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The effect of pellet chemical composition and burning temperature on pellets’ properties of the Gol-e-Gohar hematite recovery plant was
investigated in this study. Green pellets of different sodium hydroxide ratio and hydrated lime were prepared as well. Then the pellets were
burnt in a muffle kiln under different temperature conditions. The Design Expert software was employed to explore the optimized conditions
and to model the effective parameters in the pelletizing process. The wet compressive strength of green pellets was determined to be 1.4-1.5
kilograms per pellet. The porosity of burnt pellets at different temperatures was determined between 16% to 38%. The firing process of green
pellets provided discrimination between the outer layer and the central part of individual pellets. The model developed by the experiment
design software showed that the temperature was the most effective parameter on increasing the compressive strength. While the burn
temperature increased the cold compressive strength, it reduced the porosity of pellets. The cold compressive strength of burnt pellets was
improved through increasing the temperature. However, a further increase in temperature led to a decrease in the cold compressive strength,

because of hematite decomposition into secondary magnetite.
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1. Introduction

Iron ore pelletizing typically involves balling of fine iron powders on
a rotating disk to produce wet pellets and their induration in a furnace
to produce burnt pellets [1]. The parameters of pelletizing are specific
to a given ore or concentrate. Oxide pellets with advantages of uniform
size, high strength, good permeability, improved reducibility, swelling
and softening melting characteristics are used in the reduction step.
Green pellets should be in desirable diameter size and have sufficient
mechanical strength to enable their safe transportation from pelletizing
facilities to the induration machine [2].

Many researchers have investigated pelletizing from various
viewpoints; Yang [1] showed that blending raw materials would affect
the quality of pellets; Forsmo [2] revealed that the fine particles could
increase the compressive strength of green pellets and Umadevi [3]
showed the importance of the burning step on hematite pelletization.
Forsmo [4] investigated the Influence of green pellet properties on
pelletizing magnetite iron ores and revealed that excessive grinding of
pelletization raw materials, both magnetite concentrate and additives,
could cause severe problems and step-wise changes in the oxidation and
sintering procedure without resulting in any additional gain in the
mechanical strength of green pellets. Excessive grinding would increase
the surface of green pellets and would cover the surface with oxides,
decreasing the oxidation rate.

Optimizing the pelletization process is highly beneficial and it has
been reported that it would decrease bentonite consumption from 0.66%

to 0.33% [5]. Although bentonite could be activated by using a slight
amount of sodium carbonate, Mohamed [6] showed the pellets
produced by conventional bentonite to have higher strength than those
of activated bentonite. According to Forsmo, the hematite to magnetite
conversion happens at 1200°C and the oxidized layer starts to swell as a
result of this conversion [9].

Umadevi [10] optimized the burn temperature for hematite pellets
and showed that the burn temperature of the induration machine would
strongly influence the physical and metallurgical properties of the pellet.
The optimum physical and metallurgical properties of the hematite
pellet reported by Umadevi increased from 0.7 to 1.30%, by adding
carbon to the system. Generally, the energy needed for hematite pellet
production is greater than that of consumed for magnetite pellets [8].
Majumder [7] simulated the induration process of pelletizing to find a
proper process time extent. Martinez investigated the induration of
pellets prepared from mixed magnetite—hematite concentrates [8];
however, all of the effective parameters have not been investigated yet.
Tang investigated the oxidation of magnetite pellet and proved that
during the process of magnetite pellet heating, oxidization would occur
in the pellet volume but an unoxidized core would be remained [9].

Feng [10] investigated the drying and preheating of pellets and
presented a mathematical model. Another thermo-kinetic model was
proposed by Cross [11] for the whole induration process with a general
focus on drying, preheating, burning, after-burning, and cooling. Since
pelletization is conducted in large scales and it is affected by many
parameters, developing optimized models and conducting pre-
production calculations are beneficial to the final results.
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Although several studies have been carried out on thermal conditions
of magnetite pellets [12, 13], and the optimum parameters have been
investigated in the literature, a more precise investigation on the effect
of temperature and other process conditions seems necessary.

This work aims to explore the effect of various parameters on pellet
quality in the burn step using supportive tools such as experiment
design software and SEM.

2. Materials and methods

21 Materials

The representative sample for producing the pellets was obtained
from the outlet of the magnetite conveyer (flotation product) in the Gol-
e-Gohar hematite recovery plant. X-ray diffraction patterns showed that
magnetite was the dominant phase in this sample. Some traces of
hematite and actinolite, calcite, anorthite and geolite were also
identified (Fig. 1). According to sieve analysis, the d80 index of the
sample was 381
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Fig. 1. X-ray diffraction pattern of magnetite concentrate (M: magnetite, H:

hematite, Act: actinolite, C: Calcite, Ant: anorthite, G: geolite).

