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Abstract

The strong global demand for iron and steel has necessitated the utilization of
various low grade iron ores, which are not suitable for direct utilization in
ironmaking processes. The low grade iron ores cannot be dressed effectively
using the traditional mineral processing methods because of complicated
mineral compositions. The main problem associated with exploiting these
deposits is the dissemination of fine silicate minerals and the high level of
phosphorus content due to the poor liberation of iron minerals from the
gangues. The present manuscript is aimed to investigate reduction properties
of iron ores rich in phosphorous in order to study the suitability of using
these ores in iron blast furnace. Representative technological samples of iron
ore are collected from Eastern South Aswan iron ore mine in Egypt. The
principal gangue contents are SiO, 7.76%, and P,0O, 1.13%. Iron and phos-
phorus exist in the form of hematite 78% and apatite respectively. The ore
was fired at 1000°C for 3 hours. The green and fired samples were isother-
mally reduced at conditions which closely represent the theoretical reduction
conditions in different zones of blast furnace. The influence of reduction
conditions on the reduction behaviour and the morphology of the reduced
samples were investigated. After reduction apatite is changed to Calcium
phosphate beside fayalite and quartz. The reduction rate of fired samples is
greater than that for the green ones and that was confirmed by morphological
examination. At cohesive zone condition, the effect of firing on reduction
characteristics cannot be distinguished.
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1. Introduction

Ironmaking is the most important step in steel manufacture and considered the
most energy consumer process in ferrous metallurgy. Generally, ironmaking
processes take three forms: blast furnace process (BF), direct reduction and di-
rect smelting processes. Amongst all the ironmaking processes, BF will continue
to be the principal method of ironmaking.

Recently, most of the researches on blast furnace operation are designed to
improve both productivity and cost, increase the efficiency of operation as well
as decreasing the energy consumption. The cost of raw materials constitutes 80%
of the cost of hot metal production. The most powerful means for reducing
energy consumption and increase productivity in the blast furnace is the im-
provements in the composition of raw material especially iron ore.

On the other hand, molten iron is being produced in blast furnaces at Egyp-
tian iron and steel company (EISCO, Helwan, Egypt) using Egyptian iron ores
deposited in Baharia (El-Gedida). But it is being depleted with time and conse-
quently EISCO will face an iron ore shortage problem in the near future.
El-Gedida reserves are about 28% of the total Egyptian iron ores reserves.

Accordingly, alternatives should be found for expanding utilization of Egyp-
tian iron ores in iron industry.

Occurrences and distribution of the iron ore types are controlled by the litho-
stratigraphy and morphotectonics [1]. Aswan mine is located at the south of
Egypt. It contains about nine million tons of iron ores reserves. The average sili-
ca and phosphorous contents are 14.14% and 1.31% respectively [2]-[7]. The
most challenge which hinders the utilization of these deposits in ironmaking
technology is the high phosphorous content. That is why the investigation of
reduction characteristics and morphology of these ores are considered signifi-
cant issues.

Many countries have high phosphorous iron ores distributed with some large
scale deposits worldwide such as: Sweden, France, Canada, Pakistan, China,
northern Sudan, Nigeria and Italy [8]. It was found that several possible ways to
make high quality steel from high phosphorus apatitic iron ores, operation of
blast furnaces with 100% pellets burden made from enriched, dephosphorized
high phosphorus ores and how to balance the composition of a DR pellet to
make it “self-fluxing” in electric arc furnace steelmaking, forming a furnace slag
giving minimum refractory wear.

Baioumy et al [9] studied High-P oolitic iron ores from Aswan, Egypt. The
detailed petrographic, mineralogical, and geochemical are investigated to ex-
amine their origin in addition to the texture and origin of P-bearing minerals.
The appraisals indicated that these ores were formed in open space near the se-
diment-water interface by accretion of FeO, SiO,, Al,O;, and minor amounts of
other oxides around solid particles such as quartz and parts of broken ooliths.
Phosphorus in these ores occurs in higher concentrations compared to the limit

of P in the steel. It is present as massive and structureless hydroxyapatite grains
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of undefined outlines and variable size (5 - 150 um) inside the ooids and/or in
the ferruginous groundmass. Determination of the mode of occurrence and
grain size of P-bearing mineral (hydroxyapatite) support the optimum utiliza-
tion of both physical and biological separation of P from the Aswan iron ores
and thus encourage the use of these ores as raw materials in the iron making in-
dustry.

Many studies are carried out for investigation of reduction behavior of differ-
ent iron ores by carbon and different reducing gases all over the world [10]-[18].
Studies on the chemical and physical properties and the reduction behavior in
coal of hematite iron ores are investigated [11].

