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Abstract
In this study, a high-phosphorus oolitic iron ore containing 44.70% Fe and 1.56% P from western Hubei of China was 
collected as the sample. The chemical composition, mineral composition, structure characteristics, dissemination char-
acteristics, and iron and phosphorus occurrence state were carried out to investigate the mineralogical characteristics of 
the high-phosphorus oolitic iron. The results show that the high-phosphorus oolitic iron ore is a chemical sedimentary 
iron ore, mainly composed of oolite (more than 60%). Specifically, the ooids consists of oolite nuclei, collophanite girdles, 
and hematite and limonite girdles; the detritus is composed of fine-grained hematite and quartz feldspar; and cement 
is composed of carbonate minerals and worm-like hematite. The iron concentrate consists of iron-rich oolite and some 
hematite. The iron-bearing minerals in the oolite are mainly hematite, limonite, chlorite, and collophanite, and a close 
relationship between the hematite-limonite in the oolites and the iron-containing chamoisite can be observed. Upgrad-
ing iron and removing phosphorus from the high-phosphorus oolitic iron ore will be difficult by physical beneficiation.
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1 Introduction

Oolitic hematite generally forms large sedimentary iron 
ore deposits, such as those in the underground iron 
mines of France (Lorraine), and in the United States (Clin-
ton) [1–3]. Oolitic hematite, as its name suggests, is char-
acterised by its oolitic structure, leading to the fine dis-
semination of grains. During the process of mineralisation, 
hematite-limonite, quartz, and clay gangue minerals are 
generally wrapped in irregular shell-like layers from the 
centre of the oolite, forming a multi-layered structure [4, 
5], where no obvious boundary exists between the iron 
mineral layers and gangue layers, but there is a transitional 
distribution, in addition to the fine dissemination of grains 
of the iron mineral and gangue minerals in such iron ores.
With the degree of dissociation of iron mineral monomers 

of 85%, the common diameter of mineral particles is up to 
about 20 μm, which has been beyond the ability of cur-
rent beneficiation equipment, and has led to difficulty in 
the separation of oolitic hematite [5–7]. Major producing 
areas of high-phosphorus oolitic iron ore are distributed 
in North America, Northern Europe, Australia, Saudi Ara-
bia, and the Yangtze River region in China [6–8]. These 
phosphorus-containing weakly magnetic iron ores can be 
divided into hydrothermal iron ores and sedimentary iron 
ores. The phosphorus in the former type mainly exists in 
the form of apatite, whereas that in the latter type mainly 
exists in the form of oolitic collophanite, and a close rela-
tionship can be found between these minerals and iron 
minerals [9–11].

In addition, these minerals are often attached to the 
edge of iron oxide mineral particles, or are embedded in 

 * Xiao Junhui, xiaojunhui33@163.com | 1Sichuan Provincal Engineering Laboratory of Non-Metallic Mineral Powder Modification 
and High-Value Utilization, Southwest University of Science and Technology, Mianyang 621010, China. 2The State Key Laboratory 
of Refractories and Metallurgy, Wuhan University of Science and Technology, Wuhan 030192, China. 3Key Laboratory of Ministry 
of Education for Solid Waste Treatment and Resource Recycle, Southwest University of Science and Technology, Mianyang 621010, China.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-2871-4&domain=pdf
http://orcid.org/0000-0002-1256-2196


Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1051 | https://doi.org/10.1007/s42452-020-2871-4

quartz or carbonate minerals, with a small amount of iron 
minerals in the lattice of iron minerals [12–14]. Apatite 
crystals, mainly in pillar, acicular, or aggregated shapes or 
in the form of dispersed particles, are embedded in iron 
minerals and gangue minerals, and are characterised by 
their fine granularity. Some are refractory iron ores with 
granularity of less than 2 μm, resulting in difficulty in their 
separation [15–18].

