or other iron
oxides bearing raw materials). It was done by altering the various process
parameters which affect the percentage or degree of reduction. The general
parameters which affect the reduction are:

)] Temperature of reduction.

i) Time of reduction.
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iii) Particle size of raw materials or pellet size.

iv) Presence of catalyst.

V) Nature and reactivity of reductant and reducible material (iron ore)
vi) Ratio of reductant to reducible material orFe,Os/C ratio

vii)  Mixing of reductant and reducible material

Certainly the various process parameters effect the reduction, however they
are interconnected to each other also. It is not mandatory that the same particle size,
ratio, addition of catalyst addition, heating will give the same result for some other
materials. That is, every time when some investigates on direct reduction of same
material (iron ore, or mill scale or any other iron oxide bearing material), some
different percentage of reduction was found. The result of direct reduction was
specific according to study of process parameters. However the effect was almost
same in all reductions like with increase in time, temperature, ratio, quality of
reductant the reduction increases up to a limit then becomes constant. With increase
in catalyst addition also increases the reduction for certain interval of time and
temperature. With decrease in particle size reduction increase, but not always. In fact
the, some particle size range of particles show higher reduction for one reductant
and lower for some other reductant. It also depend upon packing of raw materials
and permeability present in given set of conditions for of the reductant to reduce iron

ore or mill scale.

2.5  Previous investigations done on mill scale reduction.

Many investigators had been done studies on direct reduction of iron ore
[78-91]. But few investigations were done on mill scale reduction [92-105]. Among
that studies of mill scale reduction, very few found out the kinetics of reduction
process [92-97]. Some investigators used solid reductants and some gaseous
reductants. The overall previous literature work studied on mill scale reduction can
be divided in two categories:

) Kinetic study of mill scale reduction by solid or gaseous reductants (e.g.

Solid = Coal, coke, graphite etc. and Gaseous = H, gas, CO gas etc.)[92-97]

i) Non- kinetic studies on mill scale reduction [98-105].
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before the explanation of previous works on mill scale reduction kinetics:

Previous investigations on kinetic study of mill scale reduction by solid
or gaseous reductants: The information in tabular form (table 2.9) given

Table-2.9: Previous investigations on Kinetic study of mill scale reduction by
solid or gaseous reductants.[92-97]

Pellet, L= Lump, B=Briquettes), T = Temperature, P.S = Particle size, Cyy = Fixed

Forms: (P =
carbon, R = Reducing agent, E, = Activation energy, Fer =Total iron, Bed = Crucible or tray or
other, Furnace = Reduction furnace
Author, Year| Form, Bed, |Reducing agent| Kinetic, Non Kkinetics | Particlesize| T (°C)
Furnace (R) values, Activation (P.S)
Energy (Ea. in
KJ/Mole)
AKM.M | L, Mill Scale Coal (Cix |¢ (=01 _2 -1 P.S=230 | 800,850
Rahman, 2009 | in centre, coal =52.60) , 3 — @ mm 900,950,
around in Limestone
crucible, in  E, = 147 KI/Mole 1000,1050
muffle furnace
CGamci, L, P (Fe, Coke G ()= (1— 2 o-@ Pellets ofP.S | 900, 950,
2001 =57.2%) = 3 = 325 Mesh | 1000,1050,
rotare tub (Crix =81.22), — ) 1100
inrotary tube .
furnace Graphite , Ea =48.5 KJ/Mole
Cﬁx :9858)
Onuralp P(Fe, = Coke(Ck.) and |G(a) =1 — (1 — a)V/3 |Pellets of P.S| 1050, 1100,
Yucel, 2013 | 70.95%) in | Anthracite (An.)| Ea, =170 (For 200% | =45-90um 1050
rotary kiln | (Stoichiometric | An) 316 (150% An.),
150 and200% ) | 55 22 (200% Ck.), 127
(150% Ck.)
M.C. P (Fer= CO gas G(a) =1-(1—a)/3 |Pellets of P.S| 900, 1000,
Bagatini, 69.7%), in Ea =79-81 =0.3-0.6 |1100, 1200
2011 crucible in mm
Electro
thermo
balance
furnace
N.M. B (Fe = H,gaswith N, ¢ () =(1- 2 @ — (1 Compressed | 650, 750,
Gaballah,2014| 69.33%), in gas initially 3 — @ briquettes of | 850, 900,
crucible in P.S=75pum. 950
Electro Ea =72.25and
thermo Ga)=1-(1- a)1/3
balance Ea=615
furnace '
C. Joshi, 2015| L(Fe58.6%),, | Hzgaswith N |y = (12 ¢y— 1 |Pelletsof P.S| 600, 700,
in tray in in ratio of 1:9 3 Y 6 pm 800, 900,
horizontal 1000, 1100
tube furnace Ea=473

Study of reduction kinetics of mill scale by low grade coal



Literature Review 33
-

Mill scale reduction kinetics using solid reductants: Among those who had
done investigations on isothermal reduction of mill scale by coal or carbon bearing
materials, only three research work were on the kinetics of mill scale reduction. In
first research work A.K.M.M. Rahman et al. [92] had done the isothermal Kkinetics
study of mill scale reduction using coal in crucible (fixed bed) with powdered mill
scale column surrounded by coal in crucible. He studied the effect of particle size,
bed depth, ratio of mill scale/coal and reaction temperature. In it, the kinetic data fits
on the Ginstling-Brounshtein reaction model. The activation energy for the overall
process was found to be 147 KJ/Mol. This was the only research work done on
kinetic study of mill scale reduction by coal, in powdered form on fixed bed. The
second investigator Ladin Camchi et al.[93] who had done the kinetic study on mill
scale reduction, reduced the mill scale in rotary kiln furnace (moving bed) under
argon gas atmosphere in form of cold bonded pellets prepared by mixing graphite
and coke. The pellets having coke as reducing agent shown better reduction. The
plot of experimental data found to be according with the Ginstling-Brounshtein
equation and activation energy of process found to be 48.5 KJ/Mole. The third
investigator Onuralp Yucel et al. [94] prepared pellets of mill scale with 5%
molasses and reduced it by stoichiometric calculated 150% and 200% metallurgical
coke and anthracite in rotary kiln for different time and temperatures. The
experimental data fits on the chemically controlled equation. The activation energies
were 170.78 KJ/Mole (in 200% anthracite), 316.06KJ/Mole (in 150% anthracite),
55.22 KJ/' Mole (200% metallurgical coke) and 127.03 KJ/Mole (150%
metallurgical coke). [92-94]

Mill scale reduction Kkinetics using gaseous reductants [95-97]: The use of
gaseous reductant give higher value of reduction as compared to coal based
reduction, but is economical for those countries where gas reductants are
conveniently available. Mauricio Covcevich Bagatini et al.[95] done the
isothermal Kkinetics study of mill scale reduction in from self-reducing banquettes by
carbon monoxide in alumina crucible and his experimental data results fits with the
chemically controlled unreacted shrinkage core model equation and the activation
energy found to be 80 KJ/Mol. On the other hand, N. M. Gaballah et al. [96] used
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different flow rate of hydrogen gas for reduction of mill scale — molasses (2%) made
briquettes in nickel chrome crucible suspended in termobalance apparatus. The
experimental data fits on the diffusion controlled equation and activation energy
found in between 61.5 to 72 KJ/Mole. In the similar attempt C.Joshi et al. [97] had
done the kinetic study of mill scale reduction in form of lump placed in tray in
horizontal tube furnace by hydrogen gas to obtain sponge iron for powder
metallurgy applications. The experimental data fits with the Ginstling-Brounshtein

reaction model and Ea was found to be 47.3 KJ/Mole.

i) Previous research work on non-kinetic studies of mill scale reduction.
The non- kinetic studies of mill scale reduction can be conveniently understand in
sentence form as written below:

o Raaft Farahat et al. [98] reduced the composite pellet made up of mill scale
and anthracite coal at different time temperature and reducing agent. He
obtained the 82% metallic iron in the product which was comparable to the
commercially available DRI which possess 85% metallic iron. N.A. El-
Hussiny et al. [99] investigated the effect of replacing some amount of iron
ore concentrate by mill scale in sintering process by keeping different
concentration of coke breeze and he concluded that the replacement of iron
ore concentrate by 5% mill scale increases the amount of readymade sinter,
sinter strength and productivity of the sinter machine and the blast furnace
yard. M.l. Martini et al. [100] obtained the sponge iron by reducing the mill
scale, by reducing it with coke in initial stage and by treating it further in
hydrogen gas atmosphere at final stage. Similar to that work H. Ibrahim
Unal et al. [101] reduced the iron oxides present in mill scale by using coal
and combo of coal and hydrogen in two different steps and concluded that
reduction using both carbon and hydrogen in different steps show higher
reduction than using single coal reductant. In a different way of investigation
Mamdouh Eisaa et al. [102] used graphite and coke for carbothermic
reduction of mill scale in submerged arc furnace with addition of different
flux materials. He concluded high purity iron can recovered using suitable

flux material and controlling reducing agent. However, in other work O.
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Benchiheub et al.[103] obtained the iron powder having total iron of 98.4%
and metallic iron about 97% by reducing the mill scale powder with carbon
monoxide gas in vertical shaft furnace. Dayanand Paswan et al. [104] used
non-coking coal for the reduction of mill scale pellets in clay crucible. The
diameter of the pellets was found to decrease on reduction and shrinkage was
found to increase with time and temperature. In the similar conditions
Rounak Sneh Anand et al.[105] prepared the green pellets using (90%) mill
scale and (10%) slime fines and reduced it with coal fines and developed high
grade DRI which was cost-effective and energy efficient. Other than the
reduction studies, some other behavior also noticed by investigators like T.
Umadevi et al.[106] who studied the behavior of pellets prepared by addition
10 to 40% mill scale with iron ore in order to use pellets in Corex and BF iron
making units. She concluded that the sample pellets having 10% mill scale,
possess optimum chemical, metallurgical and physical properties. Similar
attempt made by Bruno Deves Flores et al. [107] who prepared the self-
reducing blends using 85% mill scale and 15% petroleum coke by weight and
studied the structural behavior occurs on the samples at different time and
temperatures till the melting occurs. The work concluded that the melting

behavior of blends linked with the carburization process of iron.

2.6 Research gap

Assessment of knowledge or research gap :It has been found by studying the
previous research works that the effect of various process parameters like time,
temperature, particle size, percentage of reductant were studied in many studies, but
effect of different possible arrangements of raw materials (mill scale, carbonaceous
material) in crucible was not studied in any single study. Kinetic study on mill scale
reduction worked out on very limited researches. Among them, some were gas based
reduction and some were solid based reduction. But the kinetic studies scares in use
of low grade coal for reduction of mill scale.

Proposed solution to research gap: On account of these scarcities in
previous research work, the proposed solution to research gap was to study the

reduction of mill scale by utilizing low grade coal for different parameters
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(including reduction in different arrangements in crucible). Thereby finding out the

optimized results and calculating the kinetics behind the reduction process. So the

objectives of the given research work were:

1. Study of mill scale reduction by low grade coal in crucible.

2. Optimization of various process parameters, including the different possible
arrangements of raw materials in crucible.

3. Study the kinetics of the mill scale reduction on optimized parameters.

To achieve the possible objectives, the overall study was carried out in two
steps - (A) Preliminary study and (B) Final study. In preliminary study, effect of
certain process parameters were checked -to find the optimum conditions for mill
scale reduction when reduced by low grade coal. The variables which shown the
best or optimum result in preliminary study, were taken as constant parameter for
the final study. The final study work was on kinetics of mill scale reduction by low

grade coal for various possible arrangements in crucible.

A Preliminary Study: The parameter studies which were carried out in part of
preliminary study work includes:

Q) Effect of particle size of mill scale and coal (Particle size = 30-90,
90-150, 150-210, 210-270um)

(i) Effect of ratio of ratio of mill scale and coal (Ratio = 1:0.9, 1:1, 1:1.1,
1:1.2,1:1.3,1:1.4,1:1.5)

(iii)  Effect of addition of limestone (Percentage of limestone w.r.t weight
of mill scale =0, 5, 10, 15, 20 %).

