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Abstract: Two strategies have been chosen for the exploitation of El-Gedida high-Mn iron ore containing 46.37 wt.% Fe and
7.53 wt.%Mn. The first one included magnetic roasting and subsequent low intensity magnetic separation. The second strategy
involved a blend process of the El-Gedida high-Mn iron ore with the Um Bogma manganese ore. The magnetic separation
failed to reduce the Mn content up to 4 wt.% and produced iron concentrate containing 52.15 wt.% Fe with a recovery of
94.47% and 6.45 wt.% Mn with a recovery of 71.95%. At this point, the magnetic separation is considered to be unsuitable
process for upgrading the high-Mn iron ore. Moreover, this physical separation supported the microscopic prediction regarding
the difficult liberation of iron minerals from manganese phase during the comminution process. On the other hand, blending
the high-Mn iron ore with the Um Bogma manganese ore at weight ratio of 1/6 (El-Gedida sample/Um Bogma sample)
produced a suitable mixture for making the ferromanganese alloys.
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1. Introduction

Egypt is endowed with huge amounts of mineral resources
among which the ironstone deposits located at the El-Gedida
mine, El-Bahariya Oasis, Western Desert, Egypt. This mining
area contains 126.7 million metric tons of iron ores that are
considered the only commercial oolitic ironstone in the
northern Africa and southern Europe [1]. These iron ore
deposits are the main iron raw material supplied for the
Egyptian iron and steel company, Helwan, Cairo; from 1973
until now. One million metric ton of the El-Gedida iron ore
suffers from the high content of BaO reported up to 36.87
wt.% [2]. The high percentage of BaO present in the iron ore
is considered one of the problems which face the production
of pig iron in the blast furnace at Helwan. Increasing BaO
present makes the reduction process more energy
consumption due to the high thermal stability of barite

(1580°C); moreover, the wundesirable barium content
decreases the quality of the produced pig iron [3]. The baritic
iron ore of El-Gedida mine was magnetically processed by
Farghaly [2]. He used the dry high intensity magnetic
separation together with reduction roasting and obtained final
product assaying 56.78 wt.% Fe and 1.61wt.%BaO at
recovery of 82.76% from a head sample containing 23.5
wt.% Fe and 34 wt.% BaO.

Besides the high content of BaO, the EI-Gedida iron ore is
faced with another challenge represented by the high content
of Mn reaching up to 7.66 wt.% [4]. This high-Mn iron ore is
reported at reserves 5.3 million metric tons [5]. The
concentration of Mn in the iron raw materials must be at
allowable content 4% [6]. The concentrations above 4%
definitely result in forming strong oxides of manganese that
influence the reduction process of iron oxides in the blast
furnace [7-9]. Little studies have dealt with the high-Mn iron
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ore of El-Gedida mine. Baioumy et al. [5] studied the high-
Mn iron ore located at Ghorabi mine (northeast the Bahariya
depression) in terms of mineralogy, geochemistry and origin.
The authors suggested a supergene origin for this ore type.
The present paper sheds the light on the origin of El-Gedida
high-Mn iron ore and suggeststwo strategies, separation and
blend processes,for exploiting this problematic iron ore. The
separation process endeavors to obtain iron concentrate with
Mn content < 4 wt.%, while the main aim of blend process is
to obtain suitable mixture for the manufacturing of
ferromanganese alloys. The proved reserves of Um Bogma
manganese ore, blend material, is 170 million metric tons
with high content of manganese reaching up to 89.51 wt.%
MnO, [10-12]. Hence, the reserves and Mn content of Um
Bogma manganese ore are indicators on the possibility and
economic potential of the blend process.

2. Materials and Methods

The used samples in the present study are represented by a
high-Mn iron ore obtained from the western side of El-
Gedida iron mine (Figurel) and a high grade manganese ore
obtained from the Um Bogma area, Sinai. The high-Mn iron
ore was petrographically studied using the reflected light
optical microscope.

The bulk mineralogy of iron and manganese ores was
determined using a Philips X-ray diffractometer (X’Pert
PRO-PAN) hosted at Assiut University, Egypt. The XRD
data was interpreted using X’Pert High Score Software. The
chemical composition of these ores was investigated using
XRF hosted at the Egyptian Geological Survey. For major
oxides, fused beads were prepared by mixing the powdered
samples with the flux (57% Li-tetraborate and 47% Li-
metaborate) at sample/flux ratio of 0.33/2.5 g. The process of
fusion was performed in platinum-gold crucibles. Loss on
ignition (L.O.I) was determined by heating the powdered
samples up to 1000°C for 6 hours.