From 2008 to 2018, China’s iron and steel industry con-
tinued to increase its iron ore external dependence, reach-
ing more than 60%. In order to support the rapid growth of 
steel output, the amount of iron ore, the main raw material 
of iron making, must also increase rapidly. Oolitic hema-
tite is an important potential iron ore resource. There are 
about 4 billion to 5 billion tons of reserves in China, about 
14 billion tons of reserves in Europe, and corresponding 
resources have been reported in the United States, Egypt 
and other countries. However, a large number of high 
phosphorus iron ore has not been used. The high phos-
phorus iron ore of phosphorus mainly fluorapatite form 
apatite or carbon and other mineral paragenesis, dissemi-
nated in iron ore particles of edge, embedded throughout 
silica or carbonate minerals, a small amount of occurrence 
in iron content in the lattice, and apatite disseminated 
extent is smaller, some even under 2 m (including physical 
separation method is difficult to separate, belongs to the 
ore difficult to choose. However, China’s high-phosphorous 
iron ore has a high grade of raw ore iron (the mass frac-
tion is about 45%, far higher than the average iron grade 
of China’s iron ore 32.6%, large reserves (accounting for 
14.86% of the total reserves, about 7.45 billion therefore, it 
is of great significance to solve the problem of the utiliza-
tion of high-phosphorous iron ore to solve the supply of 
iron ore resources and the development of iron and steel 
industry in China.

Because oolitic hematite embedded fine grain, In 
order to make its monomer dissociation, fine grinding is 
required. It is difficult to recover iron and decrease phos-
phorus using conventional methods. At present, the iron 
ore processing process as follows:

1. Shaft furnace roasting
The shaft furnace that roasts hematite ore for mineral 

processing is a large-scale industrial kiln, which can be cat-
egorized as thermal equipment. It is used to turn weak-
magnetic mineral ore into strong-magnetic ore through 
a technical process named magnetization roasting. The 
magnetization roasting process of hematite or specular-
ite ore inside the shaft furnace can be divided into four 
phases, namely, the orefeeding, ore preheating, heating, 
reduction, cooling and discharge.

2. Rotary kiln roasting
With the slow rotation (0.4 -1.0 r/m) of the rotary kiln, 

the hematite or specularite within iron ores are first heated 

in countercurrent with the hot off-gas from the burner, 
and then reduced to magnetite by reducing gas CO, which 
is generated from the Boudouard reaction. Namely, when 
solid reducing agents (such as coal) were used,  CO2 gener-
ated in the reduction reactions subsequently reacted with 
the solid carbon to produce more CO. Boudouard reaction 
is an endothermic reaction, which means increasing tem-
perature enables the Boudouard reaction to occur as fast 
as possible, thus causing a high CO partial pressure and an 
accelerated magnetic reduction of hematite or specularite.

3. Fluidized bed roasting
In the fluidized bed furnace, the solid material to be 

roasted is shaken up by an upward current of gas which 
maintains the individual particles in suspension. Precise 
adjustment of the velocity of the gas to the grain size and 
the specific weight of the material to be roasted makes it 
possible to generate a floating mixture of gas and solids 
which behave almost like a liquid. The process is reported 
to have the following advantages over the other roast-
ing techniques: ease of control due to absence of moving 
parts within the reactor, homogeneity of discharge prod-
ucts, ability to handle fine particles (<0.8 mm) and high 
efficiency of heat transfer and mass transfer.

4. Microwave assisted roasting
Microwave roasting is a new field of magnetization 

roasting research. It is unique and different from conven-
tional heating. Microwave is a non-ionizing form of elec-
tromagnetic wave with frequency ranging from 300 MHz 
to 300 GH, which can be absorbed by dielectrics. Thus, 
microwave radiation roasting is also referred to as dielec-
tric heating. The interaction of dielectric minerals (such as 
siderite, hematite, limonite and pyrite) with microwave 
radiation results in dielectric minerals heating due to the 
ionic conduction and dipolar rotation in dielectric min-
erals induced by alternating microwave electromagnetic 
field. Compared with conventional roasting techniques 
(shaft furnace roasting, rotary kiln roasting et al.), micro-
wave radiation roasting is unique and offers a number of 
advantages such as rapid heating, noncontact heating, 
material-selective heating, volumetric heating and non-
pollution. Furthermore, findings of recent investigations 
revealed that microwave assisted heating had a significant 
influence on the magnetic properties of iron ores, such as 
hematite, pyrite, ilmenite, and siderite [19].

