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Preface
Steel is the most important engineering and construction material used globally. There are three
industrial routes for steelmaking practiced around the globe. First and the most popular is the
blast furnace-basic oxygen furnace (BF-BOF) route constituting 70% of total global steel
production. Other two routes are steel scrap melting in electric arc furnace or induction furnace
(Scrap-EAF/IF) route and direct reduced iron melting in electric arc furnace (DRI-EAF).
Among these processes, BF-BOF and DRI-EAF routes directly use fossil coal. Blast furnace
uses coke made by carbonization of metallurgical grade coal. Fossil coal is used in powder
form for DRI making. Coal is formed in over 100 million years and final product of burning of
fossil coal or coke is carbon di-oxide (CO2). Level of CO: has increased to dangerously high
level of 419 ppm by Feb 2023, which was 295 in pre-industrial time (1850). Iron and steel
industry alone produces 2.6 Gt of CO2 which is 7% of total global industrial emissions. CO> as
a green-house gas is more deleterious in the sense that it constitutes of 70% of the total green-
house gases and it absorbs 15 um photon in infrared region which otherwise could easily pass-
through earth’s atmosphere. Increase in concentration of CO: is leads to increase in the extent
of green-house effect causing global warming. Harmful effects of global warming are already
prevailing. If not checked in time, global warming and its aftereffects will be catastrophic to
life on the planet. To avoid these problems timely steps should be taken to reduce and substitute

the use of fossil coal.

Chapter 1 deals with literature review on the use of biomass in ironmaking, objective and
plan of the work. In the context of iron and steelmaking, the literature provides two
alternatives to fossil coal i.e., green hydrogen and renewable biomass. Literature projects
hydrogen as the best alternative from ironmaking process point of view. However, availability
of green hydrogen, especially at the industrial scale is currently a bottleneck. The wood
charcoal is another alternative mentioned in the literature. Wood charcoals have poor

compressive strength compared to coke and hence it cannot replace coke in blast furnace.
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Biomass can partially substitute coal in conventional (BF-BOF) route; it can fully substitute
the coal in the alternative DRI-EAF route. In this thesis, application of charcoal in alternative
DRI-EAF route is explored. Selection of wood species suitable for Indian soil & climate and
their characterization followed by charcoal preparation and use of the charcoal for DRI

preparation and its exploration in steelmaking was planned and demonstrated successfully.

Chapter 2 deals with selection and characterization of suitable wood species. Fast growing,
high carbon yielding wood species suitable for short rotation forestry were shortlisted. Among
them, two biomass species, hitherto unemployed towards this goal, i.e., Albizia lebbeck (W2)
and Leucaena leucocephala (W3) were selected for wood charcoal preparation and Acacia
nilotica (W1), was also studied to make comparison. Selected wood species were characterised
using proximate analysis, ultimate analysis, thermo-gravimetric analysis (TGA), specific
gravity & porosity measurements, compressive strength and scanning electron microscopy
imaging. The fixed carbon (proximate analysis) and total carbon (CHNS test) values were the
highest in Leucaena (W3) and almost equal in Acacia (W1) and Albizia (W2). TGA plots
showed that moisture removal was completed over the same temperature range of 40-120 °C
across the selected species. Cellulose degradation region occurred over a temperature range of
210-400 °C (W1), 190-400 °C (W2) and 200-380 °C (W3). A shoulder at 300 °C in the TGA
plots of W1 and W2 marked the end of hemicellulose degradation which was absent in W3
wood. The specific gravity of W1 was found higher than W2 and W3 wood. The compressive
strength of W1 wood in all the loading directions was the highest followed by W2 and W3.
Pore size in W3 (= 26 um) wood was large compared to W1 (= 15 um) and W2 (= 13 um), as
measured by the SEM image analysis. The strength and the pore size appear highly correlated:

smaller the pores stronger was the wood.

Chapter 3 deals with biomass carbonization and characterization of produced charcoals.