—r—rrT TR

- . ey

Google Earth

Figure 1. Image satellite showing the location of high-Mn iron ore section at
the western wadi of El-Gedida iron mine.

Regarding the separation process, a representative sample
of the high-Mn iron ore was subjected to crushing and
grinding processes using jaw crusher and hammer mill. The
size reduction process was conducted in a closed circuit
along with mesh #100 (150um) until the whole sample

became-150um. Both comminution and sieving processes
were followed by magnetic roasting for converting iron
oxides and hydroxides to more magnetic phases (magnetite)
which enables the magnetic separation at low intensity
leaving behind the other non magnetic phases, manganese
minerals in the present case [13]. The roasting procedure
started with mixing 15g of the ground ore with 9g of coke
(reducing agent). The mixture was then heated up to 650°C
for 80 min. The roasted product was mineralogically
investigated to determine the efficiency of roasting process.
Afterwards, the separation process was performed for the
roasted sample (15g) using wet low intensity magnetic
separator adjusted at 120 Am and 150 V. Both magnetic and
non magnetic fractions were chemically assayed for iron and
manganese contents.

Besides the magnetic separation, the blend process is
considered the second strategy for converting the El-Gedida
high-Mn iron ore from problematic ore to a commercial
material can contribute to the manufacture of ferromanganese
alloys. For performing this process, 200 g representative
sample of the Um Bogma manganese ore was ground to the
same size as El-Gedida high-Mn iron ore (-150 pm). The
mixing process was carried out at five weight ratios of El-
Gedida high-Mn iron ore/ Um Bogma manganese ore (1/2,
1/3, 1/4, 1/5 and 1/6). The efficiency of mixing process was
monitored by performing chemical analyses for each weight
ratio.

3. Results and Discussion
3.1. Microscopic Characterization

Hematite, the chief iron mineral in the studied samples, is
found as agglomerated granules, pellets, or idiomorphic
crystals ranging from 0.3t00.65mm in size. The interstitial
spaces between hematite grains are frequently infilled with
goethite or pyrochroite (Figure 2.a). Occasionally, alteration
rims of cryptomelane are observed around hematite grains
(Figure 2.b). Also, cryptomelane has been reported as
connected network inside some hematite grains (Figure 2.c)
and botryoidal masses inside a groundmass of hematite
(Figure 2.d).

Besides its role in identifying the mineral phases, the
optical microscope can predict the liberation degree of
mineral deposit by studying the nature of grain boundaries
between the different mineral phases of such deposit. This
prediction of liberation degree can contribute to save the
energy consumed during the mineral processing operations
[14]. The high-Mn iron ore shows intergranular and net-like
textural relationships between iron and manganese minerals.
These textural relationships refer to the probability of
difficult liberation during the comminution process [15-16].

3.2. Mineralogical Characterization

Interpretation of XRD patterns of the high-Mn iron ore
(Figure 3.a) indicates the iron minerals are represented
hematite and goethite, while the Mn phases are represented
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by cryptomelane, pyrochroite, bixbyite and rhodochrosite.
Also, traces of quartz and glauconite were detected. On the
other side, the Um Bogma manganese ore is composed of

psilomelane and pyrolusite with small quantities of hematite,
quartz, halloysite and barite (Figure 3.b).

Figure 2. Photomicrographs showing an intergranular locking between hematite pellets (light grey) and pyrochroite (medium grey) (a), fibrous rims of
cryptomelane (white) around the perpheries of hematite grains (bluish grey) (b), net-like locking between cryptomelane (white) and hematite (brownish grey)
(c), and botryoidal masses of cryptomelane (white) cemented by hematite-rich groundmass (brownish grey) (d).
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Figure 3. XRD patterns of El-Gedida high-Mn iron ore (a) and Um Bogma manganese ore (b).