Therefore, it is of great practical significance for this 
study to carry out mineralogical research on high-phos-
phorus iron ore in Hubei province of China and provide 
mineralogical research guidance for the exploitation of 
high-phosphorus iron ore resources in this region.
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2  Materials and method

2.1  Sampling

In Badong County, Hubei Province, the morphology of 
high-phosphorus oolitic iron ore body is mainly influ-
enced by sedimentary environment. According to the 
engineering control, orebody lying in the long axis of the 
north shows the belt shape in the northeastern direc-
tion. The northwest side of the orebody, due to its loca-
tion in the sedimentary margin, shows irregular wavy 
shape. The southeast side of the orebody boundary, 
compared with that of Dengjia, Kuangdong and Jinshi, 
is presumed to extend to the southeast. The orebody 
occurrence is generally influenced by the shape of Hejia-
ping anticline. The southeastern wing of the anticline 
is in the shape of a half-box fold from Taohua to Feng-
zhuping. The northwestern side of half-box folded ore-
body is gently inclined, while the southeastern side is 
inclined steeply. The orebody occurrence is consistent 
with that of strata. The dip angles of the northwester 
wing and the southeastern wing of the gently inclined 
orebody are 10°–25°and 10°–30° respectively. And the 
dip angle of steep inclined orebody is more than 80°, 
with some parts inversed. Resources of orebody: In 2006 
and 2007, the gently inclined orebodies of 331, 332 and 
333 contain 22.3 million, 26.42 million and 5.96 mil-
lion tons of resources respectively, with a total of total 
of 54.68 million tons; and the steeply inclined orebody 
of 333 contains 12.27 million tons. The total amount of 
various resources in the orebody is 66.75 million tons. In 
2008, 40.93 million tons of resources will be anticipated. 
Therefore, with a total amount of 1076.8 million tons of 
resources, this orebody is considered as a large ore body 
[20, 21].

The experimental sample was some sort of High-Phos-
phorous Oolitic Iron Ore from Badong County of west-
ern Hubei Province, collected by using groove sampling 
method from the underground tunnel, with particle size 
in the range of 150–0 mm (part of 200 mm). The sample 
was crushed by double–roll crusher to less than 30 mm 
after coarse crushing, fine-crushing and division.

2.2  Methods

The chemical composition of solid materials was ana-
lyzed by Z-2000 atomic absorption spectrophotometer 
(Hitachi Co., Ltd.), the diffraction grating was Zenier-tana 
Type, 1800 lines /mm, the flash wavelength was 200 nm, 
the wavelength range was 190– 900 nm, the automatic 
peak seeking setting, and the spectral bandwidth was 

divided into 4 grades (0.2, 0.4, 1.3, and 2.6 nm) for the 
analysis of mineral chemical composition. The phase 
composition of solid substances was analyzed by X-ray 
diffraction (XRD, X Pert pro, Panaco, The Netherlands). 
The microstructure of the solid products was observed 
by SEM (S440, Leica Cambridge LTD, Germany) equipped 
with an energy dispersive X-ray spectroscopy (EDS) 
detector (UItra55, CarlzeissNTS GmbH, Germany). Polar-
ised light microscopy was performed using a BK-POL 
reflected polarising microscope produced by Chong-
qing Optec Instrument Co., Ltd, and chemical composi-
tion was analysed by means of polarised light micros-
copy, mineral phase, energy spectrum, and electron 
probe analysis. Electron probe microanalysis (EMPA) was 
used to determine the contents of major elements of 
distinguishable single minerals in the ore samples. The 
instruments used for examination include electronic 
probe microscopic analyzer (EPMA) plus energy disperse 
spectroscopy (Mode: J XA-8230/INCAX-ACT) produced 
by JEOL Ltd.

3  Results and discussion

3.1  Mineral composition

3.1.1  Minerals

The main mineral found in the ore is hematite, which 
accounts for more than 90% of the ore, and a few sider-
ites can occasionally be found. Hematite belongs to 
the trigonal system of oxide minerals, and exists either 
in cryptocrystalline form or in the form of oolite. The 
granularity of the oolite generally ranges from 0.15 to 
0.80 mm, typically around 0.45 mm. Some oolites con-
sist of non-(hidden) crystalline hematite, and no signifi-
cant circular structure can be observed, whereas others 
are characterised by a girdle structure with hematite 
at the core, and chlorite and hematite are sometimes 
wrapped together on the outer layer. Compound oolites, 
which account for about two-thirds of the total, gener-
ally occur in 3–7 layers, where the thickness of each 
layer is less than 0.01 mm. Most oolites are composed 
of non-(hidden) crystalline hematite. The phase analysis 
results are as follows: more than 98.86% hematite and 
<0.39% iron silicate. Siderite, occasionally found in the 
ore, is a mineral composed of rhombic crystal system 
carbonate, mostly existing in the form of automorphic 
crystals. It is characterised by its fine and even granular-
ity of <0.05 mm. Siderite is commonly embedded in the 
hematite matrix, and comprises less than 0.57% accord-
ing to the phase analysis results.
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3.1.2  Gangue minerals

