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ABSTRACT

The reduction of iron ore-coal composite pelletssvearried out in the temperature range of 500200°C by

thermogravimetry. This study aims to investigatedffect of particle size of iron ore on reductlwhavior. Three
samples of different particle size were selecteést~28um, 75~106:m and 150~18Q:m. The reaction kinetic
parameters were estimated based on the thermogedniardata. The characterization of the heated dass was
identified by X-ray diffraction and Scanning electrmicroscope. The experimental results indicated the selected
iron ore with particle size 2548:m was appropriate for the reduction of iron ore-teamposite pellets in the
experimental conditions, and particle size~#506:m and 150~18Qum were insufficient to complete the reduction.
With the increase of particle size, the activatmergy increased from 53.04kJ/mol to 131.72kJ/Patticle size 25
~48um had the faster reduction which may be ascribetdoe developed surface.

Keywords: Kinetics analysis, Direction reduction, Reductraracteristics, Particle size, Iron ore-coal cositgo
pellets.

INTRODUCTION

Iron and steel making are two of the largest enénggnsive industries with the highest growth rateenergy
consumption of all energy utilisation sectors. Ttiadal iron making techniques reduce iron oresntetallic iron in
blast furnaces [1]. In some countries, the tradéldlast furnace has been partially replaced i®ctlreduced iron [2].

A principal advantage of the direct reduction relen the fact that DRI does not require high temjpee burden
preparations such as coke making and sintering. [B@th coke making and sintering, being at thenfrend of the
conventional blast furnace iron making technolagg, considered as costly for the new process eatistn and are
consistently causing environmental concerns. lthisrefore necessary to have an insight into theuatémh
characteristics and fundamental mechanisms foretleesnplex reactions [5,6]. The reduction of iroridexis a
gas—solid reaction, which has been extensivelyietiugh the process conditions test, energy savimd) reducing
consumption [7-11]. The knowledge about the redunctiharacteristics and fundamental mechanismyésiigated
from several aspects. Rao [12] investigated thaatoh kinetics of a mixture of hematite and carlpomders in the
temperature range of 8501087°C, and the isothermal weight loss of the saswhs determined as a function of time.
Precipitated iron oxide samples were charactetisaty temperature-programmed reduction iij13]. The reductive
degree and rate of Bama ilmenite concentrate byhie under argon atmosphere were measured by using
thermogravimetric analysis system at the tempegatfrom 850 to 1400°C [14]. Pineau et al. [15,1i6Fdssed the
reduction of FgD; by H, in the temperature range of 22@680°C and the reduction of & by H, in the temperature
range of 216-950°C. Ding et al. [17] applied thermogravimetrye&iimate the kinetics of isothermal reductiorhef t
carbon bearing pellets in the temperature rand®0®—~1400°C. The reduction roasting of chromite overkeurdith
CO/CGO/N, gas mixture in the temperature range of #0®0°C has been studied [18]. The reduction kineti¢s05
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to FeO in the presence of syngas constituentsrwastigated based on the thermogravimetric dafa[1® et al. [20]
presented a novel iron making technology using hisnand iron oxide. The effects of briquettes ccsition,

reduction temperature, reaction time and reducig @pmposition on the quality of metallic iron weliscussed.
Weiss et al. [21]investigated the reduction kireti€iron ore fines under fluidised bed conditiavith hydrogen-rich
gas mixtures in the temperature range of 40@0°C, and the influence of both temperature amthgiag gas
composition on the reaction rate was consideredddilaet al. [9,22,23] examined the rates and shgekof
Iron-Oxide-Carbon Composites. The fundamental reastoccurring during the heat treatment of colddea pellets
(CBP) comprised of iron and steelmaking by-prodhetge been studied [24]. However, the effect ofiglarsize on
reduction behavior has been studied little.

