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Abstract In many parts of India, because of depletion in

high grade iron ore, efforts are focused on the use of low-

grade iron ore for steel production. As an alternative iron

source, low-grade banded iron ores have attracted atten-

tion. The beneficiation and utilization of banded iron ore is

closely connected to their mineralogical characteristics,

nature of impurity inclusion and liberation behavior.

Characterization studies indicated that ore was low in iron

value (* 36.5 wt%), and contained high amount of silica

(* 46.3 wt%), which made it difficult to process by con-

ventional beneficiation method. Therefore, we used

reduction roasting method on the ore to produce the pellet

feed material. Different process parameters such as roast-

ing time, temperature and coal-ore ratio were optimized to

achieve the maximum recovery and grade of magnetic

product. Using coal as reducing agent, the optimum con-

dition was found to be as, reduction temperature: 900 �C,
time: 90 min, and coal-ore ratio: 15%. Under the optimum

condition, maximum recovery and grade of magnetic pro-

duct were found to be 72% and 65%, respectively.
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Introduction

India’s 2030 steel vision aims to produce 300 million ton

steel per year which needs 550 million tons of high quality

iron ore per year (approx. 60% Fe). India does not have

sufficient rich quality iron ore reserves but carries plentiful

resources of banded iron ore. A major amount of banded

iron ore is generated during the traditional mining of

hematite ore, which is stockpiled as waste resources around

the mines site [1]. These ores contain 30–40 wt% iron. It is

anticipated that effective utilization of such resources can

completely eliminate the crises of desirable rich quality

iron ore. Research studies on the processing of banded iron

ore are limited and beneficiation methods such as hydro-

cyclone, WHIMS and flotation are described. These tradi-

tional processing techniques give poor response due to

complex mineralogical nature of ore. In conventional

method, fine grinding of ore is required to perform the

various beneficiation operations. In some cases, using the

conventional method, iron grade can be improved up to the

required pellet feed ([ 60% Fe), but due to low value of

recovery and yield, this method is not economically fea-

sible [2–4]. Therefore, to overcome all these problems, an

alternative method such as reduction roasting with low-

intensity magnetic separation needs to be implemented.

Rath et al. utilized cow dung cakes for the reduction studies

of iron ore slimes of Barsua area. The result showed that a

product of 64% Fe with 66% recovery could be attained

from a feed of 56.2% Fe [5]. Ray et al. used reduction

process to improve the grade of BHJ ore of Barbil region.

The best result was found at a temperature of 900 �C, coal-
ore ratio 0.15 and 90 min. A magnetic product of 66% Fe

with 72% recovery was found from an ore of 47% Fe.

Smelting of non-magnetic product produced the ferrosili-

con alloy with 20% silica [6]. Das et al. observed that finer
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grains contained less iron as compared to coarser grains.

Reduction roasting was best achieved at a temperature

600 �C, time 60 min and 13 mm particle size [7]. Rath

et al. concluded that an iron ore comprising 56.2% Fe could

be improved to 64% Fe with 71% recovery by reduction

roasting technique using dolochar as a reductant [8].

Shankar et al. made an effort to increase the grade of iron

ore of Gua area using reduction roasting with LIMS. They

found a concentrate of 66.6% Fe with 90.4% recovery at

800 �C for 30 min with 10% coal [9]. Rath et al. found that

an iron ore comprising 51.6% iron could be enhanced to

63.34% Fe with 79% recovery at a temperature of 950 �C
for a roasting period of 53 min [10]. Some literature has

also been observed on the direct reduction and microwave

carbothermal reduction in the BHJ ores. Rayapudi et al.

carried out microwave carbothermal reduction on banded

hematite jasper ore of southern part of India * 37% Fe.

Fayalite phase easily formed due to presence of banded

silica in the BHJ ore. The iron grade could be increased to

61.6% Fe, 73.4% recovery with a yield of 44% at the

optimum condition of 720 W power for 8 min with 9% wt

charcoal [11]. Das et al. studied the reaction kinetics during

reduction in BHJ with coal at temperature range of

1273–1473 K. They observed that at 1273–1373 K, SiC

phase was formed which hindered the reduction rate, but

this phase was not stable at temperature above 1473 K. So,

reduction in iron oxide accelerated at higher temperature.