The gangue minerals in the ore are mainly quartz, with cal-
cite, dolomite, chlorite, hydromica, and collophanite. The 
quartz represents terrigenous clasts, mostly sub-angular in 
shape, with granularity distributed in the 0.015–0.23 mm 
range, generally around 0.075 mm. It is extremely une-
venly distributed in the ores, sometimes existing in the 
form of strips; they are mostly scattered in cryptocrystal-
line hematite, although a few are dispersed in calcite, or 
cemented with calcite, quartz, dolomite, and other hybrids 
in hematite oolites. The proportion of  SiO2 contained in 
the ore is less than 13.41%. The calcite mostly exists in 
the form of automorphic crystal particles, generally with 
granularity of 0.045–0.075 mm. Some of these particles 
are cemented by aphanitic hematite, whereas others, with 
contents of less than 5%, are cemented into the oolitic 
hematite with quartz. Chlorite is mainly distributed in 
the oolitic layers, whose thickness is generally less than 
0.01 mm, although some chlorite crystals are distributed 
in the pores of the cement, with contents of less than 0.5%. 
Hydromica is sparsely distributed in the iron ore matrix, 
existing in the form of microscopic lepidosomes with a 
granularity of less than 0.005 mm. Collophanite is an amor-
phous mineral that is radial and granular in shape, and 
exists in isolated irregular massive form, where the quartz 
and hematite particles are often wrapped, with a grain size 
of 0.2–1.2 mm. The collophanite sometimes forms layered 
oolite with hematite, with a few thin layers. Pyrite was 
sparse in the iron ore; only one or two pieces of anhedral 
pyrite with granularity of less than 1 mm were observed.

3.1.3  Structure and shape

(1) Structure
The ore is mainly characterised by a bean oolitic 

structure (in Fig. 1) and oolitic sand structure. The bean 
oolitic structure is a concentric girdle with an alternating 

arrangement of certain amounts of chlorite, hydromica, 
dolomite, and hematite, and is round, sub-rounded, and 
oval in shape,respectively. Ambiguous surface or lepido-
crocite reaction can occasionally be observed because 
of the recrystallisation effect. There are also a few quartz, 
siderite, magnetite, gravel, and chert particles filled 
between these particles. The granularity of the ore with 
bean oolitic structure generally ranges from 1 to 3 mm, 
with oolites 0.6–0.8  mm in size, whereas the gravel is 
larger than 15 mm. The ore exists in the form of a porous 
cemented structure that is particle-supported.

Oolitic sand structure: Oolite with homocentric layers 
is formed by hematite associating with hydromica, chlo-
rite, and other components of mudstone, but no internal 
structure can be observed. A few quartz grains are sub-
angular or sub-circular in shape, siderite is characterised 
by its automorphic shape, and most chert is irregular and 
massive. Magnetite is irregular compared with hematite, 
and is characterised by its uneven distribution and general 
granularity distribution in the 0.6–1.3 mm range.

(2) Shape
The shape is mainly divided into banded and massive 

shapes. Some ores in the banded shape often appear at 
the top of the ore body, and are composed of hematite 
strips and purple-red iron powder-containing sandy and 
muddy strips, whereas others appear in the lower part of 
the ore body, and consist of purplish-red thin muddy lay-
ers with lenticular and layered hematite. The massive ore 
shape is distributed in the middle of the ore body, charac-
terised by its bean structure in the middle and upper parts, 
and oolitic and sandy colloidal structure in the middle and 
lower parts.

3.1.4  Chemical composition

The main chemical composition analysis results for the 
crude ore are shown in Table 1, the iron phase analysis 
results for the crude ore are shown in Table 2, and the 

Fig. 1  Hematite (a hematite 
with oolitic structure; b mas-
sive hematite ore with bean 
oolitic structure)
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results for the main mineral composition, granularity, and 
contents are shown in Table 3. 