Due to the importance of iron making in the curramd future technologies, the reduction of ironaval composite
pellets is probably one of the most studying topldse objective of the present investigation isttedy the reduction
characteristics of iron ore-coal composite pell&sr this purpose the thermogravimetry methodsagaied to
estimate the reduction kinetics of iron ore witffatent particle sizes and the heated residueglarndified by X-ray
diffraction.

EXPERIMENTAL SECTION

2.1. Materials

The iron ore from Qian’an, Hebei used in the stooiytained 64.5%Fetotal, 10.57%FeO, 6.35%SI25%Ca0,
1.02%AL0;, 0.09%MgO and 0.03%S. The particle size distrdrutvere 25-48um, 75~106um and 156~180um,
and the average size wereu®8 9Qum, 163:m, respectively. The reductant selected for thalyeis was bituminous
coal supplied from Datong. The main constituenthisfbituminous coal were 13.01%ash, 12.51% Jelatatter and
74.8% fixed carbon. The particle size of coal rahfyjem 74 to 14m, and the average size was 180 The coal was
devolatilized at 600°C for an hour in nitrogen biefmixed. There was no any further weight loss witkenmaterial
was treated at 900°C, which indicated that mosih@fvolatile matter was removed.

2.2. Experimental

The sample was mixed to obtain mole ratio of figatbon G, against oxygen .in iron ore particles of 1.0, enabling
a complete reduction reaction. The iron ore/carndtures were homogenized by mixing in a laboraszg rotating
bowl mixer for 10 minutes. Pellets were made of bé#tonite binder and iron ore/carbon mixtures idisc
pelletizer(diameter 1000 mm, rim height 300 mm,Jawginclination 45° and rotating 24 rpm) and diyiat 110°C for
2 hours to remove moisture before the reductiorcgss. The diameter of pellets in~#25mm were selected. The
kinetics of reduction was investigated by meanshef continuous thermogravimetry measurement tecenighe
thermogravimetric analyzer apparatus was madeveftecal furnace, a quartz glass tube reactor)ectrenic balance
and a temperature controller. The experiments e&mged out in nitrogen atmosphere under the caaotis flow of N

at 0.5l/min. The furnace was heated to the dedretperature. Then the sample was placed in heating. All
experiments were performed at a linear heating o&t€0°C /min and the experiments were completeénithe
temperature reached to 1200°C.

The samples dropped off oxygen and carbon alony thé reduction. The mass loss of the samples veasuned
continuously and the mass loss value was then cmavinto conversion degree using the followingrfata [25,26]:

_(w-w)x16

~ oxyger{ mags< 28 @)

Where Wis the initial mass of samples after removal ofshoie, W is the mass of samples at temperature T.

The Oxygen (mass) was calculated for the total mBsgygen presented in every individual mixturéddrm of FeOs;,
Fe0, and FeO.
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Fig.1. Reduction process conversion degree versusé in temperature range of 506~1200°C

The conversion degreefor all temperatures in the range of 500200°C is shown in Fig.1. As the temperature
increased, the reduction conversion degree inadefaseall mixtures. The reduction of samples witrtjtle size of
163um occurred at approximately 830°C, while the reituncof samples with particle size of @8 and 9Qm began at
600°C and 680°C, respectively. It was found that ¢thange of particle size caused the change ddlingaction
temperature and reduction rate. The reductionafdamples with the average particle size qfri&vas significantly
higher than the others. It may be attributed todifferences in specific surface area.

RESULTS AND DISCUSSION
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Fig.2. X-ray diffraction analysis of ore sample andhe heated residues (a)iron ore at 2Q , (b) iron e150~180um) at 1200C, (c) iron
ore(75~106um) at 1200C, (d) iron ore@5~48um) at 1200C .