At higher temperature, reduction was controlled by diffu-

sion while at lower temperature, it was controlled by

chemical reaction kinetics [12]. Rayapudi et al. executed

microwave reduction on the three-low-grade BHQ and BHJ

ores using charcoal as a reductant. The result indicated that

ferrite phase was appeared at 900 W, B 8% wt charcoal

within 10 min. They concluded that considerable quantity

of ferrite balls were obtained at 900 MW power for 10 min

with 12% wt charcoal [13]. This investigation is performed

to upgrade the banded hematite jasper ore with maximum

iron recovery.

Materials and Method

Materials

Approx. 400 kg of BHJ sample was collected from the

Joda mine ensuring that the sample was representative of

the mines ore body. This area is located in the survey of

India toposheet no. 73G/5 in between

22�0100400 N:85�2805200 E in Orissa state. The collected

samples were blended properly to provide the composi-

tional homogeneity.

Reactions Occurred During Reduction in Iron Ore

Das et al. [3] observed that conventional magnetic sepa-

ration method was not effective for BHJ ore. Hence,

reduction roasting with magnetic separation was used to

increase the grade of banded hematite jasper. For hematitic

ore, the basic aim of reduction roasting is to reduce the

hematite to magnetite using some reductant such as C, CO

and H2. The equations involved in the reaction theory are

expressed below:

C þ O2 ¼ CO2 ð1Þ
CO2 þ C ¼ 2CO high temperatureð Þ ð2Þ
3Fe2O3 þ CO ¼ 2Fe3O4 þ CO2 ð3Þ
Fe3O4 þ CO ¼ 3FeO þ CO2 ð4Þ
FeO þ CO ¼ Fe þ CO2 ð5Þ

The formation and transfer of CO to the iron particles

interface play a very significant role in the entire reaction

series. In this study, only reaction (3) is desired for the

formation of magnetite by direct contact of iron particles

with CO. Reduction parameters are optimized to confirm

the formation of magnetite so that it can be recovered by

using the low-intensity magnetic separator.

Characterization Studies

Chemical analysis of ore was performed using X-ray flu-

orescence spectroscopy (WDXRF), Model BRUKER S8

TIGER. The BHJ sample of below the size of 75 micron

was used for this study. A BSS standard sieve set of dif-

ferent aperture size was used for the size analysis of BHJ

ore. This analysis was carried out by using Model LM-

17596 (LAWRENCE AND MAYO). X-ray diffractometer

test was carried out on BHJ sample to determine the dif-

ferent mineral phases present in the sample. Bruker-D8TM

X-ray diffractometer model with Co-Ka target (40 kV,

30 mA) was used for this study. Microscopic study was

performed to observe the various mineral phases and their

liberation behavior. Polished and thin section of BHJ ore

were observed through DM 2700 model for both reflected

and transmitted light.

Reduction Roasting of BHJ Ore

Reduction roasting of BHJ with coal was performed in a lab-

oratory muffle furnace. The proximate analysis of coal was

found to be 51.48% fixed carbon, 13.17% volatile matter,

26.3% ash and 8.16% moisture. About 200 gm of banded

hematite jasper ore (below the size of 10 mm) was properly

mixed with powdered coal for reduction experiment. After

reduction, roasted samples were ground below 75 micron size

248 J. Inst. Eng. India Ser. D (July–December 2020) 101(2):247–252

123



and further treated in the low-intensity magnetic separator

of * 0.18 T magnetic intensity. Magnetic fraction was con-

sidered as a concentrate and analyzed for grade and recovery of

iron, while non-magnetic fraction was considered as a tailing.

Result and Discussion

Elemental Analysis of Ore and Coal

XRF study has been performed on the powder sample of

BHJ ore (\ 75 micron). The result shows that the raw ore

mainly contains silica (46.34% SiO2) with a total iron

(36.51% Fe). Silica is present as Jasper, a microcrystalline

form of quartzite. Elemental analysis of ore is presented in

Table 1. Table 2 displays the proximate coal analysis,

which is used as a reduction agent for mineral transforma-

tion from one phase (hematite) to another phase (magnetite).

Particle Size Analysis

The sample is crushed in laboratory using jaw crusher and

roll crusher. The rolled crushed product is further ground in

the laboratory ball mill. The particle size distribution of

rolled crushed product is shown in Fig. 1. From the size

distribution curve, 80% passing size of the particle is

obtained to be 2.46 mm. After 20 min of grinding of rolled

crushed product into ball mill, 80% passing size of the

particle is reduced to be 75 lm. The ground product is

further used for the characterization studies.