3.3. Chemical Characterization

As listed in Table 1, the chemical analysis of El-Gedida
high-Mn iron ore reveals that the total contents of iron and
manganese are 46.37 wt.% Fe and 7.53 wt.% Mn,
respectively. According to Pihura et al. [6], the maximum
content of manganese in iron ores exploited for the
steelmaking must not be more than 4wt.%Mn. The high
content of manganese in the studied iron ore will cause
increasing the consumed quantity of coke during the
reduction process and a detrimental effect on the productivity
and life time of the blast furnace [17]. So, the studied high-
Mn iron ore is not suitable for the direct metallurgical
exploitation. On the other side, the Um Bogma manganese
sample contains 65.0 wt.% Mn and 2.11 wt.% Fe. The slag
components (SiO,+Al,05) are reported at 1.11 wt.% for the
high-Mn iron ore and 1.33 wt.% for the Um Bogma
manganese ore. The contents of P,Os are 0.11wt.% and 0.07
wt.% for the El-Gedida iron ore and Um Bogma sample,
respectively. Also, the contents of SO; are low and reported

as 0.90 wt.% and 0.06 wt.% for the El-Gedida iron ore and
Um Bogma manganese ore, respectively.

Table 1. Chemical analyses of El-Gedida and Um Bogma head samples.

Oxides (100%) El-Gedida sample Um Bogma sample
Si0, 1.03 0.88
TiO, 0.06 0.54
AlLO; 0.08 0.45
MnO 9.72 88.93
Mnyetal 7.53 68.87
Fe,03 66.29 3.01
Fe ttal 46.37 2.11
MgO 0.26 0.29
CaO 4.65 0.43
Na,O 1.85 0.49
K>,O0 0.18 0.86
P,0s 0.11 0.07
SOs 0.90 0.06
Cl 248 0.08
LO.L 12.00 3.85
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3.4. Magnetic Separation

The mineralogical analysis of the roasted iron ore sample
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refers to the complete transformation of hematite to
magnetite, with further converting the produced magnetite to
wustite (Figure 4).

Mg ---- Magnetite

Wt ---- Wustite

Rh ---- Rhodochrosite
Cp ---- Cryptomelane

Bx ---- Bixbyite
Pr ---- Pyrochroite
Qt ---- Quartz

Gt ---- Glauconite

Figure 4. XRD pattern of the roasted sample of El-Gedida high-Mn iron ore.

After roasting, the separation process of El-Gedida high-
Mn iron ore produced magnetic and nonmagnetic fractions.
The magnetic fraction accounts for 84wt.% of the roasted
sample and contains 52.15 wt.% Fe with a recovery of
94.47% and 6.45wt.%Mn with a recovery of 71.95%, as
shown in Table 2. The non-magnetic fraction comprises 16
wt.% of the roasted sample and contains 15.4
wt.%Feand12.89wt.%Mn. The iron content present in the

non-magnetic fraction can be attributed to the further
conversion of magnetite to wustite that is well known with its
diamagnetic property [2]. However, the process of magnetic
separation resulted in a magnetic fraction that contains
manganese above the tolerant concentration. Thus, the
separation process is unsuitable method for converting the
high-Mn iron ore from invaluable material to commercial
raw material.

Table 2. Chemical assay of the magnetic fraction obtained from the high-Mn iron ore.

Sample Oxides (100%)
Magnetic SlOz T102 A1203 Mnml Fe total MgO CaO NaZO Kzo P205 SOg L.O.L.
fraction 1.77 0.04 0.45 6.45 52.15 0.46 1.52 0.23 0.02 0.02 0.07 12.2

3.5. Blend Process

The blend process of high-Mn iron ore with the Um
Bogma manganese ore aims at upgrading the content of
manganese in the final mixture to be a suitable raw material
for ferromanganese alloys. Manganese alloys are required for
steelmaking due to the role of manganese in sulfur-fixing that
prevents the formation of a liquid iron sulfide at the grain
boundaries, in addition to other aspects such as deoxidizing

[18]. To attain the suitable blend ratio for the production of
high carbon ferromanganese alloys, the contents of Fe and
Mn, Mn/Fe ratio, slag components (Al,0O;+SiO,) and the
concentrations of sulfur (SO;) and phosphorous (P,0s) must
be taken into account [19-21].