Selected species were carbonized for 1 hour at 600, 800 and 1100 °C to prepare wood charcoal
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which were characterized using proximate analysis, ultimate analysis, charcoal yield, volume
shrinkage, compressive strength (using universal testing machine), scanning electron
microscopy, Fourier transform infrared spectroscopy (FT-IR) and Raman spectroscopy
techniques keeping in view of their targeted application in ironmaking. Charcoals were further
characterized by CO. reactivity tests to evaluate their reactivity towards carbon di-oxide.
Influence of parameters such as CO> gas flow rate, reactivity test temperature, carbonization
temperature of charcoals and charcoal species were studied. Produced charcoals had
comparable (superior in some cases) chemical compositions and energy content to
metallurgical coke. At the carbonization temperature of 800 °C studied here, the Acacia,
Albizia and Leucaena resulted in charcoal with a fixed carbon content of 93.3, 92.7 and 85.9%,
respectively, each exhibiting a value above the minimum specified for the metallurgical
charcoal. Overall yield for different wood species varied from 21-28%. The charcoal yield was
the highest in Leucaena. The yield of the charcoals decreased with increase in carbonization
temperature and heating rate. Porosity was highest in Leucaena charcoals. FT-IR spectra
demonstrated the degradation of lignin to form turbostratic or non-crystalline carbon. Raman
spectra analysis suggested Leucaena char has the highest amount of disordered/turbostratic
carbon and Acacia has the lowest among the charcoals studied. CO2 Reactivity increased
monotonically with increase in the reaction temperature from 850 to 1000 °C across wood
species. Among 600, 800 and 1100 °C of carbonization temperatures, charcoals formed at
800 °C were found to be most reactive. Among different charcoal species, W3 was most
reactive at a reactivity temperature of 900 °C, W2 at 950 °C. At reactivity temperature of
1000 °C, reactivity values are comparable among charcoal species with W3 exhibiting a
marginally high value. Higher porosity, disordered carbon content and CO: reactivity make
charcoal a better reducing agent. Therefore, W2 and W3 are potentially better reductants than

W1 for ironmaking via the direct reduction route.
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Chapter 4 deals with preparation of DRI using the charcoals. DRI were prepared at reduction
temperatures of 800-1000 °C from iron ore and charcoal composite pellets to use in emerging
rotary hearth furnace (RHF). Factors influencing the iron ore reduction such as C/O ratio,
carbonization temperature (to produce charcoal), reduction temperature and the reduction time
were studied. Reduction kinetics was studied by fitting various equations corresponding to
reaction controlling steps such as gasification, diffusion or chemical reaction control to the
experimental data. For complete reduction and maximum utilization of charcoals in the
composite pellets, a value of 1.5 was found as the optimum C/O ratio. Each of the wood species,
yielded the highest %R when carbonized at a temperature of 800 °C, due potentially to a higher
reactivity of the carbon towards CO. For composite pellets with each charcoal species,
maximum %R was obtained at a reduction temperature of 1000 °C at a reduction duration of
30 min. Composite pellets with W3 (83%) charcoal had the highest %R and W2 (70%)
exhibited the lowest among the selected charcoals. The results were also corroborated by the
XRD and SEM analysis. The activation energy for composite pellets was found lowest with
W3 (169.9 kJ/mol) charcoal and highest with W2 (213.2 kJ/mol). Overall reduction reaction
of the composite pellets was controlled by diffusion of the reactant gas followed by gasification
of the charcoal. Results from reduction tests suggested that among the selected biomasses,

Acacia (W1) and Leucaena (W3) are better reductants than Albizia (W2) charcoal.

Chapter 5 deals with the exploration of the DRI use in steelmaking by melting. The DRI,
made under the optimized conditions determined in the Chapter 4, was melted in a horizontal
tube furnace as well as in an electric arc furnace. Compositional and microstructural
characterization of the resulting green steel was carried out and compared to a mild steel. The
DRI melted in the electrical resistance heating tube furnace had slag and metal phases
intermixed due to inadequate temperature and the absence of stirring. The steel made by

melting the DRI in the mild steel pool had compositions and microstructure of low carbon steel
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with lower phosphorous and sulphur than the mild steel. The steel made this way can be termed

as a green steel.

Chapter 6 deals with conclusions and Chapter 7 with future scope of the work.

XVi



Contents

LISt Of FIZUIS ittt iX
S e 1= o] LSRR Xi
e 2] = [l =TSR Xii
Chapter 1 Introduction and literature review........cccceeveevveecveennee. 1
1.1 Raw materials for steelmaking.......cccccoeveviiiiriiiiniiiieieceesreeseeeens 2
1.2 Historical developments in steelmaking.......c.ccoccevvvivinieniieenieenieennens 3
1.3 Fossil fuel consumption and CO; emission by steel industry............. 5
1.3.1 Global initiatives at controlling the environmental damage .......cccecevevvvevennene 6

1.4 Use of hydrogen for green steelmaking ........ccoceeveeveevieniienienieniiennens 7
1.5 Use of biomass for green steelmaking.......cccccovveveeniernienienieniieniiennens 8
1.5.1 Blast furnace - Basic oxygen furnace (BF-BOF) route.......ccccccevevevienenereneeenne. 10
1.5.2 AILEINATIVE FOULES ..uiitiieieeetretete ettt sttt sttt et 12