3.2  Dissemination characteristics of crude ore 
minerals

3.2.1  Hematite

For single-crystal hematite and hematite aggregates, 
the granularity of hematite aggregates in the ore was 

0.002–0.5 mm, and hematites with grain sizes of more 
than 0.1 mm were few; 80% were smaller than 0.074 mm. 
These hematite were relatively pure, accounting for 
9.35% in the ore. SEM images and the EDS composition 
analysis of hematite in the oolite are shown in Fig. 2, and 
the electron probe composition of the hematite is shown 
in Table 4.

The average content of FeO in the hematite accounted 
for 89.00%, whereas the mineral contents of single-crys-
tal hematite and hematite aggregates in the ores only 
accounted for 9.35%, with 80% of the grains smaller than 
0.074 mm, but the minerals were relatively pure, with 
high iron contents and granularity within the effective 
magnetic separation and flotation range, which plays an 
important role in improving iron ore grade.

Table 1  Main chemical 
composition of the crude ore 
(wt.%)

TFe P S F SiO2 Al2O3 CaO K2O Na2O C H2O+ V2O5 MgO

44.70 1.56 0.05 0.16 13.58 6.56 5.63 0.40 0.071 0.86 2.89 0.091 1.26

Table 2  Iron phase analysis of the crude ore (wt.%)

TFe Magnetite Iron oxide Siderite Pyrite Ferrosilite

44.976 0.041 43.980 0.690 0.105 0.160

Table 3  Composition, 
granularity, and contents of 
sample

Type Minerals Granularity(mm) Content (wt.%)

Min Max Average

Sulfide Pyrite 0.002 1 0.03–0.2 0.24
Metallic minerals Magnetite 0.01 1 0.05–0.35 0.34

Hematite 0.002 0.8 0.01–0.5 9.35
Hematite-Limonite 0.02 0.5 0.05–0.25 62.65
Siderite 0.001 1 0.01–0.3 1.15

Gangue minerals Chlorite(clay mineral) 0.001 0.08 0.005–0.05 9.66
biotite 0.05 1 0.1–1.5 0.54
Calcite 0.05 1 0.1–0.4 0.87
Dolomite 0.05 1.5 0.1–0.3 0.64
Quartz 0.05 0.3 0.11 8.36
feldspar 0.005 1.5 0.02–0.1 0.97

Chlorite Collophanite 0.05 0.6 0.1–0.3 5.23

Fig. 2  SEM images and EDS composition analysis of hematite in oolite



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1051 | https://doi.org/10.1007/s42452-020-2871-4

3.2.2  Hematite‑limonite

In addition to the 9.35% of single crystal hematite and 
hematite aggregates in ores, 62.65% is composed of hem-
atite, chlorite, limonite, and clay to form oolite. The oolite, 
the main component of the ores, is composed of hematite, 
chlorite, and a small amount of collophanite in the chemi-
cal sedimentary crude iron ores. Hematite and chlorite in 
the oolite are characterised by their fine granularity and 
close dissemination.

The original state of the oolite formed in the iron ore 
was basically maintained because of the lack of crustal 
movement and later magmatic transformation. In terms 
of the process, the oolite, mainly composed of hematite-
limonite, was the main target for iron selection. Because 
the oolitic particles with granularity larger than 0.1 mm 
account for more than 90%, the fineness of the grinding 
can be reduced, contributing to reduced loss of mud yield 
and iron.

(1) Average iron content in hematite-limonite.

Most hematite-limonite occurs in the oolite, where a 
quartz nucleus can be found in most ooids. The chemical 

compositions of the oolite, iron-rich oolite, and lean-iron 
oolite (%) are shown in Table 5.

Most quartz nuclei in these oolites can be dissociated 
by monomers after being broken up. A representative ooid 
in the ore was tested by means of electron probe analysis 
to measure the iron content. The electron probe compo-
sition of hematite-limonite (%) is shown in Table 6. The 
results show the hematite-limonite accounting for 62.65% 
of the ore taken as a target for separation, and its theoreti-
cal iron ore grade is up to 56.19%.

(2) Occurrence state of hematite-limonite in oolites.