3.1. XRD characterization of the samples

In order to reveal the degree of reduction reactibe heated residues were further researched tay Miffraction
analysis and compared with the unreacted sample. XFhay diffractograms of the samples were obtained
incidence angle of 16°100° with a Cu-Ki line of 0.15406nm. The phase composition of orea and the heated
residues are shown in Fig.2. It indicates thatrtfaén phases of the iron ore were hematite@geand magnetite
(F&O,4) at 20°C. However, both magnetite {6¢) and hematite (R©3) were detected in the residues. For the iron ore
with particle size of 168m, the reduction by the X-ray diffraction analystsowed the presence of predominantly
wustite (FeO) and small amounts of metallic irone Bppearance of wustite (FeO) and metallic ilastilated that the
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reduction process has been improved. Evidentlyséfected iron ore with particle size of 188was insufficient to
complete the reduction. With further decrease efithn ore particle size to fh, the X-ray diffractograms indicated
that the intensities of the peak characteristicsietallic iron phases increased highly, whereadntensities of the
peak characteristics for wustite (FeO) was gradglyreased. Based on the principle of phase redyttie presence of
metal iron indicated a high reduction degree. Wieniron ore particle size decreased tar88almost the whole
reduction of the iron ore achieved at 1200°C. Thexxdiffraction analysis of this mixture showea@tmetallic iron
phase occupied an important position in the resifibis indicated that the iron ore particle siz88&fm was sufficient
to complete the reduction.

3.2. Scanning electron microscope (SEM) analysis

In order to reveal morphology characteristics afuaion reaction, the heated residues were crughddnade into
samples. Fig.3. shows the scanning electron miopes¢SEM) images for both the fresh and the usegples. The
microscopic structure of reduced samples obtain@a the non-isothermal experiment conducted ajui68id not
reveal any significant alteration due to the slaterof reduction. In the @@ sample prepared at 1200°C, it was
evident that ore particles were porous system laadtructure became relatively loose. The oregarsize in 3@m
sample exhibited a developed porous system and badgte area appeared which was confirmed to ballieiron
through the energy spectrum analysis.

(&
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Fig.3. Scanning electron microscope analysis of satas (a)iron ore at 201, (b) iron ore(150~180um) at 1200C, (c) iron ore{5~106um)
at 1200C, (d) iron ore@5~48um) at 1200C .

3.3. Kinetic analysis

Knowledge of the kinetic behavior is essential hderstand and predict the reduction processesdir ¢o estimate
the reaction process, the activation energies agexponential factors were tested based on theecsion degree.
The common equation is usually expressed as aifumctf Arrhenius parameters with reaction model emd
non-isothermal conditions:

d_a = E/RT
B pre= Ae f(a’) (2)

Where T is the temperatuiejs the fraction reacted till temperaturefflis the heating rate, A is the pre-exponential or
frequency fact, E is the activation energy, R ssdhs constant andij(is the reaction model function.
The patterns@dT versus T can be calculated by integration Bsvio

Jole) = e e o o
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Where T is the initial temperature of reduction reactithe activation energy has been defined as the ghargier,
and the pre-exponential factor describes the fregyuef occurrence of the reaction situation. Tligaltemperature of
reduction reaction was considered low, and theti@acate was negligible. Integration can be cated between 0 ~
a and O ~ T, the equation is expressed as:

da

J-Oamze(a) :%J'J ex;{—R—ETJdT (4)

The right-hand side of the equation has no exaegial. A simplified mathematical form of the rdantkinetics by
Coats-Redfern can be described as:

|n{G(a)}:|n{AR(1—2RTH— £ (5)

T2 BE E )| RT

At a fixed conversion degree, the temperature iderate and the value of Egseat,In[AR/BE(1-2RT/E)] can be
considered as constant. Plotting the left-hand gatsus 1/T leads to a temperature-programmed Aiukelot, in
which the slope is equal to -E/R and In[8E(1-2RT/E)] may be calculated from the intercepghwiertical axis of the
plot of In[G(c)] against 1/T.

The reduction of iron oxide is a gas-solid reactamd the reduction process may be controlled &ydhowing link:
(1) carbon gasification reaction; (2) three-dimenal diffusion; (3) interfacial reaction. The mosldeduced from the
sphere shrink model or the formation and growthwaflei mode were listed in table 1.