B. Final study work: In the final study effect of possible arrangements of raw
materials in crucible was studied. Isothermal kinetics of mill scale reduction
were carried out for the same. Characterization of samples were done. For
calculating the kinetic parameters, the final study was carried out at different
time and temperatures. The different arrangement, time and temperature
which were taken in the final study shown below:

0] Arrangements = Mixed, central, alternate concentric and layered.
(i) Temperatures = 850, 900 and 950°C
(ili)  Timings = 15, 30, 60, 90, 120 and 150 minutes.
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CHAPTER -3
MATERIALS AND METHODS

This chapter deals with materials and methods used in this research work.
The chapter discuss about the raw materials, some configurations used in the
research work. Procedure for analysis of raw materials and results of analysis. The
formulae used and stoichiometric calculations done in the research work.
Information of characterization techniques used in the research work. Detailed
experimental procedure employed in reduction of mill scale by low grade coal, with

the flow chart of the research work was also given.

3.1 Raw Materials.

a) Mill Scale: Iron bearing material, of which reduction was done

b) Low grade coal: Reductant, which possess fixed carbon for reduction of
mill scale

C) Limestone: Works as catalyst and also helps in scavenging sulphur

The source of obtainment and the price index of raw materials shown in table 3.1:

Table-3.1: The source and cost of raw materials used in the research work

Raw material Price Source of obtainment
(F/Kg)
a) Mill scale 2t05 Hot rolling industry, Jaipur, India

b) Low grade coal | 0.5t0 3 | Matasukh coalmines, Nagaur , Rajasthan, India

c) Limestone 5t0 10 | Local market, Jaipur

3.2  Configurations used in the research work
The configurations used for reduction of mill scale by low grade coal in the

given research work is shown in table 3.2:
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Table-3.2: Configurations used in research work

i) Type of Crucible: Alumina
i) Size of crucible: a) Internal diameter = 35 mm
b) Outer diameter = 39 mm
C) Internal height = 55 mm
d) Outer height =56 mm
iii) Lid (cover) of crucible: 4 mm thick (internal diameter) lids, made up of
soft refractory brick and 1 mm thick glass wool.
iv) Weight of mill scale taken | 15 gram
in crucible for each study :

3.3  Analysis of raw materials

The result of total research work depend upon the analysis of the raw
materials. Certain tests or examinations have been carried out to understand the
detailed or basic knowledge of raw materials used. These tests were explained
systematically- step by step, because they were the building block of the research
work. These tests include:

1. Proximate analysis of coal

2 Chemical analysis of limestone

3. Chemical analysis of mill scale (before and after the reduction)
4 Calculation of oxygen present in iron oxides of mill scale

3.3.1 Proximate analysis of coal
There are two methods for analysis of coal, which are- Analytical and
Proximate analysis. In the two methods, the proximate analysis method is most

widely used method in finding the contents of coal.

Percentage of moisture:

)] A known weight (wt.) of finely powdered coal sample was kept in silica
crucible and heated in a muffle furnace at (105-110) C for 1hr.

i) Crucible was taken out and cooled in a desiccator and weighed.

iii) The process of heating, cooling and weighing was repeated a number of

times until a constant weight was obtained.
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1) It is the loss in wt. of moisture free powdered coal when heated in a crucible
fitted with a cover in a muffle furnace at 750°C for 7min.

loss inwt of moisture free coal x 100
original wt of coal sample

= percentage of volatile matter
Percentage of ash in coal:
)} It is the wt. of residue obtained after burning a weighed quantity of coal in an
open crucible i.e in presence of air at 750C in a muffle furnace.

wt of residue X 100
wt of coal sample

= percentage of ash

Fixed carbon (C %) in coal:
)] Fixed carbon % was calculated by reducing above findings in coal by 100%

Fixed carbon = 100 — (%moisture + %volatile matter + %ash).

Result of proximate analysis of coal:

The low grade coal used in the research work contain 25.6% fixed carbon.
The value of fixed carbon percentage of low grade coal was utilized in
stoichiometric calculation of coal, required for reduction of mill scale. The result of

proximate analysis is shown in table 3.3:

Table-3.3: Result of proximate analysis of low grade coal used in the research:

Proximate analysis of coal (in weight %)

Fixed carbon Ash Volatile matter | Other components
25.64 10.02 25.28 39.06

3.3.2 Chemical analysis procedure for limestone: The analysis of limestone was

carried out in the chemical analysis lab of Jindal Saw Industry, Bhilwara

(Rajasthan). The following standard procedure for analysis of lime stone was carried

out.

)] Accurately weighted 2.5 g of sample was taken in a beaker. 40-50 ml dilute
HCI was added and the beaker was immediately covered by glass cover. On
disappearance of effervescence, the lower surface of the cover glass was

washed into the beaker and the contents of the beaker were allowed for
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ii)

drying and baking at 110 to 115°C. On baking for about 20 to 25 minutes,
the beaker containing sample was cooled to room temperature. About 25 to
30 ml dilute hydrochloric acid (40 percent) was added into it. The material
boiled in presence of acid and then filtered out. The residue left at filter paper
was transferred to the beaker and the adhering material remaining at the sides
of beaker was washed by the hot water. The filtrate was collected, in the same
beaker as (A).

The filter paper containing residue and char was heated in platinum crucible
at low temperature. Finally it was ignited at 900 to 950°C and cooled.

The residue in the platinum crucible was fused with about 3 g of fusion
mixture (mix carbonates of sodium and potassium in equal proportion.). The
melt was cooled and extracted in about 50 ml of dilute hydrochloric acid (40
percent). The filtrate from (a) was mixed and the process of drying and
baking was repeated. The baked mass was extracted with about 30 to 40 ml
of dilute hydrochloric acid and filtered out. All the silica in the beaker was
transferred to the filter thoroughly by means of hot water. Silica on the filter
free from chlorides was washed by means of hot water. The filtrate and its
washing were collected in the same beaker, named as (B).

The filter with its residue was transferred into a previously weighed platinum
crucible and the filter paper was heated at a low heat without burning the
paper. Later it was ignited at 900” to 950°C to a constant mass. The residue
was moistened by with few milliliters of dilute sulphuric acid (1: 1) and also
10 ml of hydrofluoric acid was added. The matter was evaporated to dryness,
ignited and cooled.

The residue was fused thoroughly left over in the platinum crucible (d). Fuse
thoroughly the residue (d) left over in the platinum crucible. After
vitalization of silica with 1 to 2 g of fusion mixture and the extract was
added in dilute hydrochloric acid to the filtrate reserved under (c). The
combined filtrates were mixed with that reserved under (a). The final filtrate
was transferred to 250 ml volumetric flask and made up to the main solution
volume. Suitable aliquots (small amounts from the whole) were taken for

determination of calcium oxide and magnesia.
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vi)

vii)

viii)

Determination of CaO by EDTA Method - 4 suitable aliquot of main solution
was titrated against standard EDTA using Patton & Reeder’s indicator at pH
12.The change in color from wine red to clear blue indicated the end point.
Preparation done for (a) Sodium Hydroxide Solution (4N) - 80 g of sodium
hydroxide in a 500 ml volumetric flask was dissolved and solution was made
up to the mark with water. (b) Patton and Reeder’s Indicator- 100 mg of the
indicator was grinded with 10 g of sodium or potassium sulphate until a
homogeneous mixture was obtained. Later it was stored in an air-tight bottle.
(c). 18.613 g of disodium-dihydrogen-ethylenediammetetra-acetate was
dissolved in one litre of water.

10 ml sample from main solution was taken in a 250 ml conical flask. 5 ml
of glycerol was added in flask with constant stirring. 2 ml
triethenolamine/diethyl amine was added with 10 ml of NaOH(4N ) and
shaked well to adjust the pH 12. Approx 50 ml of water was further added
with 50 mg of solid Patton and Reader’s indicator. The solution was titrated
against 0.01M EDTA, the end point is change in color from wine red to
greenish blue.

Alternate procedure was followed when manganese present in high
amounts.-10 ml of main solution (e) has been taken into a 250 ml conical
flask. 2 to 3 drops of nitric acid was added, followed by 50 mg of potassium
periodate. The flask was kept on water-bath till it was changed into pink
colour. The solution was shaked well and allowed to cool to room
temperature. 5 ml of glycerol was added with constant stirring and2 ml of
diethyl amine/Triethanolamine followed by it. Few drops of sodium
hydroxide solution were added and solution was shaked well to adjust the pH
12. Approximately 50 ml of water was further added with 100 mg of solid
Patton and Reeder’s indicator and titrated against 0.01 M EDTA solution.
The end point of the titration was identified when one to two drops of EDTA

produced the sharp change in colour from violet to blue.

Calculations done for result of limestone analysis

1 ml of 0.01 M EDTA =0.560 8 mg CaO

0.5608 x V

Ca0 % by mass =
m
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Where V = volume in ml, of EDTA used; and m = mass in g, of sample taken.

The result of chemical analysis of limestone shown in table 3.4.

Table-3.4: Result of chemical analysis of limestone (in weight %) used in the

research work

Calcium Oxide Magnesium Oxide Loss on ignition Other
(CaO) (MgO) (Lon components
53.28 4.5 3.4 8.22

X) A theoretical value of CaCO3 was calculated from the chemical analysis of
limestone or raw meal by assuming that all of the CaO analyzed was present
as CaCOs. It is then a simple matter of converting the % CaO firstly into
moles of CaO, then into moles of CaCOj3 and then into % CaCOg3 by the
following calculations;-

% CaCO3; = % CaO /56.1 x 100.1 or % CaCO3; = % CaOx 1.784
Available lime stone = 53.28 % CaO, So, CaCO;=1.78 x 53.28 = 95.05 %

Result of Chemical Analysis procedure of Limestone:
The limestone used in the research consist 95% Calcium carbonate (CaCQO3). For

research work the limestone supposed to contain 100% CaCOg (ignoring 5 %).

3.3.3 Chemical analysis of Mill Scale (before and after the reduction)
In chemical analysis of unreduced and reduced mill scale, many reagents have been
prepared before performing the chemical analysis. After that metallic iron, ferrous
iron (Fe*?), total iron & ferric iron (Fe*) were calculated. For convenient and easy
understanding of the work done in chemical analysis of mill scale before & after the
reduction, the procedure followed was picked up individually as given below:

Chemical used in analysis

Preparation of Reagents

Metallic iron chemical analysis procedure

1
2
3
4. Ferrous iron (Fe*?) chemical analysis procedure in Mill scale and DRI
5 Total iron chemical analysis procedure

6

Ferric iron (Fe*®) calculation
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3.3.3.1 Chemicals used in analysis

Concentrated Hydrochloride Acid
Barium Diphenylamine Sulphonate
Tin Chloride

Orthophosphoric Acid

Sulphuric Acid

Mercury Chloride

Iron Chloride

Potassium Dichromate

Ammonium Ferrous Sulphate

3.3.3.2 Preparations of reagents

Barium Diphenylamine Sulphonate (BDS) Solution

i)

i)
i)

0.5 gram of BDS was weighted on watch glass using 3 decimal electronic
weighing machine, and then transferred into a beaker with the help of a
brush.

100 ml of distilled water was poured into the beaker and stirred manually.
10-12 drops of concentrated sulphuric acid was added in the beaker till the

solution became milky in colour. The solution was store in a black bottle.

Tin chloride solution

i)
i)

i)

7 gram of tin chloride was weighted and transferred into an empty beaker.

75 ml distilled water was poured into that beaker. After that the solution
became milky in colour.

25 ml concentrated hydrochloride acid (HCL) was poured into the solution,
after which it turned colorless. The solution was later stored in black bottle.

Mix Acid

)
i)

i)

Initially, 300 ml distilled water was poured into an empty 2000 ml beaker.
150 ml of sulphuric acid was poured gently into the beaker. Due to which the
beaker became hot, so kept in the water bath for some time for cooling.