Table 4  Electron probe 
composition of the hematite 
(wt.%)

Position Al2O3 SiO2 FeO MgO CaO Totals

P1 0.811 0.969 88.890 0.013 0.082 90.765
P2 0.841 0.955 88.822 0.003 0.081 90.702
P3 0.927 0.877 89.283 0.001 0.072 91.16
Average 0.859 1.004 88.998 0.005 0.078 90.944

Table 5  Chemical compositions of oolite, iron-rich oolite, and lean-
iron oolite (%)

Minerals Fe FeO P2O5

Oolite 48.34 3.65 3.49
Iron-rich oolite 51.19 3.09 3.03
Lean-iron oolite 41.80 0.00 3.92

Table 6  Electronic probe 
composition of hematite-
limonite (wt.%)

Position TiO2 MgO SiO2 Al2O3 CaO K2O MnO Fe

P4 0.11 0.91 9.59 7.79 0.02 0.00 0.00 60.37
P5 0.15 0.52 7.51 5.43 0.11 0.00 0.03 63.83
P6 0.19 0.75 7.84 5.69 0.72 0.00 0.00 62.76
P7 0.03 2.85 18.97 17.47 0.12 0.00 0.09 44.74
P8 0.12 2.08 16.25 39.8 2.22 0.00 0.00 29.27
P9 0.19 0.14 4.35 2.98 0.05 0.00 0.04 68.27
P10 0.08 1.5 13.52 13.73 0.26 0.00 0.01 52.47
P11 0.18 0.34 4.53 3.17 0.09 0.00 0.00 67.85
Average 0.13 1.14 10.32 12.01 0.45 0.00 0.02 56.19

Fig. 3  Oolite with quartz nuclei
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The hematite-limonite in the form of oolite accounts for 
64.26% of the total ore sample. Thus, the morphology of 
hematite in the oolite, the granularity of single-crystal 
hematite and aggregates, and the dissemination charac-
teristics of other minerals including quartz (Fig. 3), collo-
phanite, and chlorite have strong influence on beneficia-
tion. The hematite-limonite in oolites with concentric and 
oval particle shapes is closely embedded with limonite, 
chlorite, collophanite, dolomite, and clay minerals, which 
have fine granularity of 0.X–100 μm. Among them, hema-
tite is commonly found, for which granularity of larger 
than 20 μm may account for 20%.

According to the characteristics of the oolites observed 
under the microscope (Fig. 4), unevenly distributed iron 

minerals, which are composed of hematite and limonite 
in the oolite, can be found; under the microscope, some 
oolites were hard and dark brown in colour, whereas some 
were loose and brown. Oolite, iron-rich oolite, and lean-
iron oolite were randomly chosen for chemical analysis, 
and the results show that the difference in iron content 
between iron-rich oolite and lean-iron oolite is close to 
10%.The element surface scan images of iron-rich oolite 
and lean-iron oolite in Fig. 5 show that many oolites have 
hematite cores. In addition, hematite and quartz, as well 
as collophanite, are distributed in the oolites.

(3) Mineral distribution of iron in oolites.

The iron-bearing minerals in the oolites are mainly hem-
atite, limonite, chlorite, and collophanite. As shown in 
Fig. 6, the upper part represents FeO, whereas the lower 
part shows collophanite. The SEM and EDS images of the 
components show that the positions and homogeneity of 
Fe, Si, and O are consistent with the mixture of hematite-
limonite and chlorite, and a close relationship between 
the hematite-limonite in the oolite and the iron-bearing 
chlorite.

The scanning electron microscopy results show that 
the electron image is consistent with the observation and 
analysis under the microscope. (FeOOH·H2O), Goethite, 
esmeraldite, lepidocrocite and hydrolepidocrocite, water-
rich iron hydroxide gelation, aluminium hydroxides, water-
containing oxides, and mud often occur together.

3.2.3  Magnetite

Magnetite is composed of FeO (31.03%),  Fe2O3 (68.97%), or 
Fe (72.40%), and  O2 (7.60%).  Fe3 is often replaced by AL, V, 
or Cr, and  Fe2 is easily replaced by Mg, Ni, Co, or Zn in this Fig. 4  Iron-rich oolite and lean-iron oolite cemented

Fig. 5  Element surface scan images of iron-rich oolite and lean-iron oolite
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mineral. The mineral is black in colour with a semi-metallic 
lustre, and the streak is also black; it is opaque and has no 
cleavage. Magnetite is usually existing in the form of octa-
hedral and rhombus dodecahedral crystals. The content of 
magnetite in the ores is less than 1%, which has little effect 
on the recovery of iron.