As illustrated in Table 3, the manganese content of the
mixture gradually increases with increasing the blend ratio,
and vice versa for the content of iron. For instance, the assay
of mixture at weight ratio of 1/2 (El-Gedida sample/Um
Bogma sample) reveals 46.64 wt.% Mn and 17.61 wt.% Fe



American Journal of Energy Engineering 2016; 4(4): 34-39 38

with Mn/Fe ratio 2.64/1, whereas the weight ratio of 1/6 (El-
Gedida sample/Um Bogma sample) leads to a mixture
containing 55.68 wt.% Mn and 9.13 wt.% Fe with Mn/Fe
ratio 6.09/1. Considering slag components, the weight ratio
1/2 (El-Gedida sample/Um Bogma sample) results in a
mixture containing 0.46 wt.% Al,O; and 0.87 wt.% SiO,,
whereas the weight ratio of 1/6 (El-Gedida sample/Um
Bogma sample) produces a mixture containing 0. 79 wt.%
Al,O; and 0.74 wt.% SiO,. For phosphorous, the blended
sample at weight ratio of 1/2 (El-Gedida sample/Um Bogma
sample) contains 0.09 wt.% P,0Os, while the blended one at
the ratio 1/6 (El-Gedida sample/Um Bogma sample) contains
0.06 wt.% P,0:s.

The market survey on manganese ore issued by the Indian
Bureau of Mines [19] includes standard specifications for the
raw materials exploited for the high carbon ferromanganese
alloys. According to these specifications, the maximum
content of Fe must not exceed 15%, while the minimum
content of Mn must be 38%. The proper Mn/Fe ratio for the
ferromanganese alloys starts at 6.0. Moreover, the sum of
slag constitutes (Al,O;+Si0,) must not increase more than
8% in the raw materials. Also, the maximum content of
phosphorous in the blended ores is recommended to be
0.16% P,0Os, while the maximum concentration of sulfur is
tolerant at 0.14% SO;. As listed in Table 3, the weight ratio
1/6 is considered to be a desirable ratio at which it can be
obtained a proper mixture for the manufacture of high carbon
ferromanganese alloys. Thus, the high-Mn iron ore of El-
Gedida mine can be of economic potential as blend material
with the Um Bogma manganese ore.

Table 3. Chemical assays of the blend ratios.

Major oxides _ Blend ratios (El-Gedida sample/ Um Bogma sample)

(100%) 1/2 1/3 1/4 1/5 1/6
SiO, 0.87 0.85 0.80 0.79 0.74
AlLO; 0.46 0.51 0.62 0.71 0.79
MnO 63.51 69.42 74.12 76.64 78.24
Fe, 03 25.17 20.20 16.18 14.85 13.05
MgO 0.21 0.26 0.29 0.34 0.38
CaO 1.94 1.54 1.39 1.22 0.96
Na,O 1.35 0.99 0.86 0.76 0.62
KO 0.75 0.79 0.85 0.88 0.94
P,0s 0.09 0.08 0.07 0.06 0.06
SO3 0.25 0.19 0.16 0.14 0.11
Cl 0.98 0.85 0.71 0.59 0.37
L.O.1 4.41 4.30 3.92 3.01 3.77

5. Conclusion

i. Microscopic investigations of the high-Mn iron ore
revealed the complexity of interlocking between iron and
manganese minerals, resulting in difficult liberation during
the size reduction process.

ii. Magnetic separation of the high-Mn iron ore produced
iron concentrate that contains 52.15 wt.% Fe and undesirable
Mn content (6.45 wt.%) for steelmaking at the Egyptian Iron
& Steel Company, Cairo. Hence, the magnetic separation is
unsuitable for exploiting the high-Mn iron of El-Gedida iron

mine.

iii. Results of magnetic separation support the prediction
of microscopic studies regarding the difficult liberation of
iron minerals from manganese phases.

iv. Blending the high-Mn iron ore with Um Bogma
manganese ore at weight ratio of 1/6 (El-Gedida sample/Um
Bogma sample) resulted in a mixture containing 55.68 wt.%
Mn and 9.13 wt.% Fe with Mn/Fe ratio 6.09/1. The chemical
characterization of this mixture at weight ratio of 1/6 is
consistent with the standard specifications issued by the
Indian Bureau of Mines (2014) for the production of
ferromanganese alloys. Thus, the blend process is considered
the effective method for exploiting the high-Mn iron ore of
El-Gedida mine.
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