150 ml Orthophosphoric Acid poured slowly into the beaker and again the
beaker was kept in water bath for some time for cooling.

400 ml distilled water was added into the beaker. The 1000 ml mix acid was

stored into a jar.
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-
Mercury Chloride solution

i)

i)

6 gram mercury chloride was weighted on watch glass on electronic
weighing machine and then gently transferred into a beaker using a brush.
100 ml distilled water was poured into the beaker and stirred manually by

hand. The solution was stored in a dipping bottle.

Ferrous Chloride solution

25 gram Ferrous Chloride was weighted and then transferred into a beaker.
100 ml distilled water was poured slowly into the beaker. The beaker became
hot, so manually stirred for some time..

The hot beaker was cooled in fan air for some time and then beaker was put
into a water bath for better cooling.

NOTE: Solution get expires within 24 to 48 hours; it was used within few
hours of its preparation. Ferrous chloride is sticky in nature, so the moisture

was avoided during formation of solution.

Potassium Dichromate solution

20 to 30 gram of Potassium Dichromate was taken in a beaker.

The beaker was kept into the oven and allowed to heat at 100°C for 45 min
to 60 min for removal of moisture.

In that hot condition, exact 4.903 gram of potassium dichromate was
weighted with the help of watch glass and gently transferred into a conical
flask with the help of a brush.

500 ml distilled water was poured into the conical flask using funnel and a
magnetic bead for magnetic stirring was put into that conical flask.

The conical flask was put for magnetic stirring for 60 to 90 minutes.

After that the solution was gently transferred into a beaker and further 500

ml distilled water was poured into it. The 100 ml solution was stored in a jar.

0.1N Potassium Dichromate solution

1 gram Ammonium Ferrous Sulphate was weighted with the help of watch
glass and gently transferred in an empty beaker with the help of a brush.
100 ml distilled water was poured into it.

5 to 7 ml concentrated Sulphuric Acid was added into it.
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iv)
v)

Vi)

vii)

10 ml mix acid was also poured into the beaker.

2 to 5 drops of Barium Diphenylamine Sulphonate was added as indicator.
The solution was titrated against 0.1 N Potassium Dichromate. The burette
reading was noted down at end point when the solution to violet colour.
Normality by the formula given below:

Given weight (4.903) x 1000
Equivalent weight (392.1) X burette reading

Normality =

Note: For 0.1 normality- Factor is 0.005585, so the factor was calculated
according to the normality of prepared solution by formula given below.

Normality x 0.005585
Factor = 01 x 100

3.3.3.3 Procedure of chemical analysis and calculation of -Metallic Iron (Fen)

vii)

viii)

0.2-0.25gm of sample was weighted on 3 digit electronic weighing machine.
The sample from watch glass was transferred to conical flask using a brush.
35ml of freshly prepared ferric chloride (FeCls) was added in the beaker.
Afterwards 100ml of distilled water was also added in the beaker.

The beaker was allowed for the magnetic stirring for 60 to 90 minutes.
40-45ml of mix acid was added to it, followed by 50ml of distilled water.
(Note: Distilled water was added to lighten the color of solution).

4-5 drops of Barium disulphonate (BDS) as indicator was added in solution.
The solution was titrated against 0.1N K2Cr207. The end point was obtained
when the solution turned into violet.

In the given chemical analysis, the metallic iron reacted with 3 molecules of
FeCl;. Due to which the burette reading came 3 times, so the formula was
divided by 3, in order to obtain right value of metallic iron percentage, as

given below:

Fe (Metallic)

_ Burettee reading x Normality factor(K2Cr207 solution) o

100

Sample Weight x 3

3.3.3.4 Chemical analysis test procedure for calculating -Total Iron (Fer)

)
i)

0.2-0.25gm of sample weighted using 4 digit electronic weighing machine.

The sample was transferred from watch glass to the beaker using a brush.
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i)

iv)

40ml of cons. HCI was poured into the beaker containing the sample. The
solution was turned into yellowish colour appeared.
The solution was heated for 25-30 min. During heating the HCI was added
time to time till the sample got dissolved fully. (Note: if sample did not get
completely dissolve even after an hour; we assume it that the particles
observed were impurities.
Tin chloride (SnCl2) was added drop wise in hot condition till the solution
turned to colorless.
30-40 ml of distilled water was added later. The solution was allowed to cool
in a water bath for some time.
20-25 drops of HgCl2 was added to the beaker. Due to which a white
precipitate was formed on it.
Then 10ml of mix acid was added to make the solution acidic.
Distilled water was also added as per requirement to make the solution light.
4-5 drops of Barium disulphonate (BDS) was added into it as indicator.
The solution was titrated against the 0.1N Potassium dichromate (K2Cr207).
The end point was when the solution turned into violet.

Fe (Total)

_ Burettee reading x Normality factor(K2Cr207 solution)

Sample Weight

3.3.3.5 Chemical analysis test procedure for calculating - Ferrous iron (Fe*?)

Vi)

vii)

viii)

Sample of weight around 0.2 to 0.25 gram was taken in the conical flask

1 gram NaHCOj3 (sodium bicarbonate) was added in the conical flask.

2 to 3 drops of distilled water were added, just to make lighter in color.

40 to 50 ml conc HCI was added and the flask was covered with watch glass.
Little gas bubbles got started evolving in the beaker and coming out from
small gap between watch glass and flask.

The conical flask was put on hot plate at temperature about 100 to 150°C for
15 to 20 minutes until all the bubbles disappeared and sample got dissolved.
More 30 ml HCI was added to makeup the solution in beaker.

10 -15 ml distilled water (DW) was added to cool it.

When the solution got cooled down, 15 to 20 ml mix acid was added into it.
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X) The solution was stirred manually and cooled. It became light in colour.

Xi) 2 to 5 drops of BDS was added as indicator.

xii)  The solution was titrated against 0.1N K2Cr207 solution.

Ferrous iron (Fe + 2)
_ Burettee reading x Factor(K2Cr207 solution)
B Sample Weight
xiii)  Note: The above formula holds good for iron ore or mill scale and when it is

required to calculate for DRI, just subtract the metallic iron to total iron
percentage to get Fe*? in DRI.
xiv)  When the above formula value multiplied by 1.29 (multiplication factor i.e.

amount of FeO in terms of Fe*?), the wustite (FeO) percentage was obtained.

3.3.3.6 Calculations for- Ferric iron (Fe*®)
)] In mill scale or iron ore the ferric iron percentage calculated by subtracting
ferrous iron and metallic iron from total iron:
Fe(T) = Fe(M) + Fe** + Fe*
or Fe"= Fe(T) - {Fe(M) + Fe*

Result of chemical analysis of mill scale; shown in table 3.5

Table-3.5: Result for result of chemical analysis of mill scale

Total iron (%) | Metallic iron (%) Fe™ (%) Fe™ (%)
67.3 1.3 41.31 24.69

Calculation of oxygen present in iron oxides of mill scale

)] O, present in iron oxides in mill scale = O, with Fe *(i.e. FeO) + O, with
Fe *3 (i.e. Fe,05)

ii)  From the result of chemical analysis of Fe *?, % of FeO was calculated.

iii)  The oxygen percentage in FeO was 22.23 % and Fe *? was 77.78%.

iv)  The oxygen weight percentage (22.23%) was multiplied with the calculated
value of FeO, to give the value in given weight of mill scale.

V) The same procedure was adopted in case of oxygen in Fe,O3
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Result of oxygen present with iron oxides in mill scale; shown in table 3.6
Table-3.6: Result for result of oxygen present in mill scale

0,in FeO O in Fe,03 Total O, iron oxides of mill
(%) (%) scale (%0)
11.88 10.58 22.46

3.4  Formulae for degree of reduction (DOR or o)

Degree of reduction: The degree of reductions means to weight of oxygen
removed in direct reduced iron to weight of oxygen present in the iron ore or mill
scale before reduction. If the sample in the form of pellets reduced by solid
carbonaceous material like coal, coke, char etc., or the sample reduced by gaseous
reductant only, the degree of reduction can be simply understood by calculating the
loss in weight of the sample after reduction. But in case of reduction of sample in
form of lump, then loss in weight due to removal of oxygen and carbon during the
reduction can’t be easily calculated. So a simple formula suggested by Chernyshev

and Gonzales is most prominently used in this kind of situations.

DOR(a) = Kk FEOY —Fe®™ 0o
Y= R Fe(DPRT x Fe(n)"s

Here, DOR (o)) = Degree of reduction, Fe (t) °X' = Percentage of total iron in
direct reduced iron, Fe () M® = Percentage of total iron in mill scale before
reduction, K = ratio of weight of total iron to the weight of total oxygen present in
given amount of mill scale before reduction.

Calculation for value of K in above formula (given weight of mill scale =15gram):

Weight of total ironin 15gram of mill scale

- Weight of total oxygen in 15 gram of mill scale
) Weight of total iron present in 15 gram of mill scale before reduction = 15 x

0.673 = 10.09 g, (because total in mill scale = 67.3%)

i) Weight of total oxygen present in 15 gram of mill scale before reduction =
15 x 0.2246 = 3.36 g (because total oxygen in mill scale = 22.46%)

i) K =10.09/3.36 = 3 (approximately)

3.5  Stoichiometric calculation for low grade coal
As the reduction proceeds from higher order of iron oxide to lower so for
calculating the stoichiometric amount required to reduce 15 gram of mill scale, all
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______________________________________________________________________ ]
the oxides present in mill scale was considered to be hematite (Fe,O3) and the

reaction considered for stoichiometric calculation shown below:

Fe;0;+ 3C — 2 Fe + 3CO 3.1)

So for the 15 gram mill scale, the low grade coal having 25% approx. fixed

carbon required to be 13.5 gram, which was 0.9 times the mill scale weight

3.6  Characterization study techniques
Analysis of mill scale before reduction and after reduction were
characterized using XRD, EDX, and SEM

3.6.1 XRD (X-Ray Diffractometry) [44]

XRD studies were carried out on unreduced and reduced samples of mill
scale before and after the reduction, to identify the phases of iron present in the
samples. The | vs 20 for the given samples was determined by X-ray diffraction
(XRD, X’Pert Powder PAN analytical) automated X-ray diffractometer within the
angle range of 20-90° with the Cu target with Aka = 1.540 A°.

3.6.2 SEM (Scanning Electron Microscopy)

The SEM characterization technique was done to understand the surface
morphology of unreduced and reduced mill scale samples. Samples viewed at
different level of magnifications (From 5X to 5000X) to show the effect occurred at
the micro structural level on the sample after reduction. The samples were always
kept in air tight container to avoid dust particles
3.6.3 EDX (Energy-Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) detector (Bruker, Germany)

was employed for phase composition and elemental mapping for phase identification
on the unreduced and reduced samples of mill scale.

3.7  Experimental

Reduction of mill scale carried out in different steps like material cleaning,
sample preparation, sample size determination, furnace heating, time-temperature
and particle size variation. After sample heating, characterization study were carried
out to reveal the degree of reduction with the help of chemical analysis
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3.7.1 Apparatus used in the experiment:

o Alumina Crucible

o Weighing Balance

o Vibratory Sieve Shaker

o Electric Muffle Furnace

o Ring magnet

3.7.2 Experimental Procedure

)} The mill scale and coal obtained were washed in water two-three times to
remove the dirt attached on their surface. The lubricants present in mill scale
also got washed out by such attempt.

i) Among the raw materials (mill scale, limestone & coal, shown in figure 3.1),
the mill scale and coal were allowed to get dried up in open sun to remove

the moisture which come during their washing.

(a) Mill Scale (b) Low grade coal (c) Limestone
Figure-3.1: Raw materials used in the research work

iii) Mill scale and limestone were individually crushed by rod crusher (shown in

figure 3.2) to bring into powder form.

Figure-3.2 Rod Crusher

iv)  Similarly, coal is also converted into powder form by jaw crusher and roller
crusher, as shown in figure 3.3.
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(a) Coal (b) Jaw crusher (c) Roller crusher

Figure-3.3: Jaw and Roller Crushers

V) Partially crushed coal coming out of the roll crusher was feed into rod

crusher to obtain in powdered form, as shown in figure 3.4.