3.2.4  Siderite

Theoretically, siderite is composed of FeO (62.01) and 
 CO2 (37.99%). Iron in this mineral is often isomorphously 
replaced by Mg and Mn, forming magnesium magniosi-
derite and manganosphaerite. Iron in this mineral is some-
times replaced by calcium. In addition, impurities such as 
Ti, Si, Al, Ga, Zr, Co, Ba, Cd, Cu, U, P, and S may be present. 
Siderite may be phenocrystalline or cryptocrystalline. 
Phenocrystalline siderite belongs to the trigonal crystal 
system. Siderite is typically characterised by its colloidal, 
oolitic, and nodular structures, and is often associated with 
oolitic hematite, oolitic chlorite, and goethite. Additionally, 
some siderite can be found in ores.

3.2.5  Collophanite.

Under the microscope, the collophanite is light red or light 
brown in colour, and is non-crystalline. It is composed 
of colloidal, cryptocrystalline apatite. The main compo-
nent of apatite is  Ca5(PO4)3(OH·F), which contains CaO 
(54.58%),  P2O5 (41.38%), F (1.23%), Cl (2.27%), and  H2O 
(0.56%). Because fluorine (F) is often replaced by chlorine 
(Cl) or hydroxyl (OH), fluorapatite and hydrocarbon apa-
tite can be often observed, among which fluoroapatite is 
the most common. The SEM images of collophanite are 
shown in Fig. 7. The electronic probe composition analysis 

of collophanite (in Table 7) shows that the massive collo-
phanite is composed of  P2O5 (37.37%) and CaO (51.07%).

To study the distribution of phosphorus in the oolite, 
element scanning analysis of Fe, Si, P, Ca, and Al was 
performed on the particles with hematite as the main 
component. The positions of P and Ca matched, and 
were coincident with Fe, which demonstrates that the 
collophanite was adherent to hematite in a chimeric 
shape. The collophanite in ore is important because the 
phosphorus and sulphur in the ore are expected to be 
removed as harmful impurities in conventional iron-ore 
resources. For example, if the ore is put into a furnace 
for direct ironmaking using the Thomas Method with-
out removal at the beneficiation stage, the phosphorus 
would become Thomas phosphatic fertiliser after being 
processed. For the phosphorus and sulphur, special 
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Fig. 6  SEM and EDS images of iron-rich oolite and iron-poor oolite

Fig. 7  SEM images of Collophanite
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attention needs to be paid to the study of the occur-
rence state in ores.

3.2.6  Chlorite

The chlorite observed under the microscope is concen-
tric oolite formed by fine phosphorus aggregates, with 
hematite, collophanite, and clay minerals. The colour 
ranges from green, greyish green, and dark green to 
black-green. It was green and light brown in colour under 
polarised light, without significant pleochroism. The chlo-
rite is named after its structure, and its content accounts 
for about one-fifth of the ore. According to the element 
surface scan images of the chlorite shown in the oolite 
in Fig. 8. The position of Fe, AL, Mg, and Si in the middle 
of the oolite is exactly the place where the chlorite and 
haematite-limonite are closely associated. Eighty percent 

of the chlorite in the ore is associated with hematite in the 
form of oolite and is difficult to dissociate.

3.2.7  Feldspar and quartz

The quartz under the microscope is anhedral and fine-
grained in shape, and is colourless and transparent, with 
angular and semi-angular structures. The positive relief is 
low, the maximum interference colour under cross-polar-
ised light is level 1 yellow-white, and the uniaxial crystal is 
positive. The electron scan images and energy spectrum 
scanning results are shown in Fig. 9.