Table 1. Models selection for gas—solid reaction

No. Kinetics process controlling Equationogs(

1 First order formation and growth (carbon gastfargy ~ —In (1— a)
2
2 Three-dimensional diffusion [1— (1— a)m}

3 Three-dimensional interfacial reaction 1- (1— a')l/3

Applying the regression method, the values of casivao were calculated. The root mean square deviatiohSBR)
was employed for comparison of the calculated tesuid experimental data. The following equatios agplied [19]:

30 =)’

n-1

RMSD= (6)

Wherea,is the calculated resuti.,,is the experimental data, and n is the number pégmental data points. The
calculated results are detailed in table 2.

Table 2. the calculated results of reduction procas

Model Particle sizeyn) Temperature range T(°C)  Correlation coefficient RMS
D

First order formation and growth (carbon gasifioaji 150~180 830~1200 0.991 0.0085
75~106 680~1200 0.992 0.0268
25~48 600~1200 0.984 0.0367
Three-dimensional diffusion 150~180 830~1200 0.992 0.0061
75~106 680~1200 0.995 0.0235
25~48 600~1200 0.994 0.0257
Three-dimensional interfacial reaction 150~180 830~1200 0.993 0.0056
75~106 680~1200 0.995 0.0218
25~48 600~1200 0.995 0.0235

Upon comparing RMSD values, it can be concludetittwathree-dimensional interfacial reaction magdlest suited
to the experimental data. The plot of In{[1-¢)*")/T? against 1/T are presented in Fig.3, which exHibitar plots
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well. The calculated activation energies and preseential factors for the three particle size rangéiron ore
reduction are detailed in Table 3.

In{[1-(1-a Y(1/3)/TA2}

9l 150~180um

20 1 1 1 I I
0.0006 0.0007 0.0008 0.0009 0.0010 0.0011 0.0012

1T
Fig.3. The relation between In{[1-(1&)*3/T % and 1/T for reduction composed of different mixtues

Table 3. Kinetic parameters of detected particle ge ranges of iron ore reduction

Particle sizeym) 150~180 75~106 25-48

Activation energy E(kJ/mol) 131.72 71.07 53.04

Frequency factor A( 13.57 7.79E-0 2.17 E-02
2

The reduction rate increased obviously as the testype raised and the particle size decreased.ré&aetion
activation energy increased from 53.04 kJ/mol tb.73 kJ/mol when the particle size of iron ore @ased from 38

to 163um. The increase of activation energy means theedser of reacting moles which lead to the decrefise o
adsorption rate. Also increasing activation enangans that the mass diffusion and chemical reab@mome more
difficult.

The reduction of iron ore-coal composite pelletsthia temperature range of 58 200°C was studied using

thermogravimetry method. Three kinds of iron oréhwdifferent particle sizes (2548um, 75~106um, and 156~
180um) were investigated. The following conclusions @drawn:

(1) X-ray diffraction analysis and thermogravimegxkperiments show that, the particle size q@ff38 appropriate for
the reduction of iron ore-coal composite pellethmexperimental conditions. When the coal wasohixith iron ore

in the particle size of 163n, it was reduced to predominantly wustite (FeG)hwmall amounts of metallic iron
presenting in the residue. For iron ore with thetipla size of 9Qm, the residue was mainly composed of wustite (FeO)
and metallic iron. As to the iron ore with the paé size of 3@m, the residue was predominantly composed of netall
iron.

(2) The three-dimensional interfacial reaction maambled a satisfactory fit to the experimentahd@he kinetics of
the reduction of iron ore-coal composite pelletidated that there were considerable variationimdtics parameters

E and A with the change of particle size. The lieacactivation energy increased from 53.04kJ/mdl3a&.72kJ/mol
when the particle size of iron ore increased frd8pm3 to 163um. The initial reaction temperature increased from
600°C to 830°C. The kinetic parameters reflectesl ftster reduction of iron ore with the particleesof 38m
compared to the other two, which may ascribe toenalmveloped surface.
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