(a) Semi crushed coal (b) Coal in Rod Crusher (c) Powdered Coal

Figure-3.4: Powdering of Coal

vi) Individually raw materials in powder form was then passed through various
sieves by using sieve shaker (figure 3.5) and collect different-different sieved
sample respectively: 30-90, 90-120, 120-150, 150-180, 180-210 and 210-270
microns in packets (fig.3.6). Run time of vibratory sieve shaker is 45 minutues.
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Figure-3.5: Vibratory Sieve Figure-3.6: Powdered mill scale/coal in
packets

vii)  To increase the reducing ability of coal, 10 % limestone powder (in wt. % of
mill scale) mixed with the coal to give coal mixture (coal + limestone)

viii)  The mill scale and coal mixture arranged in the crucible as per the study.
Each crucible after the arrangement of mill scale, coal mixture (coal +
limestone) covered with refractory brick made lid covers and insulation by
glass wool. The various arrangements of mill scale and coal mixture (coal +
limestone) in crucible for which the final study was carried out shown below and
labelling shown separately in centrally arranged crucible.

1THL

3Senims (Inser Disimeter) e i
(a) (b) ©)

Figure-3.7:  Arrangement of mill scale and coal mixture: (a) mixed,
(b) alternate concentric (c) layered (d) layered (e) labelling of crucible and sample shown in
central arrangement.

iX) Furnace Heating for Reduction : Programmable Muffle Furnace was used to

SStm

the reduction of all sample which has been prepared; Reduction temperature
parameter was 850°C, 900°C, and 950°C and period of reduction parameter
was 15, 30, 60, 90, 120, 150 minutes. First the temperature of muffle furnace

at particular temperature was adjusted. On reaching of the concerned
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temperature the furnace was kept unloaded for 30 to 40 min for obtainment
of uniform temperature gradient and genuine temperature. Then the charging

and discharge crucible was done with the help of laboratory tong to avoid

any harmful injury. The picture of muffle furnace shown in figure 3.8.

(@) (b)
Figure-3.8: Electric Muffle Furnace (a & b)
X) The closed crucibles were taken out from the furnace, after predetermined
time of reduction and allowed to cool for 1 to 2 hours below the running fan.
Xi) Magnetic separation was done by using ring magnet (shown in figure 3.9) for
removal all non-magnetic material after the reduction of mill scale and then

the samples sent for chemical analysis and characterization study.

Figure- 3.9: Ring magnet
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3.8 Experimental work-flow chart

Flow chart of experimental work

Figure-3.10: Experimental flow chart of research work
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CHAPTER - 4
PRELIMINARY STUDY

In this chapter the result of reduction of mill scale by low grade coal for certain
parameters have been discussed. The aim of this chapter was to optimize the
reduction parameters for the final study. The data collected from the chemical
analyses of the samples reduced for different parameters were employed to describe
the progress of degree of reduction of the samples during the course of study. By
comparing the result of progressions from experiments conducted with different
parameters, the influence of the respective parameters were determined and
discussed. The optimized value of parameters were accepted as constant variable in
the final study.

4.1  Preliminary study work:

The preliminary studies were carried at fixed time (150 minutes) and
temperature (950°C). The result obtained from the first preliminary study was
accepted as constant parameter for the second study and same way passed down by
second preliminary study to the third. The overall optimized parameter values
accepted as constant parameters in the final study. The parameters study done in part
of preliminary study work includes:

1. Preliminary study (PS) 1: Effect of particle size of mill scale and coal
(Particle size = 30-90, 90-150, 150-210 and 210-270um)
2. Preliminary study (PS) 2: Effect of ratio of ratio of mill scale and coal

(Ratio=1:0.9,1:1,1:1.1,1:1.2, 1:1.3, 1:1.4 and 1:1.5)

3. Preliminary study (PS) 3: Effect of addition of limestone
(Percentage of limestone mixed with coal w.r.t weight of mill scale = 0, 5,
10, 15, 20 %).

4.1.1 PRELIMINARY STUDY (PS) 1: EFFECT OF PARTICLE SIZE

About the study: Among the various parameters which effect the degree of reduction
or percentage reduction, particle size of raw materials plays a vital role. In different
reduction situations like fixed bed, fluidized bed, rotary kiln reduction, different

particle size show different value of reduction. So the particle size range which
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shows maximum reduction in given set of conditions is necessary to determine.
Here, as per standard settings (told in previous chapter) the fixed weighted mill scale
mixed with stoichiometric calculated weighted low grade coal placed in alumina
crucible for reduction, shown in figure 4.1. The constant and variable values of

parameters for the first study was given in table 4.1. The result of this study was
understandable by graph shown in figure 4.2.

Table-4.1: The constant and variable parameters for preliminary study 1

Variable
Constant parameter
parameter
i) Arrangement of mill scale and coal mixture (coal + | Particle size of mill
limestone) in alumina crucible: Mixed scale and coal used
ii) Furnace temperature : 950°C (in microns) :
i) 30-90

iii) Time for reduction in furnace: 150 minutes ii) 90 150

iv) Ratio of mill scale and coal = 1:0.9, calculated | jij) 150 — 210
stoichiometrically. Here, mill scale = 15 gram, coal = iv) 210 — 270
13.5 gram

Mill scale
(Grey portion)

55mm

Coal
(Black p ortion)

35mm (Inner Diameter)

Figure-4.1: The diagram of mill scale and coal placed in alumina crucible in mixed

arrangement.

Study of reduction kinetics of mill scale by low grade coal



Preliminary Study 57
_______________________________________________________________________ ]

Graph for preliminary study (PS) 1

PS.1 - Effect of particle size
= 0.95 0.914
T 0o 082 :
2 = 0.842
© 0.85 =
5 = 0.796
yr 08 @
S 0.75
5]
:')’ 0.7
) (30-90) (90-150) (150-210) (210-270)
Particle Size (in microns)

Figure-4.2: The graph for study 1 between degree of reduction and particle size

Result and discussion of preliminary study 1: The study clearly shows that
samples of particle size 90-150 microns shows the highest reduction (a = 0.914),
followed by samples having 30-90 microns particles (oo = 0.882), then 150-210
microns (o = 0.842), and at last 210-270 microns particle (a = 0.796) samples. As
per literature the finer particles possess more surface area, so the reduction in them
should be more. Same happens in this study also except of sample having particle
size 30-90 microns. The reduction of mill scale in crucible was due to both solid
carbon present in coal as well as by carbon mono-oxide (CO) produced during
reduction. However the maximum reduction was due to carbon monoxide which was
produced in intermediate stage. It was because the gaseous reductant (CO) becomes
more available at all surface of particles than the solid coal. So in this case the
sample, having particle size 30-90 microns were very fine, due to which the
permeability between the particles becomes very less. So the CO gas can’t able to
pass freely between the pores and diffusion of carbon monoxide becomes difficult.
Here, the sample of particles 90-150 microns of appropriate size. It possess optimum
porosity and surface area for diffusion by carbon and CO, so the reduction found to
be highest (a = 0.914).In samples of particle size 150-210, 210-270 microns were
large enough, so less reduction took place. The sample with particle size 90-150
microns was selected for further study.

Result of PS1:
Maximum reduction (o = 0.914) in sample of 90-150 microns particle size
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4.1.2 PRELIMINARY STUDY (PS) 2: EFFECT OF RATIO BETWEEN

MILL SCALE AND COAL MIXTURE

About the study: The mill scale and coal mixture should be mixed together
in right ratio. Correct ratio provides the appropriate interaction between reducible
matter (mill scale) and reducing agent (carbon and carbon monoxide), during the
direct reduction process. More or less addition of coal may decrease the reduction of
mill scale, as understandable by the result of this study. To understand the correct
ratio, this study was necessary to carried out. The constant and variable parameters
of this study given in table 4.2 and its result understandable by graph in figure 4.3

Table-4.2: The constant, variable parameters and their values, as per
preliminary study 2

Variable parameter(here, gram = g,

Mill scale = MS and Coal = C)

i) Particle size: 90- 150 microns Ratio of mill scale and coal

ii) Arrangement of mill scale and coal | 1)1:0.9MS=15gandC=135¢
mixture in alumina crucible: Mixed | ii)1:1,MS=15gandC=15¢g

i) Furnace temperature : 950°C ii)1:1.2,MS=15gand C=18¢

iv) Time for reduction in furnace: 150 iv)1:1.3MS=15gand C=19.50 g
minutes v)1:1.4MS=15gandC=21g

vi)1:1.5MS=15gand C=225¢g

Constant Parameter

Graph for Preliminary study (PS) 2

PS 2: Effect of ratio
094 0.934  0.934
S 0.93 & &
S 0.93 0.925 » 0.925
S 0.92 & il
3 092 &
N 0.91
s 0.91 ]
8
:'} 0.9
a)
0.89
(1:0.9) (1:1) (1:1.1) (1120 (1:1.3) (1:1.4) (1:15)
Ratio of mill scale and coal

Figure-4.3: The graph for PS 2, between degree of reduction and ratio of mill scale and coal
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Result and discussion of preliminary study (PS) 2: The study was done by
keeping different ratio of coal mixture with mill scale. This study was done by
putting coal from 0.9 to 1.5 % w.r.t. mill scale. In every sample 0.1% difference of
coal was kept. It was clear from above graphs that with increase in percentage of
coal mixture, the reduction increases up to a limit, becomes constant and then
decreases. The 1:0.9 ratio of mill scale and coal was stoichiometric calculated
amount, but still it can’t be claimed that, all 100% coal mixture would get fully
utilize in the process. Some coal mixture at the bottom and corners of crucible
remain unburnt or unused, so some extra amount of coal required to fully reduce the
present mill scale than the stoichiometric required ratio (sample of 1:0.9 ratio). Here,
the highest reduction was found in sample containing ratio 1:1.3 (a = 0.934). On
further increase of coal in crucible (sample of 1:1.4 ratio), there is no further
increase in reduction found. In fact, the reduction starts decreasing in sample which
contains ratio 1:1.5. It happens may be due to the free space available in crucible
which was required for gases (carbon mono-oxide and carbon dioxide) produced
during reduction decreases, due to further addition of coal in crucible. The extra coal
makes hindrance in the movement of reducing gas (CO) to approach the mill scale
particle. As the result of which, the reduction decreases on further addition of coal
after a certain limit. In fact, it was found during series of experiments, the lid cover
of the crucible gets open if the coal percentage is increased in the crucible. It
happens due to the high pressure of carbon monoxide and carbon dioxide produced
during the reduction process in crucible. So correct ratio of mill scale and coal is
required. The maximum reduction found in sample containing 1:1.3 and 1: 1.4 ratio
(a0 =0.934). For safety point and maximum reduction value, sample with ratio 1:1.3

taken reference for further study.