1.6 Objective of the present WOrkK.......cccevvueenieiniiiiniecieeseeseenee e 19

Chapter 2 Selection and characterization of biomass species for

IFONMAKING .ottt st s 21
P20 I [ 0t o Yo LU et u o o IO TP PRUPRUPOPRORRPN 21
2.2 EXPEriMEeNtal...ccccucoiieiiiiiieeieeeieere ettt 23

2.2.1 Procurement of raw Materials ......ccocvivirienninineieeec s 23
2.2.2 Characterization Of DIOMASSES ..o 23
2.3 Results and diSCUSSION....cccuevieriirieieneeeeeese et 27
2.3.1 ProxXimate analySis ......cccevvierieniininieieniineeiesese sttt et et srsese st sbe s s ensenees 27
2.3.2 UIEIMALE @NAIYSIS cvviiiiiriirieienierecteteste sttt es e st vt esbesbesbesssenseneas 28
233 Thermal stability tESt ..o e 29
234 Specific gravity @and POrOSITY ...oveveiiinirieicinesieretccse ettt 30
2.3.5 COMPressiVe SErENGth.....cccciviiiece e e 30
2.3.6 SEM @NAIYSIS .ottt sttt sttt sttt st na e 31
2.4 CONCIUSIONS ..ottt sanesree s 33

Chapter 3 Characterization of charcoals produced from Acacia,
Albizia and Leucaena for application in ironmaking........cc.ccceue... 35

Vi



3.1 INEFOAUCTION ettt e e e e et eeeeeeeeeeeeeeesaaaaeeeeeessennnnnaaaeens 35

3.2 EXPerimental ...t 38
3.2.1 Preparation of Charcoals ... see e sseseens 38
3.2.2 Characterization of CharCoals ... 39

3.3 Results and DiSCUSSION ....couerierienieniienieenieesieesieesieeie e 42
3.3.1 ProXimate @NalYSiS ....ccuivivirerieirinienieiseneseteestesieseeessestessesesestessesseseesessessensenes 42
3.3.2 UIIMALE @NAIYSIS .ottt sttt s 43
333 Van Krevelen diagrami. ... ettt sttt 44
3.34 ChArCoal YIBIA ..ottt sttt 45
335 VOlIUME SHIINKAZE. ..ttt ettt 46
3.3.6 COMPressiVe SEreNGth.. ..o 48
3.3.7 SEM @NAIYSIS .ottt sttt st 49
3.3.8 Fourier transform infrared SPECIrOSCOPY ..vveerivieriererienenieeeesesieseeeeesresseseenes 51
3.3.9 RAM AN SPECIIOSCOPY.cuviriirierieeieeieete et st e stesteeteetestestesbestesbesaeesaeesnsesnsesnee 53
3.3.10  Charcoal FEACTIVITY ..eiiiriiriireeieiesie ettt ettt et st sas et st sbeessebesbesaaensensens 55

3.4 CONCIUSIONS cueeiiiiieeee ettt ettt et e e eeire e e e e e bae e e e eeabreeeeeeasaneeens 57

Chapter 4 Reduction behavior and kinetics of iron ore-charcoal

composite pellets for sustainable ironmaking .........c.ccceceveenenee. 59
4.1 INErOdUCTION ittt 59
4.2 EXPerimental. ..ot 62

4.2.1 RAW MALEIIAIS ..ottt 62
422 MEENOAS ...ttt 63
4.2.3 Characterization Of DRI......ccoiiiieeeneeereetetee et 65
4.3  Result and DiSCUSSION .....uuveeieeirieeeeccrteeeeecree e eeerre e eeerre e e e e arree e e anes 67
431 o (<Te W Y A O @ I =Y o 67
432 Effect of charcoal type and carbonization temperature........ccocevevenereneeenne. 70
433 Effect of reduction temperature and time......ccccevvevnerneennenneeereeeenee 71
434 Reduction KINELICS ..o 75
4.4 CONCIUSIONS ..uviiiriiiiiiiniicei e 79

Chapter 5 Exploration of the use of the DRI in steelmaking........ 81
5.7 INFOAUCTION w.couiiiiiiicieieeeeeeeee e s 81
5.2 EXPerimental...cccccocieiiiiiiiecie ettt 82