3.2.8  Dolomite, calcite, and clay minerals

Dolomite and calcite in the mining areas are sparse, and 
only a very small amount of calcite became the cores or 

Table 7  Electron probe 
composition analysis of 
collophanite (wt.%)

Position F P2O5 FeO MgO CaO Totals

P12 4.322 37.864 0.570 0.021 50.573 93.351
P13 4.889 37.825 1.420 0.033 50.690 94.858
P14 4.745 38.021 0.685 0.039 50.972 94.461
P15 5.682 35.770 1.117 0.061 52.047 94.678
Average 4.910 37.370 0.948 0.039 51.071 94.337

Fig. 8  Element surface scan images of chlorite in oolite
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girdles of the hematite ooids, both of which mainly occur 
in cuttings and cement. Kaolin, goschwitzit, hydromica, 
and chlorite, collectively referred to as clay minerals, are 
sparse in the ore. They are distributed in the oolitic girdles 
with the very fine granularity of 0.1 μm, or distributed in 
cements containing phosphorus clay detritus.

3.3  Granularity analysis of high phosphorous ore

The main minerals in the ore (i.e., haematite-limonite, 
chlorite, quartz, and collophanite) are described in terms 
of the shape and size of individual crystals in the process-
ing characteristics of various minerals. Seventy to eighty 
percent of the single crystals were unqualified because 
their sizes were smaller than the effective range required 
by mechanical beneficiation. Therefore, it is meaningless 
to design the mineral processing. Based on the concept of 
effective separation of the component aggregates from 
the expected mineral processing, representative ore sam-
ples have been selected. The primary granularity of the 

components such as oolite, cement, cuttings, collophanite, 
and quartz were analysed to measure the granularity of 
the various ore aggregates. The individual granularities 
of oolite, cement, cuttings, quartz, and collophanite in 
the ore samples are shown in Table 8. The data in Table 9 
show that the granularity of the oolites, cements, and cut-
tings that comprise the ores in the original processing is 
mostly within the optimal range of mechanical benefi-
ciation, and the original granularity of collophanite and 
quartz in the ores is mostly within the range of mechanical 
beneficiation.

In view of the process mineral characteristics of the 
high phosphorus iron ore, it is very difficult to extract 
iron and reduce phosphorus by physical separation 
(magnetic separation, flotation, and gravity separa-
tion). However, the effective utilization of the high iron 
phosphate possible realized ore effectively by pyromet-
allurgical dephosphorization, direct reduction roasting, 
suspension magnetization roasting, deep reduction 
roasting, and segregation roasting-magnetic separation.
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Fig. 9  SEM–EDS images of an ooid with a quartz nucleus and energy spectrum scanning results for the quartz

Table 8  Granularity analysis 
results of main minerals

Classification Range of granularity (mm)

0.04–0.074 0.074–0.1 0.1–0.2 0.2–0.5 0.5–1.0 >1.0

Oolite 0.73 11.25 26.58 47.65 10.54 3.25
Accumulation 100.00 99.27 88.02 61.44 13.79 0.00
Cement 20.18 29.35 26.87 11.25 6.47 5.88
Accumulation 100.00 79.82 50.47 23.60 12.35 0.00
Gangue particles/

cuttings
29.24 17.36 25.34 19.24 8.54 0.28

Accumulation 100.00 70.76 53.40 28.06 8.82 0.00
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4  Conclusions

Based on the results obtained in this work, we drew the 
following conclusions:

1. The high-phosphorus oolitic iron ore contained 
44.70% Fe and 1.56% P in western Hubei of China. The 
iron-bearing chemical sedimentary minerals and ores 
of the high-phosphorus oolitic iron ore from western 
Hubei consist of oolites, cuttings, and cement. Among 
them, more than 60% are oolites, which are composed 
of an oolitic core (quartz or iron), a collophanite girdle, 
and a hematite girdle. The cuttings are composed of 
fine-grained hematite and quartz feldspar, and the 
cement consists of carbonate minerals and worm-like 
hematite.

2. The iron-bearing minerals in the oolites are mainly 
hematite, limonite, chlorite, and collophanite. The 
hematite-limonite is closely associated with iron-
bearing chlorite. The electron scanning analysis results 
show that the electron images are consistent with the 
images obtained under the microscope. (FeOOH·H2O), 
Goethite, esmeraldite, lepidocrocite, hydrolepidocroc-
ite, water-rich iron hydroxide gelation, aluminium 
hydroxides, water-containing oxides, and mud often 
occur together.

3. This study provides an important basis for technologi-
cal mineralogy research for the selection of phospho-
rus extraction and phosphorus reduction processes in 
high-phosphorous iron ore and has important practi-
cal significance for promoting the utilization of high-
phosphorous iron resources.
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