Result of PS 2-
Maximum reduction (a = 0.934) found in sample of 1:1.3 ratio
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4.1.3 PRELIMINARY STUDY (PS) 3: EFFECT OF ADDITION OF

LIMESTONE

About the study: Limestone consist calcium carbonate (CaCO3) which
works as catalyst for the reduction reaction and also helps in scavenging sulphur
present in coal. Its effect was studied in this. From this study, it was tried to identify
the percentage of limestone required to be added for reduction of mill scale by low
grade coal. The constant and variable parameter of this study was given in table 4.3
and result was understandable from graph, shown in figure 4.4

Table-4.3: The initial constant and variable parameters for preliminary study 3

Constant Parameter Variable parameter
i) Particle size: 90- 150 microns Limestone (in weight % of 15 g mill
ii) Arrangement of mill scale and coal | Scal€) added with 19.5 g coal
mixture (coal + limestone) in )0%=0g
alumina crucible: Mixed i)5%=0.75¢g
i) Ratio of mill scale and coal = 1: i) 10% =159
1.3Here, Mill scale =15 gand Coal | iv) 15%=2.25¢
=19.50¢ v)20% =3¢
iii) Furnace temperature : 950°C
iv) Time for reduction in furnace: 150
minutes
Graphs of Study 3
PS.3- Study of limestone addition
0.96
= 0.94 0.%34 0.%34 0.%34
S 0.92
‘g 0.896
2 09 %
8 L
« 0.88
o
3 0.86
2 0.83
A 084 1 ?
0.82
0 5 10 15 20 25
Limstone % (w.r.t mill scale)

Figure-4.4: The graph for preliminary study 3, between DOR and % limestone in crucible

w.r.t mill scale
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Result and discussion of preliminary study 3: The study clearly revels that
addition of limestone boost the reduction from the starting of the experiment. During
the reduction at high temperature (above 600°C), the CaCOs present in limestone
breaks down into CaO and CO;, which enhances the gasification reaction. The
reaction occurs during the process shown below:

CaCO; — CaO +COy;

CO,+C — 2CO

This CO, formed during the process, produces CO (carbon mono-oxide) in
absence of air, which works as reducing agent and increases the reduction. It should
be noted that limestone (catalyst) addition just increases the rate of reaction, within
the given period of time, due to which the reduction increases. If the limestone was
not added, the direct reduction process would require more energy (i.e. Time and
temperature) for the same result. It means the limestone act as the catalyst which
decreases the activation energy required during the process. With increase in
addition of limestone from 0 to 20%, the reduction increases, reaches to highest
value (o = 0.934, in sample containing 10% limestone) and then becomes constant.
After 10% addition, there is no subsequent change found in reduction. It means 10%
addition of limestone in crucible is appropriate amount. The result (10% limestone)
of this study was similar to that obtained by A.K.M.M.Rahman [92] for reduction of
mill scale by coal in mild steel crucible. However, the reduction was in central
arrangement, particle size was 2.3 mm and the coal used was having higher
percentage of fixed carbon (52.6%). The result of that study was also 10 %
limestone, as obtained in this study. So, here the 10% limestone addition was taken
reference for final study. When the limestone mixed with coal in crucible, it was
referred as coal mixture in this research work. So total weight of coal mixture
required for reduction 15 gram mill scale will be 19.5 g coal + 1.5 g limestone,
which equals to 21g coal mixture. In final study, in all samples 21 g coal mixture

(19.5 g coal + 1.5 g limestone) was used.

Result of PS 3
Maximum reduction (o = 0.934) found in sample containing 10% limestone
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CHAPTER -5
FINAL STUDY

The chapter deals with main (final) study of the research work on — Effect of
mill scale reduction by low grade coal for different arrangements in crucible. The
value of kinetic parameters were calculated for the given study. For calculating the
kinetic parameters, the final study was carried out at different time and temperatures.
The kinetic parameters include the rate constant, activation energy and identification
of rate control equation for the samples reduced in different arrangement. The
optimized results of the preliminary study work were used as constant parameters in

the final study. The parameters for the final study shown below:

Final Study

Q) Arrangements = Mixed, central, alternate concentric and layered.
(i)  Temperatures = 850, 900 and 950°C

(iii))  Timings = 15, 30, 60, 90, 120 and 150 minutes.

FINAL STUDY: EFFECT OF ARRANGEMENT OF MILL SCALE AND
COAL MIXTURE IN ALUMINA CRUCIBLE.

5.1  About the study: In the rotary kiln the reduction the raw materials moves
with the motion of kiln, so the arrangement of materials can’t play any
significant role. However, when carrying out direct reduction in crucible, the
raw materials remain in static condition, so they can be arranged and their
effects can be check out. In this study, it was tried to implement all possible
arrangements of mill scale and coal mixture that could possible in crucible.
The various arrangement of mill scale and coal mixture for the final study
were shown in figure 5.1. The optimized parameter values accepted in the
final study. To understand the kinetics of work the study was done at
different time and temperatures. This study will also verify the effect of time
and temperature on reduction of mill scale by low grade coal. The constant
and variable parameters of the final study, shown in table 5.1. The result of

reduction was shown by graphs in figures 5.2 to 5.5 and 5.6 to 5.8.
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Table 5.1: The constant, variable parameters and their values, as per final study

Constant parameter Variable parameter

i) Limestone mixed with coal: 10%. i) Arrangement of mill scale and

Here, mill scale =15 g, coal mixture coal mixture in crucible :

(19.5 g coal + 1.5 g limestone) =21 g - Mixed arrangement

Total raw material ( mill scale + coal | - Centrally aligned (Central)

mixture) in crucible =15+ 21=36¢ - Alternate concentric

- Layered

ii) Ratio of mill scale & coal mixture:1: 1.3 | ii) Temperature: 800,900, 950 °C
iii) Particle size: 90- 150 microns iii) Time: 60, 90, 120 minutes

|
=" "l Mill Scale
g " Suyw

(Grey portion)

Coal mixture
(Black portion)

(©) (d)
Figure-5.1: The various arrangements of mill scale and coal mixture (coal + limestone) in
crucible for which the final study was carried out -(a) Mixed arrangement (b) Central arrangement

(c) Alternate concentric (d) Layered Arrangement
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5.2  Graphs of degree of reduction for the final study
5.2.1 Graph for DOR of Mixed arrangement at different temperatures

Mixed- DOR (o) at 850,900,950°C

1.2

0.8

0.6

0.4

Degree of reduction (o)

0.2

0 20 40 60 80 100 120 140 160
Time (in minutes)

Figure 5.2: Graph of DOR at different time and temperatures for mixed arrangement

Note: The error bar was not shown in further graphs. It obscures the symbols used in
graph & readings become unreadable, as graph lines are quite close to each other.

5.2.2 Graph for DOR of Central Arrangement at different temperature.

Central-DOR (o) at 850,900,950°C

—0— 850
—&— 900

950

0 20 40 60 80 100 120 140 160
Time (in minutes)

Figure 5.3: Graph of DOR at different time and temperatures for central arrangement
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5.2.3. Graph for DOR of Alternate concentric arrangement at different
temperatures

AC-DOR(a) at 850,900,950°C

[EEN

09
3
508
@
o 07
a
— 06
S
g 05 —e—3850
T 04
- —4—900
© 0.3
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0.2
a

0.1

0
0 20 40 60 80 100 120 140 160

Time (in minutes)

Figure-5.4: Graph of DOR at different time and temperatures for AC. Arrangement

5.2.4 Graph for DOR of Layered arrangement at different temperature.

Layered-DOR (o) at 850,900,950°C

1
~ 0.9
3
5 0.8
o
Q 0.7
a8
= 0.6
S
g 05 —e—850
K=}
204
- —4—900
S 03
g 02 950
(6]
o1

0

0 20 40 60 80 100 120 140 160
Time (in minutes)

Figure-5.5: Graph of DOR at different time and temperatures for layered arrangement

The above graphs (fig 5.2 to 5.5) shown the effect of temperatures on reduction in
different arrangements. To compare the result of reduction in all arrangements, the

DOR graphs were also sketched at individual temperatures (fig. 5.6 to 5.8).
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Graphs for comparison of DOR of samples in different arrangements at
particular temperature.
5.2.5 Graph for comparison of DOR of all arrangements at 850°C

All arrangements -DOR vs t at 850 °C

©c o o o o o o o
N w1 D N o ©

v

Degree of reduction (DOR or a)

o
s

—@— Mixed at850 —@—Central at 850 ACat850  —@—Layered at 850

o

0 20 40 60 80 100 120 140 160
Time (in minutes)

Figure-5.6: Graph for degree of reduction of all arrangements at 850°C

5.2.6 Graph for comparison of DOR of all arrangements at 900°C

All arrangements- DOR vs t at 900 °C

o o o
N o © e

0.6

Degree of reduction (DOR or a)
o
a1

0.4
0.3
0.2
0.1 —— Mixed at 900 —a— Central at 900 AC at 900 —a— Layered at 900
0
0 20 40 60 80 100 120 140 160

Time (in minutes)

Figure-5.7: Graph for degree of reduction of all arrangements at 900°C
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5.2.7 Graph for comparison of DOR of all arrangements at 950°C

All arrangemnets -DOR- 950°C
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Figure-5.8: Graph for degree of reduction of all arrangements at 950°C

Result and discussion for degree of reduction graphs:

It was clear from all the graphs (figures 5.6 to 5.8) that all the arrangements
possess different rates of reaction during the reduction process. The maximum
reduction among all arrangements found in mixed arrangement, followed by layered
arrangement, similar to that in alternate concentric arrangement and last in centrally
arranged samples. There were differences in values of reduction at temperature 850
and 900°C, in last reduction timing-150 minutes of all arrangement samples. It
means further increase in reduction was possible in all arrangements. But, when the
samples reduced at 950 °C, all the sample in different arrangements crosses the 90 %
reduction (i.e. 0.90 degree of reduction) up to 150 minutes, as visible in comparison
graph of all arrangements- DOR vs. t at 950°C (figure 5.8). This was clear from the
data that effect of arrangement on reduction diminishes till 150 minutes at 950 °C.
But if the reduction calculated at different timings and different temperatures, the
reduction was found to be different because of different rates of reaction acting in
different arrangements. The layered and alternate concentric arrangement almost
followed the same trajectory at all temperatures reduction. The central arrangement

started following the moderate rate and reached to 90% reduction gradually till 150
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minutes. The mixed arrangement seemed to have highest rate during the process
among others. But nothing can be certainly said in terms of numerical value, nor
can’t the reaction mechanism be get cleared up from these combined degree of
reduction graphs. There are various approaches to understand the rate mechanism,
but the best method to get clearly understand the reaction mechanism is by reduced

(dimensionless- t/ty5) time method.

5.3  Standard reduced time plots for different reaction mechanism equations
The Standard reduced time plots for mostly used reaction mechanism

mathematical equations in direct reduction of iron ore -shown by graph in figure 5.9.

Standard reduced time plots for varoius reaction
mechanism equations

0.9
208
S 07
% 06 —e—D4
m 0.5
G 04 F1
[«5]

S 03
oy
go2

0.1

—e—D3

——R3

t/t0.5

Figure 5.9: The degree of reduction (a) vs. t/tys standards plots of various rate mechanisms

Here, the alphabets with numbers used in graph represents the equations G(a)of
different rate control mechanisms, applicable in different conditions, shown below:
1 2
1) G(a) =D3 = [1 —-(1- a)E] = Diffusion controlled
2/3
2)G(@) =D4=(1—-2a)—(1—«a) = Diffusion controlled

3) G(a) = R3 =1 — (1 — a)/3 = Chemically controlled
4) G(a) = F1 = —In(1 — )= Chemically controlled

The experimentally calculated DOR values of final study were put on standard

reduced time plots & thereby the reaction control mechanisms were identified.
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5.3.1 Graphs of reduced time plots for mixed arrangement (fig 5.10 to 5.12)

5.3.1.1 Graph of reduced time plots for mixed arrangement at 850°C

DOR vs t/t, 5 - Mixed at 850°C
1

0.9
208
o
4
8 0.7
E/O'G F1 standard
o
505 —&— D3 standard
=}
o
204 —@— D4 standard
Y
o
§ 0.3 —@— R3 standard
20.2 .
&) X Exp-mixed at 850

0.1

0
0 1 2 3 4 5 6 7 8

Figure-5.10: The degree of reduction (a) vs. t/tys plot of mixed arrangement sample at 850°C
with standards plots of various rate mechanisms

5.3.1.2 Graph of reduced time plots for mixed arrangement at 900°C

DOR (o) vs. t/ty 5- Mixed at 900 °C
1
0.9
208
o
§0-7 F1 standard
§0'6 —a— D3 standard
‘50.5
2 —a&— D4 standard
0.4
S —a— R3 standard
§o.3
:‘,D 2 X Exp-mixed at 900
D.
0.1
0
0 1 2 3 4 5 6 7 8

Figure 5.11: The degree of reduction (a) vs. t/tys plot of mixed arrangement sample at 900°C
with standards plots of various rate mechanisms
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5.3.1.3 Graph of reduced time plots for mixed arrangement at 950 °C