Yongsheng Sun ef al [19] studied coal-based reduction of oolitic iron ore. An
oolitic iron ore was isothermally reduced by coal at 1423 K - 1573 K, and the re-
duction kinetics and mechanisms were investigated using the thermogravimetry
(TG) technique. It was found that the reduction temperature and C/O molar ra-
tio had significant influence on the degree of iron oxide reduction and its reduc-
tion rate. The hematite in the ore was reduced to metallic iron in the sequence of
Fe, 0, > Fe,O,~ FeO (FeAl,O,, Fe,SiO)>Fe. The mechanisms of reduction
changed with reduction time. As reduction progressed, the oolitic structure was
gradually destroyed, and the metallic iron aggregated concurrently.

Reduction behavior of iron ore pellets with simulated coke oven gas and nat-
ural gas was investigated by many researchers [13] [14] [15]. The highest reduc-
tion degree was obtained for the pellets reduced with reformed coke oven gas
while the lowest reduction degree was exhibited by original natural gas. On the
other hand, the rate of reduction with original coke oven gas was sharply in-
creased at temperature of about 900°C to become higher than that of reformed
natural gas.

However, blast furnace is the main technology utilizing iron ores in the form
of sinter and/or pellets. The furnace can be divided into three main zones ac-
cording to the thermal distribution of the burdens namely top, reverse and cohe-
sive zone.

Based on the above background, the present study aims at investigation of re-
duction behavior of green and fired high phosphorous iron ore isothermally at

reduction conditions simulating different zones in the blast furnace.

2. Experimental Work

Representative technological samples for iron ore are collected from the Eastern
South Aswan. For reduction of iron ore, the thermobalance used for monitoring
weight change of samples consists of vertically tube furnace wound by kanthal
wire designed for attaining a maximum temperature of 1200°C. The temperature
was automatically measured and controlled by a Ni/Ni-Cr thermocouple con-
nected to a temperature controller with indicator (Heraus GmbH-1200°C). The
reaction tube, which is a sintered alumina tube of 60 cm long and 4.2 cm inner

diameter, is fitted inside the furnace.
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Before starting each reduction experiment, the glass towers are regularly re-
filled with fresh silica gel and soda lime then carbon monoxide was passed over
these towers to purify it from carbon dioxide and water vapors. Silica gel towers
were used for drying the carbon dioxide, hydrogen and nitrogen gases. The flows
of purified gases were measured by digital flow meters (SIERRA, Smart-Trak Se-
ries 100). The reduction processes were carried out at different temperatures si-
mulated for different zones in blast furnace as shown in Table 1.

For each reduction experiment, the furnace was heated up to the required re-
duction temperature, and then the sample was weighed and placed in the basket.
The sample was then gradually introduced into the furnace so as to avoid ther-
mal shock cracking and positioned in the middle of the furnace constant hot
zone. First, nitrogen at a flow rate of 1 liter/min was introduced. Then after the
sample soaking for 10 minutes at the reduction temperature, the reducing gas
mixtures at a total flow rate of 1 liter/min were introduced. The weight loss re-
sulted from oxygen removal from the samples was intervally recorded with time.
At the end of the experiment, the basket with the reduced sample was removed
and dropped by releasing its suspension wire from the balance, into a conical
flask containing acetone to prevent pyrophority of the reduced sample.

Ore was compacted into briquettes of 2 gm weight, 10 mm diameter and 7
mm height. The prepared briquettes were isothermally reduced by different ra-
tios of H,/CO/CO,/N, (Table 1) which closely represent the theoretical compo-
sition of gas mixture in different parts of blast furnace which calculated with a
mathematical model of blast furnace on the basis of mass and heat balance and
the chemical analysis of top gases [20] [21].

Samples were fired at 1000°C for 3 hours then isothermally reduced by the
same reduction conditions Table 1. Finally, the reduction extent is calculated
[22] [23] [24]. As reference experiment, sample is reduced at 1100°C by hydro-

gen gas (flow rate = 11/min.) to calculate the total oxygen content (w,),

W, = W — W
Reduction extent at time ¢ (R) is calculated as:
R =((w —w,)/w, =100

where,

w; = weight at zero time, w, = weight at time .

Table 1. The theoretical composition of gas mixture in different parts of blast furnace.