5.2.1 Preparation of DRIIN DUIK.....ccoecieireineeeeeeree e 82



5.2.2 V111 g o Lo =SOSR RTRRRT 82

5.3  Results and DiSCUSSION ....ciivieiiiiiiiiiieeiiee et ssree e e sree e svaeessvne e e 85
5.3.1 Electric resistance furnace MeltiNg......cccveveverinenieinieneneneeneseseeeee e seeeens 85
5.3.2 Electric arc furnace MeltiNg ....cccvevveveineneneinireeeseseseeee e ns 87

5.4 CONCIUSION ittt s sbe e sae e sbeesaaeesaseenaneens 89

Chapter 6 Overall conclUuSIONS....cccviiiiiiniiiiieceereec e 91
Chapter 7 FUTUIE SCOPE ...iiviiiiiienieeerieesiee st sreesineesree e 94
RS (=] £=] g Lal TSR 95
List Of PUBIICAtIONS ...eeeeeeieeeeeeee e I

viii



List of Figures

Figure 1.1 Sector wise steel consumption in 2019 ..o 1
Figure 1.2 Crude steel production by top 5 COUNTIIES ........cccviiiiiiiiiieieec e 2
Figure 1.3 Raw materials, process flow and products in different steelmaking routes .... 3
Figure 1.4 Rising level of CO2 in atmOSPNEre ........cccoovieiiiiniiiiieeee s 6
Figure 1.5 Formation and consumption time cycles for coal and biomass........................ 9
Figure 1.6 Prospects of using wood charcoal in steelmaking ...........cccccooeiiiiininnnnns 12
Figure 1.7 Classification of direct reduction ProCESSES ........c.cvvevvereereeieerieerieseesreeeenns 13

Figure 2.1 Schematic wood cube showing three mutually perpendicular loading directions for

COMIPIESSTON TEST. ...ttt bbbttt bbbttt e bbb e e 26
Figure 2.2 Proximate values Of DIOMASS. ........ccuovriiieiiieicseseee e 28
Figure 2.3 Ultimate values of DIOMasS. .........ccccoeiiiii i 28
Figure 2.4 Thermal stability plots for a) W1, b) W2 and c) W3.........c.ccoeeviieiieiecnnn, 29
Figure 2.5 SEM images of different wood species in different directions. .................... 32
Figure 2.6 SEM images of different wood species in different directions. .................... 33

Figure 3.1 (a) Schematic diagram of the carbonization vessel, (b) a picture of dried wood and
the respective charcoal sample and (c) schematic of a charcoal cube showing compressive
10AAING TITECTIONS. ...ttt 39
Figure 3.2: Schematic of the experimental setup employed for CO. reactivity tests...... 42
Figure 3.3 (a) Points showing FC, VM and Ash values in going from wood to charcoal at
600 °C carbonization temperature in fast heating condition and (b) a ternary diagram showing
the parameters from the proximate analysis of the charcoals. ...........ccccccevcvvieieiieienen. 43
Figure 3.4 a) Points showing variation in C, H and N values from wood to charcoal and b)
Ternary diagram showing ultimate analysis Values. ...........cccccevveveiiieve s 44
Figure 3.5 Modified van Krevelen diagram with charcoals and coke ...............ccccuc....... 45
Figure 3.6 Variation of charcoal yield with carbonization temperature for different biomasses
in a) slow heating b) fast heating CoNAItioN. ...........coeiiiiiiiiiice e 46
Figure 3.7 Variation of charcoal volume shrinkage with carbonization temperature for
different biomasses in a) slow and b) fast heating condition..............c.cccccoveiiiiiiieennns 48
Figure 3.8 Variation of compressive strength with carbonization temperature for different
biomasses in a) slow and b) fast heating condition..............ccccooevieriieie s 49
Figure 3.9 SEM images of a) W3 charcoals produced at different carbonization parameters,
b) different charcoals produced at 1100 °C in fast heating............ccccovveeiveiieiiieiiecinns 50
Figure 3.10 FT-IR spectra for a) W1, b) W2. C) W3 Charcoals ...........ccccccvevveiiniinnnnn 52

iX



Figure 3.11 Raman spectra of a) W1, b) W2. C) W3 charcoals. ...........ccceccveveiveinennnnn. 54
Figure 4.1 Sieve analysis of a) iron ore powder, b) charcoal powder and c) proximate analysis
OF CRAICOAIS. ... ettt sre e 63
Figure 4.2 Schematic of the experimental setup employed for the composite pellet reduction.
The components of the setup are: 1. Gas cylinder, 2. Gas regulator, 3. Gas flowmeter, 4.
Cylindrical resistance furnace, 5. Weighing scale, 6. Quartz tube with ID: 44mm, 7. Platinum
wire with Platinum basket, 8. Thermocouple, 9. PID controller. ...........ccccovoevvenennnnne. 65