DOR(a) Vs t/ty s - Mixed at 950°C
1
0.9 X
0.8 X
So.7 X
c
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>
50.5 —— D3 standard
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0.2 X Exp-mix-950
0.1
0
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Figure -5.12: The degree of reduction (a) vs. t/tys plot of mixed arrangement sample at 950°C
with standards plots of various rate mechanisms

Result obtained from reduced time plot of mixed arrangement:

The samples reduced in mixed arrangement seems to chemically control. The
experimental Kinetic data follows the first order equation (F1) as visible from graphs
shown in figure 5.10 to 5.12. There was little discrepancy at 850°C of experimental
data from the F1 equation plot, but clearly matches at temperature 900 and 950°C.
The catalyst effect in the sample also merged in the same alignment of the rate
mechanism. The rate controlling steps effective in this arrangement is found to be
chemical reaction. Never the less the sample in mixed arrangement follow the

chemical controlled mechanism equation:

Result: Mixed arrangement was chemically controlled: G(a) = F1

=—In(1—a)
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5.3.2 Graphs of reduced time plots for Central Arrangement (fig. 5.13 to 5.15)
5.3.2.1 Graph of reduced time plots for the Central Arrangement at 850°C

DOR (a) vd t/t0.5 -Central at 850 °C
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Figure 5.13: The degree of reduction (a) vs. t/tys plot of central arrangement sample at 850°C

with standards plots of various rate mechanisms

5.3.2.2 Graph of reduced time plots for the Central Arrangement at 900° C

DOR (o) vs t/t0.5 - Central at 900 °C
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Figure-5.14: The degree of reduction (a) vs. t/tys plot of central arrangement sample at 850°C
with standards plots of various rate mechanisms
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5.3.2.3 Graph of reduced time plots for the Central Arrangement at 950°C
DOR (o) vs t/t0.5 at 950 °C
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Figure -5.15: The degree of reduction (a) vs. t/tys plot of central arrangement sample at 950°C
with standards plots of various rate mechanisms

Result obtained from reduced time plot of central arrangement:
The samples reduced in central arrangement seems to diffusion controlled.
The experimental kinetic data follows the Ginstling—Brounshtein equation (D4) as
visible from graphs shown in figure 5.13 to 5.15. There was little discrepancy in
following of the experimental data from the D4 equation plot. It may be due to the
effect of catalyst, which increases the gasification reaction in the process. However
the most nearest reaction mechanism mathematical line from the kinetic data was D4
at all temperatures. So the overall process considered to be diffusion controlled

following the diffusion controlled rate law equation:

Result: Central arrangement was diffusion contrlloed: D4

2
=(1—§a)—(1—a)2/3

This result of reduction mechanism (Ginstling—Brounshtein equation = D4 ) was
similar to that obtained by S.Mukherjee et al.[88] who reduced the iron ore by coal
in central arrangement and also by A.K.M.M Rahman et al.[92] who reduced the

mill scale by coal in central arrangement.
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5.3.3 Graphs of reduced time plots for the Alternate concentric (AC)
arrangement (fig. 5.16 to 5.18)

5.3.3.1 Graph of reduced time plots for the Alternate concentric arrangement
at 850° C

DOR (a) Vs t/tys - AC at 850°C

=
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Figure-5.16: The degree of reduction (a) vs. t/tys plot of alternate concentric arrangement
sample at 850°C with standards plots of various rate mechanisms

5.3.3.2 Graph of reduced time plots for the Alternate concentric arrangement
at 900° C

DOR vs t/t,5 - AC at 900° C
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Figure 5.17: The degree of reduction (a) vs. t/tys plot of alternate concentric arrangement
sample at 900°C with standards plots of various rate mechanisms
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5.3.3.3 Graph of reduced time plots for the Alternate concentric arrangement
at 950°C

DOR (OL) VS t/t05' AC at 9500C
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Figure-5.18: The degree of reduction (a) vs. t/ty s plot of alternate concentric arrangement
sample at 950°C with standards plots of various rate mechanisms
Result obtained from reduced time plot of alternate concentric arrangement
The samples reduced in alternate concentric (AC) arrangement seems to
diffusion  controlled. The experimental kinetic data follows the
Ginstling—Brounshtein equation (D4) as understandable from graphs shown in
figure 5.16 to 5.18. There was some discrepancy in following of the experimental
data from the D4 equation plot. It may be due to the effect of catalyst, which
increases the gasification reaction in the process. Due to the catalyst actions
sometimes there was change in mechanism also found in literature. However the
most nearest reaction mechanism mathematical line from the experimental data was
D4 at all temperatures. So the overall process considered to be diffusion controlled
following the diffusion controlled rate law equation:

Result: AC arrangement was diffusion contrlloed: D4

=(1—§(x)—(1—c()2/3
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5.3.4 Graphs of reduced time plots for Layered Arrangement ( fig. 5.19-5.21)
5.3.4.1 Graph of reduced time plot for the Layered Arrangement at 850° C

DOR (o) vs t/t0.5 - Layered at 850°C
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Figure 5.19: The degree of reduction (a) vs. t/tys plot of layered arrangement sample at 850°C
with standards plots of various rate mechanisms

5.3.4.2 Graph of reduced time plot for the Layered Arrangement at 900°C
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Figure 5.20: The degree of reduction (a) vs. t/tys plot of layered arrangement sample at 900°C
with standards plots of various rate mechanisms
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5.3.4.3 Graphs of reduced time plot for the Layered Arrangement at 950°C

DOR (a) vs t/t0.5 - Layered at 950°C
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Figure 5.21: The degree of reduction (a) vs. t/tys plot of layered arrangement sample at 950°C
with standards plots of various rate mechanisms

Result obtained from reduced time plot of layered arrangement:

The samples reduced in layered arrangement seems to be diffusion
controlled. The experimental kinetic data follows the Ginstling—Brounshtein
equation (D4), as visible from graphs shown in figure 5.19 to 5.21. There was some
discrepancy in following of the experimental data from the D4 equation plot. It may
be due to the effect of catalyst, which increases the gasification reaction in the
process. Due to the catalyst actions sometimes there was change in mechanism also
found in literature. However the most nearest reaction mechanism mathematical line
from the experimental data was D4 at all temperatures, as visible in above graphs.
The data also not coinciding with any other reaction mechanism equation at all
temperatures. So the overall process was considered to be diffusion controlled
following the diffusion controlled rate law equation:

Result: Layered arrangement was diffusion contrlloed: D4

2
=(1-3 a) — (1—a)?/3
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5.4 Isothermal kinetic plot, Rate constant, Arrhenius plot and Activation

Energy

The value of degree of reduction of samples reduced in various arrangements
were put into the rate law mechanism equation governed from the previous step.
From the graphs of isothermal kinetic data the rate constants have been evaluated for
different arrangements. The rate constants values put into the Arrhenius equation to
obtain Arrhenius plot. The activation energy calculated from the slope of the
Arrhenius plot. The approach to find the activation energy in this manner is called

Integral method.

54.1 MIXED ARRANGEMENT
5.4.1.1 Isothermal kinetic plot for mixed arrangement: The rate constant (k) for
mixed arrangement was evaluated from graph {G(a) vs. t}, as shown in figure 5.22.

The rate control equation was G(a)) governed in previous step.

G(a) vs t - Mixed arrangement at 850,900,950°C
35
3 y = 0.0184x + 0.3192
|
2.5
el 73,
< 2 ©350
= °
A
" s 900
g, =950 y =0.0122x + 0.2
1
0.5
L 4
0
0 20 40 60 80 100 120 140 160
time (in minutes)

Figure-5.22: Isothermal kinetic plot for the sample in mixed arrangement following the
equation G(a) = -In (1-a)

5.4.1.2 Rate constant (k) values for mixed arrangement: Rate constant is
temperature dependent function for the reaction. It is the slope of the linear line

covering the maximum data in the above graph (figure 5.22) at a given temperature.
Thereby value of In k also calculated which is used in sketching Arrhenius plot
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(figure 5.23). The values of rate constant at different temperature calculated from the

above graph (figure 5.22) of mixed arrangement shown in table 5.2.

Table-5.2: The value of rate constant (k) and In k of mixed arrangement

samples at different temperatures.

Mixed Arrangement
Temperature (°C) Rate constant (k) In (k)
850 0.0122 -4.4
900 0.0145 -4.23
950 0.0184 -4

5.4.1.3 Arrhenius Plot for mixed arrangement: Refer figure 5.23

Arrhenius Plot (Mixed arrangement)
-3.95
8.1 8.2 8.3 8.4 8.5 8.6 8.7 8.8 8.9 9
-4 x
-4.05
-4.1

-4.15

In k

-4.2
-4.25
-4.3
-4.35
-4.4

y = -0.5534x + 0.5127

445 UT 10-4( K-1)

Figure-5.23: Arrhenius plot for the samples reduced in mixed arrangement

5.4.1.4 Activation energy (Ea) for mixed arrangement: Refer table 5.3
Table 5.3: The activation energy calculated of samples reduced in mixed

arrangement.

Slope of Arrhenius plot (-Ea/R)
=-0.5534 x 10°

Activation energy (Ea)
=46 KJ/ Mole
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5.4.2 Central Arrangement
5.4.2.1 Isothermal Kinetic plot for central arrangement: Refer figure 5.24

G(o) vs t - Central arrangement at 850,900,950°C
0.25
0.2 y = 0.0014x - 0.0023
=
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0
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Figure-5.24: Isothermal kinetic plot of centrally arranged following the
equation: G (@) = (1 -3 @) — (1 - @)?/3

5.4.2.2 Rate constant (k) values for central arrangement: Refer table 5.4
Table-5.4: The values of rate constant (k) and In k of samples reduced in

central arrangement at different temperatures.

Central Arrangement
Temperature (°C) Rate constant (k) In (k)
850 0.0006 -7.42
900 0.0008 -7.13
950 0.0014 -6.57
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5.4.2.3 Arrhenius plot for central arrangement: Refer figure 5.25

Arrhenius Plot ( Central arrangement )

-6.3
8l1 8.4 8.7 9

-6.6

-6.9
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-1.2
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7.8
1/T 10-4 (K-1)

Figure-5.25: Arrhenius plot for the samples reduced in central arrangement

5.4.2.4 Activation energy (Ea) for central arrangement: Refer table 5.5

Table 5.5: The activation energy calculated from the slope of the Arrhenius plot

of the samples reduced in central arrangement.

Slope of Arrhenius plot Activation energy
(-Ea/R) = - 1.1724 x 10* = 97.47 KJ/ Mole
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5.4.3 Alternate concentric arrangement: Refer figure 5.26

5.4.3.1 Isothermal Kinetic plot for alternate concentric arrangement

G(o) vs t - AC at 850,900,950°C
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Figure-5.26: Isothermal kinetic plots for the samples reduced in alternate concentric
arrangement following the rate control mechanism equation: G () = (1 —g a)— (1-a)?/3

5.4.3.2 Rate constant (k) values for alternate concentric arrangement: Refer
table 5.6

Table 5.6: The value of rate constant (k) and In k of samples reduced in

alternate concentric arrangement at different temperatures.

Alternate concentric arrangement
Temperature (°C) Rate constant (k) In (k)
850 0.0007 -7.26
900 0.001 -6.91
950 0.0015 -6.5
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5.4.3.3 Arrhenius plot for alternate concentric arrangement: Refer figure 5.27

Arrhenius plot (Alternate concentric arrangement)
6.3
8.1 8.4 8.7 9
X
-6.6
= 6.9
y = -1.0529x + 2.095
7.2
75
1T x 10-4 (K-1)

Figure-5.27: Arrhenius plot for the samples reduced in alternate concentric arrangement

5.3.3.4 Activation energy (Ea) for alternate concentric arrangement: Refer
table 5.7.

Table 5.7: The value of activation energy calculated from the slope of the

Arrhenius plot of the samples reduced in alternate concentric arrangement.