Gas composition, vol%
Different zones in blast furnace = Temp., °C

H, CcO CO, N,

8.1 45 0 55 Cohesive zone 1100
5.1 40 5 55 Thermal reserve zone 927
4.1 35 10 55 Top zone 700
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The characterization of Samples was carried out using X-ray diffraction analy-
sis at room temperature. The diffraction patterns were obtained by means of a
chart recording Philips PW (1790) X-ray diffractometer using copper (Ka) radi-
ation. The instrument was properly calibrated and adjusted with respect to the
X-ray source. A high voltage of 40 kV and anode current of 30 mA were chosen.
The connected Geiger Muller tube detector was adjusted to the order of one de-
gree/cm for identification purposes.

The interplanar spacing (d) was derived from the observed Braggs law:

2dsind=nA where (n=1) (1)

where A = 1.5405, is the wavelength associated with Cu Ka radiation used. The
relative intensity (//1,) was calculated for all lines in the obtained diffraction pat-
terns. X-ray fluorescence was used to obtain full chemical analysis of ore. Re-
flected light microscope (RLM) and Scanning electron microscope (SEM) were
used to examine the microstructure of the fired as well completely reduced sam-
ples.

The effect of reduction temperature and gas composition on the reduction
behavior were investigated.

3. Results and Discussion

3.1. Characterization of Ores

The characterization of high phosphorus iron ore was carried out using X-ray
diffraction analysis. It can be noticed that the iron ore sample mainly contains
hematite phase with total iron percent 55.7% beside some impurities such as
quartz, apatite [Ca;(PO,);F] and kaolinite as shown in Figure 1.

The complete chemical analysis of the iron ore used in the present work is

shown in Table 2. The analysis was carried out using XRF analyzer. The ore can
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Figure 1. XRD pattern of high phosphorus ore.
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Table 2. Chemical analysis of iron ore.

Oxides SiO, ALO; Fe,0; CaO K,0 MnO Na,0 MgO SO, TiO, P,0; BaO LOI
Wt% 7.759 3.479 78.894 1.93 0.089 0.2 0.149 0.856 0.13 0.268 1.13 0.09 4.4

be considered a medium grade with total iron content 55.7%. It has high content
of silica and phosphorus oxide. Basicity of ore (CaO + MgO)/(SiO, + ALO,) is
0.3.

3.2. Reduction Characteristics of Green Ores

The isothermal reduction curves of high phosphorus iron ore briquettes reduced
under different operation conditions of reduction temperatures and gas compo-
sition simulating different zones of iron blast furnace are given in Figure 2. For
each single reduction curve, the rate of reduction was highest at the early stages
and decreased as reduction proceeds till the end of reduction. The rate of reduc-
tion increases by descending from top zone gas mixture with its temperature to
cohesive zone gas mixture with its temperature. Such kind of phenomena can be
attributed to the difference in gas composition and reduction temperatures. It’s
well known that increasing ratio of H, and CO in the reducing gas mixture to-
gether with increasing reduction temperatures will enhance greatly the reduction
reactions. Reduction of green samples by top zone and thermal reserve zone gas
mixtures was not completed and stopped at about 35% and 70% reduction ex-
tent respectively.

The microstructure of reduced samples were examined by reflected light mi-
croscope as shown in Figure 3(a) and Figure 3(b). It was observed that the
sample reduced by top zone reduction conditions have large macro-pores and
few amount of micro-pores. On the other hand, the sample reduced by ther-
mal reserve zone reduction condition has many macro and micro pores dis-
tributed homogenously in its structure with greater amount of iron grains
Figure 3(b).

The whole effect of reduction conditions on the microstructures changes ac-
companying reduction processes can be observed in Figure 4. The microstruc-
ture of samples reduced by thermal reserve zone conditions compared with un-
reduced green samples show that hematite is well developed euhedral crystals
with the same size but apatite is massive and structureless grains of variable size.
Hematite grains are accumulated with each other with some micro- and ma-
cro-pores between them. After reduction, the grains shape were changed to

semi-sphere, semi-melted and connected to each other.

3.3. Investigation of the Firing Effect on Reduction Behavior of
High Phosphorous Iron Ore

X-ray diffraction analysis was carried out for fired samples. It can be noticed that
fired samples mainly contains hematite phase with crystalline size (41.5 - 82.6)

nm beside some Quartz, fayalite and calcium phosphate as shown in Figure

5(a).
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Figure 2. Reduction behavior of green samples in different zones of blast furnace.

Figure 3. Optical microscope images for samples reduced by different reduction condi-
tions. (a) Top zone; (b) Thermal reserve zone (x = 100).

Figure 4. FESEM images for. (a) Green sample; (b) Reduced sample at thermal reserve
zone conditions.