XRD Analysis

XRD graph of the feed sample (Fig. 2) represents that the

major iron bearing phase is hematite, and the main gauge

bearing phase is silica. The BHJ sample is ground below 75

micron size before XRD analysis. Alumina phase can also

be seen from the XRD graph.

Microscopic Studies

Microscopic images of BHJ ore are shown in Fig. 3. The

overview of BHJ polished section is presented in Fig. 3a.

Figure 3b shows that hematite grains are finely dissemi-

nated around a thick layer of silicate. It can be concluded

from the microscopic images that BHJ ore needs to be

finely ground for the separation of valuable minerals.

Reduction Roasting of BHJ Ore

In reduction roasting method, three principal factors which

mainly affect the roasted products are roasting temperature,

roasting time and reducing agent. The influence of roasting

temperature, time and coal-ore ratio on grade and recovery

are studied to determine the effective reduction parameter.

Effect of Varying Roasting Temperature on Recovery

and Grade

As presented in Fig. 4, the iron recovery of the magnetic

product increases with the increase in roasting temperature

until it reaches the extreme value at a temperature of

900 �C, afterward, it slightly decreases as the roasting

Table 1 Elemental composition of BHJ

Elements Fe SiO2 Al2O3 CaO MnO

Weight (%) 36.51 46.34 0.46 0.16 0.04

Table 2 Elemental composition of coal

Elements Fixed carbon Ash Volatile matter Moisture

Weight (%) 51.48 26.3 13.17 8.16
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Fig. 1 Particle size distribution of rolled crushed product

Fig. 2 XRD graph of feed sample (H-‘Fe2O3’ Phase; S-‘SiO2’ Phase;

Al-‘Al2O3’ Phase)

J. Inst. Eng. India Ser. D (July–December 2020) 101(2):247–252 249

123



temperature increases further. The maximum recovery of

iron is about 72% with 65.12% Fe. In the meantime, the

iron grade decreases when the temperature further increa-

ses. This result may be found because the reduction in

hematite to magnetite at a lower temperature is incomplete

due to the slow reaction rate [14]. Due to solid carbon

gasification, the conversion of hematite into magnetite is

accelerated at a high temperature, and at too high tem-

perature, weakly magnetic wustite is formed from iron

oxide, which decreases the recovery of iron.

Effect of Varying Roasting Time on Recovery and Grade

As presented in Fig. 5, with the increase in roasting time,

grade and iron recovery of magnetic concentrate increase

up to 90 min of roasting time and then both grade and

recovery decrease as the roasting time increases further.

This result may be found because the reduction in hematite

to magnetite is incomplete at low roasting time and at an

excessively high roasting time, the formed and originally

present magnetite may be re-oxidized which decreases

recovery and grade [15].

Effect of Varying Coal-Ore Ratio on Recovery and Grade

As presented in Fig. 6, with the increase of coal-ore ratio,

iron recovery of magnetic concentrate increases until it

attains the extreme value at a coal to ore ratio of 15% and

then it slightly decreases when the coal-ore ratio further

increases. In the meantime, the grade of iron increases

gradually by increasing the coal-ore ratio. This result may

be observed because complete reduction of hematite to

magnetite is not possible when the coal quantity is insuf-

ficient and at an excessively high amount of coal, formed

and original magnetite may be converted into the ferrous

oxide which is less magnetic and undesirable in low

intensity magnetic separation. The maximum iron recovery

is about 72.01% with a grade of 65.07% Fe. A schematic of

the experimental setup is shown in Fig. 7.

Conclusion

XRD study of banded hematite jasper ore indicates that the

main iron bearing phase is hematite while the main gangue

bearing phase is quartz. Microscopic studies reveal that

Fig. 3 Microscopic images of BHJ ore a overview of polished

section of BHJ ore, b finely disseminated iron grains in the silicate

bed
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silicate minerals are attached with hematite grains in the

form of band. In the reduction roasting method, the effect

of roasting temperature, roasting time and reductant-ore

ratio on the recovery and grade of magnetic concentrate are

investigated. The optimized condition for reduction roast-

ing of BHJ ore is obtained as: temp 900 �C temp, time

90 min and coal/ore ratio 15%. At the optimum condition,

a concentrate of 72% recovery with 65% Fe is obtained.

The product of carbothermic reduction can be investigated

using the XRD and SEM analysis to observe metallization

and phase transformation along with the reduction process.

The results are showing the feasibility of this process to

upgrade the banded hematite jasper ore with high recovery

rate. This technique may be quite effective to produce the

pellet feed material from banded hematite jasper ore.
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