Slope of Arrhenius plot Activation energy =
(-Ea/R) = - 1.0529 x 10* 87.53 KJ/ Mole
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5.4.4 Layered arrangement

5.4.4.1 Isothermal Kinetic plot for layered arrangement: Refer figure 5.28

G(a) vs t - Layered arrangement at 850,900,950°C
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Figure 5.28: Isothermal kinetic plots for the samples reduced in layered arrangement following
the rate control mechanism equation: G (a) = (1 —; a)—(1-a)?3

5.4.4.2 Rate constant (k) values for layered arrangement: Refer table 5.8
Table-5.8: The value of rate constant (k) and In k of samples reduced in layered

arrangement at different temperatures.

Alternate concentric arrangement
Temperature (°C) Rate constant (k) In (k)
850 0.0007 -7.13
900 0.001 -6.81
950 0.0015 -6.5
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5.4.4.3 Arrhenius plot for layered arrangement: Refer figure 5.29

Arrhenius plot (Layered arrangement)
-6.3
8.1 8.4 8.7 9
X
-6.6
= 6.9
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-7.2
-7.5
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Figure 5.29: Arrhenius plot for the samples reduced in layered arrangement

5.4.4.4 Activation energy (Ea) for the layered arrangement: Refer table 5.9
Table 5.9: The activation energy calculated of samples reduced in layered

arrangement.

Slope of Arrhenius plot (-Ea/R) = - 1.0529 | Activation energy = 87.53 KJ/
x 10* Mole
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5.4.5 Comparison of Activation energy (Ea) of all arrangements

Activation Energy - All arrangements
120
= 100 97.47
=) 87.53 87.53
2
¥ 80
£
& 60
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S 40
IS
=
g 2
0
Mixed Central Alternate concentric Layered
Arrangements

Figure-5.30: The value of overall activation energy in different arrangements.

Result of Activation energy (Ea): For any system to give product from the reactant
or to start the chemical reaction requires energy (even in the exothermic process
during starting). The activation energy is that energy which must be available to the
system to start that chemical reaction. Some process may require less or some
require high activation energy, according to the conducive conditions available for
running the process. Here, in research work when the reduction of samples carried
out in different arrangements the some arrangements possess better conditions to
start the reduction reaction and some possess less. This easiness measured in terms
of requirement of activation energy measured in terms of kilo joule per mole
(KJ/Mole). The Arrhenius formula signifies higher the activation energy, slower the
reaction be. Certainly the catalyst presence reduces the energy barrier or the
activation energy required to run the reaction. But the catalyst is available in same
amount in all the samples reduced in different arrangements. So the difference in
activation energy will be due to the rate of reaction acting in different arrangements.
In the final study, it was found out that the minimum activation energy for the
system was required in samples reduced in mixed arrangement (46 KJ/Mole). The

experimental data result of the alternate concentric and layered arrangement sample
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were near about same, so the activation energy for both systems were also found to
be same (87.53 KJ/Mole). The highest activation energy found to be in central
arrangement (97.47 KJ/Mole). So, the maximum rate of reaction was found in mixed
arrangement, then in layered and alternate concentric and last in central
arrangement. The discussion for the results obtained of final study are more
elaborately explained in result and discussion chapter. Before that chapter, the
samples condition before and after reduction in final study was tried to be
understood by their instrument analysis.

5.5  Characterization studies.

It was found out during the characterization studies that the condition of the
samples after the reduction was near about same when reduced in any arrangement.
However, the presence of elements, their respective phases and surface conditions of
sample particles becomes different due to the reduction. So to check the effect of
reduction on mill scale, different characterization techniques such as SEM, XRD

and EDS were employed in the research work.

55.1 SEM (Scanning electron microscope)

Samples of unreduced mill scale of particle size 90-150um and reduced mill
scale of mixed arrangement, reduced at temperature 950°C for 150 minutes of
particle size 90-150um are compared to each other at various degree of

magnifications, shown in figures 5.31 to 5.33.
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5.5.1.1. SEM micrograph of unreduced mill scale

Unreduced mill scale of particle size = 90-150 um, at magnification = 5000X

Non porous, rock|
hard structure

Figure-5.31: SEM micrograph of mill scale sample of particle size 90-150 microns at
magnification of 5000X
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5.5.1.2 SEM micrograph of reduced mill scale
Reduction parameters:

o Temperature (T) = 950°C,

o Time (t) = 150 minutes

. Particle size (P.S) = 90-150 microns

o Arrangement = Mixed

Figure5.32: SEM micrograph of reducgd mill scale sample of particle size 90-150 microns at
magnification of 5000X. The sample was reduced at 950°C for 150 minutes
Result: SEM micrograph of unreduced and reduced mill scale
The micrograph of mill scale of particle size 90-150 microns (figure 5.31)
shows clearly that the surface structure looks to be stone like hard and no porosity
viewable on it. The micrograph of reduced mill scale sample (figure 5.32) clearly
shows the changes occurs at the surface of mill scale after the reduction. Lots of
porosity generated on the sample due to the removal of oxygen from the iron oxides,
on account of reduction. The stone like hard structure of mill scale changes into fine
spongy structure. The porous and spongy structure spread all over the micrograph.
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5.5.1.3. SEM micrographs of mill scale and reduced mill scale at different
magnifications.

The similar change in surface morphology observed by studying the same
sample micrographs at different level of magnification. Effect of reduction can be
seen by comparing the samples of unreduced (fig 5.33 i, iii and v) and reduced mill
scale (figures 5.33 ii, iv, vi) at same magnification.

(1) Mill Scale: 500X

(11) Reduced mill scale: 500X

(vi) Reduced mill scale: 5000X
- & ‘-._. ¥ 3

Figure-5.33: Micrographs of mill scale and reduced mill scale sample at different level of
magnifications. Figure (i), (iii) and (v) micrographs of mill scale and (ii), (iv) & (vi) of reduced
mill scale at magnification of 500, 200 & 5000X.
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5.5.1.4. SEM micrographs for understanding the effect of reduction at different
timings:

Reduction parameters:

o Temperature (T) = 950°C

o Arrangement = Mixed

o Particle size (P.S) = 90-150 microns

o Time (t) of study = 0, 30, 60, 90, 120 and 150 minutes

Note: In order to clearly view the effect of reduction at different timings on surface

of same sample, the micrographs were taken at one fixed magnification (1000X) and

scale (50um) for different timings of reduction, as shown in figures 5.34 to 5.39.

Q) Reduction for t = 0 minutes (Mill scale)

(1) Reduction at t = () minutes (Mill scale)

.

: . J
Rock hard, non-porous . »
structure m

5 PM \ MG MNIT JAIPU

Fgure 5.34: Micrograps of uneduced sample, i.e. reduced at t = 0 minutes
Result: SEM micrograph for reduction at time = 0 minutes (Mill scale):

The micrograph revels the surface condition of the sample for reduction at
time at zero minutes, i.e. the sample is unreduced mill scale. The sample surface

looks rocky hard with no porosity.
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(i) Reduction at t = 30 minutes

(1) Reduction at t = 30 minutes (Reduced mill scale)

1 b
10us | i §4:21 PM MR MNIT AL

Figure-5.35: Micrographs of sample reduced at t = 30 minutes.

Result: SEM micrograph for reduction at t =30 minutes

The sample surface revels the changes occurred on reduction at time = 30
minutes. Cavities started forming at the surface of sample. The hard surface of the
mill scale, started becoming porous. It was due to the removal of oxygen from the
iron oxides present in mill scale due to the effect of reduction. The similar increment

in cavities and porous structure seen when reduced carried out for higher timings.
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(ili))  Reduction at 60 minutes

(1) Reduction at t = 60 minutes (Reduced mull scale)

Figure-5.36: Micrographs of sample reduced at t = 60 minutes.

(iv)  Reduction at 90 minutes

(1) Reduction at t = 90 minutes (Reduced mill scale)

‘e

10

Figure-5.37: Micrographs of sample reduced at t = 90 minutes
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Result: The rock hard surface of mill scale got broken, cracked into small
fragmental parts, leads to the formation metallic iron whiskers, signifies thatiron

oxides in the mill scale broken down into metallic iron with the removal of oxygen.

(V) Reduction at 120 minutes

(1) Reduction at t = 120 minutes (Reduced mill scale)

Figure-5.38: Micrographs of sample reduced at t = 120 minutes
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(vi)  Reduction at 150 minutes

(1) Reduction at t = 150 minutes (Reduced mill scale)

Increment of fine grains, cavities and
porous structure

o34 I mn 0 us MR |
Figure-5.39: Micrographs of sample reduced at t = 150 minutes
Result: The similar increment in cavities, porous structure and fine grains was found
in micrographs, when reduction carried out for higher timings (120 and 150

minutes).
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5.5.2 EDX (Energy dispersive x-ray): Surface mapping

5.5.2.1 Surface mapping of mill scale sample (P.S: 90-150 microns) by EDX.

Mill scale

811

Figure-5.40: The surface mapping of the mill scale sample by EDX. (i) Micrograph of mill scale

under study and (ii) combined concentration of elements in the area under consideration.
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Figure 5.40: (iii) The individual concentrations of elements in the area under consideration and

(iv) the intensity graph of various elements present at the surface mill scale done by EDX.
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5.5.2.2 Surface mapping of reduced mill scale by EDX
Sample reduced of particle size 90-150 microns, at Temperature = 950°C,

time = 90 minutes in mixed arrangement

Map data 438 *. %G o
MAG: 4999x MV 18R WD S

Figure 5.41: The surface mapping of the reduced mill scale sample by EDX. (i) Micrograph of
reduced mill scale under study and (ii) combined concentration of elements in the area under
consideration.
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Figure 5.41: (iii) The individual concentrations of elements in the area under consideration and

(iv) the intensity graph of various elements present at the micrograph of reduced mill scale
done by EDX
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Result of surface mapping by EDX: The surface mapping by EDX of unreduced
and reduced mill scale sample clearly show the concentration oxygen got decreased
from the surface of sample on account of reduction and the concentration of iron

increased w.r.t other elements.

5.5.3 XRD (X- Ray Diffractometer)
5.5.3.1 Mill Scale: Sample (90-150um)
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Figure-5.42: XRD plot of mill scale sample of particle size 90-150 um, showing various peaks of

different oxides of iron.
XRD- Mill Scale sample
The XRD plot of mill scale (figure 5.44) shows the presence of various
oxides — hematite (Fe,Os), magnetite (FesO,) and wustite (FeO). The peaks of
oxides confirmed from the standard JCPDF cards. Peaks of Fe,O3; confirmed by
JCPDF no. — 00-033-0664, Fe;O4 by JCPDF no. - 01-071-6336 and 00-019-0629
and FeO by JCPDF no. - 00-046-1312 and 00-006-0711.
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5.5.3.2 XRD of Reduced Mill Scale:
Sample (Mixed arrangement, particle size: 90-150um, T= 950°C, t = 150

minutes)
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Figure-5.43: XRD plot of direct reduced iron sample reduced at 950°C, for 150 minutes in

mixed arrangement.

XRD- Direct reduced iron sample

The XRD plot of mill scale sample reduced at 950°C, for 150 minutes in
mixed arrangement, shown in figure 5.45. Samples reduced in any arrangement at
950 °C almost shows the same XRD plot, so a single XRD plot used to show the
effect of reduction on appearance of metallic iron and disappearance of iron oxide
phases. The reduced mill scale XRD plot clearly shows only metallic iron peaks at
different position, confirmed by standard JCPDF card no. 00-006-0696, and all the

iron oxides peaks got disappeared due to removal oxygen by reduction.
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5.5.3.3 XRD for understanding the effect of reduction at different temperatures
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Figure-5.44: XRD plot of samples of mill scale reduced at different temperature.