3.4. Reduction Characteristics of Fired Ore

The typical isothermal reduction curves of fired briquettes reduced under dif-

ferent zone conditions are given in Figure 6. For each single reduction curve, the
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Figure 6. Reduction behavior of fired ore in different zones of blast furnace.

rate of reduction was highest at the early stages and decreased as reduction
proceeds till the end of reduction. Two modes of reduction curves can be ob-
served, the first is the reduction curve in the top zone which shows incomplete
reduction temperature. By other words, the insufficient ratio of H, and CO in
the gas mixture together with relatively lower temperature lead to the formation
of hardly reducible phases such as magnetite and wustite. The second mode of
reduction curves is associated with samples reduced under thermal reserve and
cohesive zones. In these zones, the reduction reactions are going to completion

and 100% reduction extents are attained. The reduction rate of samples reduced
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at thermal reserve zone condition is slightly lower than that reduced at cohesive
zone condition. The reduction was almost completed after 150 min. but for top
zone conditions, the reduction rate is extremely lower than others, the reduction
extent reached 50% after 235 min. After reduction phosphorus is remained in
the form of calcium phosphate with metallic iron as main phase beside some
quartz and fayalite as shown in Figure 5(b).

All these reduction phenomena are confirmed by the microstructure exami-
nation. The microstructures of the unreduced fire samples and reduced samples
in the three zones are shown in Figure 7. It was observed that the unreduced
grains are most liked separated euhedral crystals accumulated with each other
forming clusters with some macro-pores between them Figure 7(a). For the
samples reduced by top zone conditions Figure 7(b), agglomeration between
grains increased with maintaining the shape of grains but deformation of grains
shape occurred and grains started to semi-melted and connected to each other
with some macro- and micro-pores distributed inside the structure for samples

reduced by thermal reserve zone conditions Figure 7(c).

3.5. Comparative Analysis

A comparative analysis is carried out between green and fired high phosphorus
iron ores in reducing atmosphere similar to that in iron blast furnace in order to
correlate the effect of different reduction parameters on the reducibility and mi-
crostructure changes during reduction processes. The typical reduction curves in
Figure 8 show clearly the effect of firing on the reducibility of iron ores. It can

be observed that the reduction curves of green and fired samples are almost

Figure 7. FESEM images for: (a) Fired ore; (b) Reduced at top zone conditions; (c) Re-
duced at thermal reserve zone conditions.
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congruent at the cohesive zone where all particles become melted due to high
reduction power of this zone. On the other hand at the thermal reserve zones
and top zone reduction conditions, the reduction rate of fired samples is greater
than green samples.

By examination the microstructure of green and fired iron ores reduced by
top zone conditions. For green samples, grains are relatively larger and accumu-
lated with each other with few macro-pores in the structure. On the other hand
for fired samples, accumulation increased forming clusters and leaving larger
macro-pores between them which facilitate access of reducing gas during reduc-
tion process. So, the reduction rate of fired samples is greater than unfired ones
as shown in Figure 9(a) and Figure 9(b).
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Figure 8. Reduction behavior of fired samples at different reduction conditions of blast
furnace. (a) Cohesive zone; (b) Thermal reserve zone; (c) Top zone.
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Figure 9. FESEM images for samples reduced at top zone conditions: (a) Green sample;
(b) Fired sample.
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4. Conclusions

* High phosphorous iron ore from the Eastern South Aswan region in Egypt
was isothermally reduced by different ratios of H,/CO/CO,/N, which closely
represent the temperature and the theoretical composition of gas mixture of
different zones of blast furnace.

* Green fired and reduced samples are characterized by X-ray diffraction (XRD),
X-ray fluorescence (XRF), optical microscope and field emission scanning
electron microscope (FESEM).

* The influence of reduction conditions on reducibility and morphology of
reduced samples were investigated.

* Samples were fired at 1000°C for 3 hours, then isothermally reduced by the
same reduction conditions.

* Fired samples mainly contain hematite phase with crystalline size (41.5 -
82.6) nm beside some quartz, fayalite and calcium phosphate.

* The comparative reduction behavior for green and fired briquettes was
demonstrated. The reduction curves of green and fired samples reduced at
cohesive zone conditions are almost congruent due to high temperature and
reduction power at this zone. So, the effect of firing can be hardly distin-
guished.

* The reduction rate of fired samples is greater than that for green samples
which confirmed by morphological examination of the reduced samples. For
green samples, grains are relatively larger and accumulated with each other
with few macro-pores in the structure. On the other hand for fired samples,
accumulation increased forming clusters and leaving larger macro-pores be-

tween them which facilitate access of reducing gas during reduction process.
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