Figure 4.3 Variation in %R and the overall rate of reaction with C/O ratio in the pellets

prepared with W3 charcoal carbonized at 800 °C and reduced at 1000 °C.................... 69
Figure 4.4 Rate of reaction with time for different C/O ratio composite pellets with W3
charcoal carbonized at 800 °C. ........ooveiiiiciereee e s 69

Figure 4.5 Variation in %R with the type and carbonization temperature of the charcoal used
iN the COMPOSITE PEIIEL.. ....eoeeece e 70
Figure 4.6 Fractional weight with reduction temperature and time for different composite
pellets at C/O ratio of 1.5 with W1, W2 and W3 charcoals carbonized at 800 °C. The
percentage figures on the right are %R which corresponds directly to the fractional weight
(010 Lo TSRS 72
Figure 4.7 SEM micrographs of the DRIs produced from the reduction iron ore-wood
charcoals of W1, W2 and W3, composite pellets. Reduction temperature: 1000 °C, reduction
duration: 30 min and C/O ratio: 1.5 WEre USEU. .......cccccveruereereerenie e e siee e see e 74
Figure 4.8 X-ray diffraction plots for iron ore composite pellets with W1, W2 and W3
charcoals at a reduction temperature of 1000 °C and reduction duration of 30 min. .....74
Figure 4.9 Fitting of the selected models to the experimental data for iron ore charcoal
composite pellets with W1 (a, b and c), W2 (d, e and f) and W3 (g, h and i) charcoals at

different reduction tEMPEIALUIES. .........coveviiieie et 77
Figure 4.10 In(k) vs 10%T plot for iron ore charcoal composite pellets. ........................ 78
Figure 5.1 Schematic of crucible and furnace used for reduction experiments.............. 84
Figure 5.2 Tapping of the melt in a graphite crucible............cccooiiiiiiiiis 84
Figure 5.3 Microstructures showing constituents of the solidified melt (melted in a resistance
furnace) under a) optical microscope and b) scanning electron microscope. ................. 86
Figure 5.4 Elemental distribution in the slag and metal phase in air melt sample ......... 86

Figure 5.5 Composition corresponding to EDS spots in the SEM image of air melt. .... 87
Figure 5.6 SEM micrograph showing a) ferrite and pearlite at 5000x magnification and b)

ferrite and iron carbide lamellae at 20000x magnifications in EAF melt..................... 89



List of Tables

Table 1.1 Application of biomass derived charcoals for mitigation of CO2 emission in
different iroNMaking PrOCESSES ........civiiiieieiierie et 10

Table 1.2 Prior studies performed on various hardwood biomasses in view of their potential

use in direct reduction OF IFON OF€. ......cc.oveiiiiiiiieee e s 16
Table 2.1 Geoclimatic requirements for cultivating selected hardwood species............ 23
Table 2.2 Physical properties of different Woods. .........cccooviieniiiiiinniieeseee e 30
Table 2.3 Results of the compression test in longitudinal (T1) and transverse (T2 and T3)
directions on different Wo0d SPECIES.........c.eiveiieiieiieiiee e 31
Table 3.1 Pore and intrapore sizes for charcoals shown in Figure 3.9b. ..........cccccoeee. 51
Table 3.2 Deconvoluted Raman spectra peak characteristics. ..........cccocovererencncnennnn 54

Table 3.3 Variation of reactivity with CO- gas flow rate at reactivity temp of 950°C with W3

charcoal carbonized at 600 °C ........coveieiiiieie e 55
Table 3.4 Variation of charcoal reactivity with reactivity temperature, for charcoals prepared
AEB00 PC .ottt ettt et e e be s bt enearens 56
Table 3.5 Variation of reactivity with charcoal species carbonized at 600 °C............... 56

Table 3.6 Variation of reactivity with carbonization temperature at reactivity temp of 950 °C

Table 4.1 Calculation of %R and %M for composite pellets at different reduction
temperatures for different charcoals as shown in Figure 4.6. ............cccocvevevieiiece i, 72
Table 4.2 Activation energies for the reduction of iron ore with W1, W2 and W3 charcoal
COMPOSIEE PEIIBLS. ... e 79
Table 5.1 Composition of the mild steel and the EAF melt...........ccccoevveiiiiieenecne. 88

Xi