Result of XRD: The stacked XRD plot (figure 5.46) shown the effect of
temperature on reduction. The temperature effect on reduction of mill scale was
similar in samples reduced in any arrangement, so XRD plot of any one arrangement
was shown. The mill scale sample of particle size 90-150 microns at the bottom of
the plot shows the peaks of various iron oxides. The peaks of iron oxides disappears
on reduction and metallic iron peaks appears, and the peak intensity increases with
increase in reduction temperature. It signifies that almost all iron oxides got reduced
to metallic iron and represents good reduction. The peaks of Fe,O3 confirmed by
JCPDF card no. - 00-33-0664, Fe;0,4 by 01-071-6336 and FeO by 00-006-0711.
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55 RESULTS AND DISCUSSION OF FINAL STUDY:
5.6.1. Effect of furnace holding time

With increase in furnace holding time, the reduction increases
(understandable from figures 5.2 to 5.7). The reduction so happened, was by solid
carbon in coal, and by carbon monoxide thus produced during the process. It was
observed during the experimental work that whole mass in crucible takes around 15
minutes to reach to reduction temperature, because the degree of reduction in
different arrangements samples are nearly same within starting 15 minutes of
reduction. The reduction process at high temperatures becomes effective in lesser
time and started reducing the mill scale by carbon in coal and carbon monoxide thus
produced and by both. As the time increases, the carbon monoxide produced during
the reduction, tries to cover all possible regions of mill scale and converts it into
reduced mill scale. If the sufficient holding time remains available for reduction
process, then most of the iron oxides present in mill scale gets converted into
metallic iron. Certainly the reduction process remains fast initially, due to more
concentration of coal- to give carbon and carbon monoxide for reduction and more
surface availability of mill scale to be get reduced. Later with increase in holding
time the reduction process slowly slows down as visible in the degree of reduction
graphs of all arrangements. In all arrangements, up to 90 minutes holding time, the
rate of reduction increases steadily but later from 120 to 150 minutes the reduction
rate decreases. As all the arrangements follow different rate of reaction, so different
values of reduction was obtained at different furnace holding time at any fixed

temperature.

5.6.2. Effect of furnace temperature

With the increase in furnace temperature, the reduction increases. It was
evident from all the degree of reduction graphs (shown in figures 5.2 to 5.4) that as
the furnace temperature was increased from 850 to 950°C, the reduction got
increased in all samples. In all possible arrangements, the highest reduction was
obtained in samples reduced at 950°C.The higher temperature provides more energy
to reactants to penetrate into core of mill scale particle and breaks the iron oxides
into direct reduced iron. The reduction of iron oxides present in mill scale were
carried out in series of steps. The hematite present in mill scale, reduces then into
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magnetite, then to wustite and finally to metallic iron. It means the oxygen present in
iron oxides slowly and gently got removed from higher state of iron oxide to lower
one. This process intensifies with increase in interface temperature between mill
scale and coal mixture. The interface temperature gradually increases with increase
in furnace temperature, thus reduction increases.

5.6.3. Effect of arrangement of mill scale and coal mixture in crucible
It was clear from the results of reduction of samples (shown in figure 5.6 to

5.8), reduced in different arrangement that the arrangement of raw materials in

crucible effects the reduction of mill scale. The different arrangement provided

different surface contact or interface area for reduction of iron oxides by carbon
present in coal. Same as the different arrangements provided different ease for the
carbon monoxide to flow inside the crucible and reduce the iron oxides present in

mill scale. In same arrangement the reduction reaction dominated for chemical

reaction between the iron oxide and reductant and in some arrangement the

reduction dominated by the diffusion of reducing gas on the particle of mill scale.

1) Central arrangement: The minimum reduction, at all-time and
temperatures found in samples reduced in central arrangement (figure 5.1 b) ,
it signifies that the reductants (carbon and carbon monoxide) approach to the
iron oxides in central arrangement was slow as compared to the other
arrangements. It was justified by the value of the activation energy, which
was found to be maximum in central arrangement (shown in figure 5.30).
The Arrhenius equation confirms, higher the activation energy, lower the rate
constant or rate of reaction. It happened because the most of the reduction
happens in centrally arranged sample was due to carbon monoxide, which
was produced as the intermediate product by carbon gasification. It means
the carbon gasification was the rate controlling step in the central
arrangement. The reduction mechanism was diffusion controlled. It was
confirmed by the result of kinetic data (shown in figures 5.13 to 5.15) which
fits on the Ginstling-Brounshtein reaction model.

2) Alternate concentric and layered arrangement: As the result obtained in
both the arrangements were almost equal, so discussed together. In the

layered arrangement, two alternate layers of mill scale covered from the
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layers of coal in crucible in horizontal direction (shown in figure 5.1 d) and
same was there in the alternate concentric arrangement, but the layers in
vertical direction (shown in figure 5.1 c). Here the surface contact or
interface area of the mill scale particles with the coal were more as compared
to the central arrangement. The reduction was both by carbon and as well as
carbon monoxide. However the reduction reaction dominated by the
diffusion of carbon monoxide, as confirmed by the result of kinetic data
which fits on the Ginstling-Brounshtein reaction model (shown in figure 5.16
to 5.18 and figure 5.19 to 5.21). It means the carbon gasification was the rate
controlling step. The reduction mechanism was diffusion controlled for both
the arrangements. It was clear from the result of activation energy
(87.3KJ/Mole) which was found to be equal in both arrangements (as shown
in figure 5.30). However the reduction was found higher than central
arrangement because the reduction surface contact area was more, as
explained earlier.

3) Mixed arrangement: The highest reduction found in samples reduced in
mixed arrangement at all time and temperature, as confirmed by the graphs
of degree of reduction (shown in figure 5.5 to 5.7) and also from the result of
activation energy (shown in figure 5.30). The activation energy was found
minimum (46KJ/Mole). It signifies that the rate of reaction was fast in the
given arrangement, which was justified by the values of rate constants. The
kinetic data fits on the first order reaction model (as understandable from
figures 5.10 to 5.12). It means the process was chemical controlled.
Normally also the chemically controlled process possess higher rate of
reaction as compared to diffusion controlled. The mixed arrangement
provides the highest reduction among all arrangements.

4) Overall comparison in terms of Activation energy: The highest activation
energy found to be in central arrangement (97.47 KJ/Mole). It was lesser
than that obtained by A.K.M.M. Rahman et al [92] in similar (central)
arrangement while reducing mill scale by better quality coal (having fixed
carbon 52.6%). The other investigators like Ladin Camchi et al. [93] and
Ornulap Yucel et al.[94] reduced the mill scale by coke (solid reductant) in
form of pellets and the activation found in them were 48.5 and 55.2 KJ/Mole.
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Their activation energies were greater than sample reduced in this research
work in mixed arrangement having activation energy 46KJ/Mole. It means,
the reduction was better than their findings, even utilizing low grade coal.
So, the maximum rate of reaction was found in mixed arrangement, then in
layered and alternate concentric and last in central arrangement.

5.6.4. Characterization study: The characterization study was carried out for the
unreduced and reduced samples to check the effect of reduction on the
samples. The SEM micrographs of mill scale shown the rock hard, non-
porous surface (shown in figure 5.31) which was broken down into porous
structure by the effect of reduction (shown in figure 5.32). Cavities, porous
structure and formation of iron whiskers (shown in figures 5.35 to 5.38)
concluded that the oxygen removed from iron oxides and metallic iron
increased. The EDX surface mapping clearly shown (in figures 5.40 to 5.43),
how the concentration of oxygen got decreased and iron got increased with
respect to other elements the on to the surface of sample after reduction. The
XRD analysis shows the decrease in peaks of iron oxides (or iron oxide
phases) on account of reduction at different temperatures (shown in figure
5.46).
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CHAPTER -6
CONCLUSION AND FUTURE WORK

CONCLUSIONS:

1.

The maximum value of reduction was found to be 93.5 % (or 0.935 degree of
reduction) in sample reduced in mixed arrangement reduced at 950°C for 150
minutes (as shown in figure 4.4).

With increase in temperature and time, the reduction increases.

The rate of reduction increases steadily till 90 minutes and then the rate of
reduction slow down or decreases from 90 to 150 minutes, as found in all
arrangements.

All the arrangements possess different rates of reaction during the reduction
process. The maximum reduction among all arrangements found in mixed
arrangement, followed by layered arrangement, similar to that in alternate
concentric arrangement and last in centrally arranged samples.

The activation energy was found minimum in mixed arrangement
(46KJ/Mole) and highest in central arrangement (97 KJ/Mole).The alternate
concentric arrangement and layered arrangement found to equal activation
energy of 87.3 KJ/Mole.

The reaction mechanism in mixed arrangement was chemically controlled.
The kinetic data fits on the first order equation: G(a) = F1 = —In(1 — a)

The reaction mechanism in central, alternate concentric and layered arrangement

was found to be diffusion controlled. Their kinetic data fits on with theGinstling-
Brounshtein equation :G(a) = D4 = (1 —% o) —(1-— a)2/3

With the decrease in particle size the reduction increases upto a limit, then
decreases on extreme fineness of particle. In the part of preliminary study the
highest reduction found in sample having particle size 90-150um.

With increase in coal- mill scale ratio the reduction increases up to a limit

becomes constant and then decreases.In the part of preliminary study the
highest reduction found in sample having mill scale and coal ratio 1:1.3
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10.  With increase in percentage of limestone in crucible w.r.t weight mill scale
the reduction increases up to limit and then becomes constant. In the part of
preliminary study the highest reduction found in sample having 10%
limestone and on further increase of coal the reduction remains constant.

11.  The little deviation of the kinetic data of samples reduced in different
arrangements from the standard rate control equations was due to the effect

of addition of catalyst which increases the rate of reaction.

FUTURE WORK:
1. Effect of particle size for different arrangements can be studied.
2. Effect of reduction of mill scale, if reduced by both coal and gaseous

reductant in two different steps.

3. Effect of increasing the layers of mill scale in layered arrangement.

4. Effect of reduction of mill scale on changing the height or volume of
crucible.

5. Effect of reduction of mill scale in rotary kiln by low grade coal.
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APPENDIX-1

Preliminary study 1: Effect of particle size

Particle size (in pum) Fe () DOR % Reduction
30-90 83.86 0.882 88.2
90-150 84.66 0.914 91.4
150-210 82.98 0.842 84.2
210-270 81.97 0.796 79.6

Total iron calculated by the chemical analysis and Degree of reduction
(DOR) calculated by the formula below:
Fe(t)PRl — Fe()MS

DOR(a) = K 1
OR(e) =K PR % Fe(py® < 100

Calculation for value of K in the above formula of DOR (given weight of
mill scale =15gram):

Weight of total iron in 15gram of mill scale

- Weight of total oxygen in 15 gram of mill scale

1v) Weight of total iron present in 15 gram of mill scale before reduction = 15 x
0.673 = 10.09 g, (because total in mill scale = 67.3%)

V) Weight of total oxygen present in 15 gram of mill scale before reduction =
15 x 0.2246 = 3.36 g (because total oxygen in mill scale = 22.46%)

Vi) K =10.09/3.36 = 3 (approximately)
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APPENDIX-2

Mixed Arrangement : Reaction mechanism calculation method:

Time (min) DOR
15 0.3
30 0.55
60 0.8
90 0.9

Enlarged graph is plotted between DOR vs time, and value of time checked
out decimal integral values of DOR, there by the vales in below table to calculate

further kinetic values

DOR | TIME Int t/tos round | F1 D3 D4 R3
off
t/os
0.3 15 | 2.708050201 | 0.566037736 | 0.57 | 0.515 | 0.295 | 0.324 | 0.544
04 20 2.995732274 | 0.754716981 | 0.75 | 0.737 | 0.576 | 0.595 | 0.762
0.5 26.5 | 3.277144733 1 1 1 1 1 1
0.6 35 3.555348061 | 1.320754717 | 1.32 | 1.322 | 1.628 | 1.541 | 1.277
0.7 35 3.850147602 | 1.773584906 | 1.78 | 1.737 | 2.568 | 2.297 | 1.607
0.8 47 4.094344562 | 2.264150943 | 2.26 | 2.322 | 4.051 | 3.378 | 2.014
0.9 60 4.49980967 | 3.396226415 | 3.4 |3.322 | 6.747 | 5.028 | 2.602

The experimental t/tps vales matched with the standard rate control
equations, FI, D3, D4 and R3 data. The experimental data matches any among the
equation, is the rate control equation for the arrangement reduction process.

Similarly all other arrangements reaction mechanism can be identified
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