The chemical composition of the magnetite concentrate and
bentonite measured using XRD is presented in Table 1. Also, sodium
hydroxide, as bentonite activator, and lime, were used to produce green
pellets.

Table 1. Chemical composition of magnetite concentrate and bentonite.

Fe FeO Al,0; CaO MgO LOI

%) (%) S POISIO00 "0 oy ) (%)

Magnetite
Concentrate
Bentonite  2.03 -

70.05 2839 0112 0001 017 001 005 101 064

0058 0014 6665 1242 269 235 075

2.2. Methods

Due to a low specific surface area (1300cm?/g) and in order to achieve
more uniform distribution in particle size, the dried sample was
subjected to further grinding. A 1-ton semi-industrial ball mill with a
rotation rate of 70rpm was employed at the Gol-e-Gohar Pelletizing
Laboratory. The specific surface area of the magnetite concentrate and
bentonite used in experiments were 2050 cm?/g and 3042 cm?g,
respectively.

Blaine air-permeability apparatus is a permeable pressure-variable
testing device. The value of the specific surface area was measured based
on the required time for a given volume of air to pass through the sample
bed and barometer pressure drop at two specific points: Hinitial and Hiinal
[14]. Blaine air-permeability apparatus was used to determine the
specific surface area of bentonite and magnetite concentrate.

According to the literature, the ingredients used to produce green
pellets are magnetite concentrate, bentonite, water, sodium hydroxide
(bentonite activator) and lime which are used in various proportions.
The portions of sodium hydroxide and lime for each pellet are given in
Table 2. The amount of water and bentonite in all tests was adjusted
8wt% and 0.7wt%, respectively. In order to prepare green pellets, the raw
materials were mixed by Erich’s mixing device and then, the prepared
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paste was fed to a pelletizing disk (90cm in diameter, 45° angle and
rotation rate of 20rpm).

Table 2. Portions of sodium hydroxide and lime added to green pellets.

Pellet1 Pellet2 Pellet3 Pellet4 Pellet5 Pellet 6 Pellet 7
Industrial lime
(Wt %) 15 1 0.5 - - - -

NaOH (wt %) - - - 0.045 0.03 0.015 -

The moisture of samples paste was calculated by measuring the
weight loss caused by moisture removal after 15 minutes of heating the
samples in a hygroscope at 130°C. This scientific standard method is
employed elsewhere [15].

The properties of green pellets, such as the drop number and wet
compressive strength, were also measured. The drop number of a pellet
is the number of falls before the pellet is crushed [16]. The drop number
was determined by repeatedly dropping green pellets from a height of
46cm over a steel sheet. The green pellets were dried at 110°C for 24
minutes and then subjected to induration in an Exciton Ex-1500 muffle
furnace with dimensions 16x15.5x22 cm? at different temperatures and
under air atmosphere. After the pellets were slowly cooled in the furnace
(300°C), they were removed from the furnace to reach the room
temperature. The cooling rate depends on the heating duration and the
furnace final temperature varying from 70 to 150 minutes.

The cold compressive strength of indurated pellets was determined
by crushing 30 pellets, according to the scientific standard, by means of
Kogel FPG 7/20-5-010s apparatus and the average CCS value was
measured.

In order to measure the porosity of burnt pellets, they were placed in
boiling water at 300°C for 30 minutes.

Table 3 represents the temperature and time conditions in the pellet
burning process and Table 4 shows the specifications of resulted burnt
pellets. The retention time at the final temperatures was set 10 minutes
for all tests. The heating rate varied throughout the process. However,
the average heating rate was 15.84 °C/min. Moreover, the temperature
was monitored using the screen on the burning kiln.

Table 3. The temperature and time conditions in the pellet burning process.

Test No Time to reach final  Final temperature  Cooling time
- temperature (min) (°C) (min)
1 20 650 70
2 25 850 80
3 30 1050 90
4 35 1230 100
5 40 1250 110
6 45 1280 120
7 50 1300 130
8 55 1320 140
9 60 1350 150

Smooth cross-sections of burnt pellets were provided to conduct
microscopic analyses [17]. Optical and SEM micrographs were taken to
study the obtained results. Pellet No. 5 (Table 4) represents the current
conditions in the Gol-e-Gohar pelletizing plant. Based on the results
obtained from chemical composition analyses of burnt pellets and
oxidation starting time, five pellets with the same chemical composition
as pellet No. 5 were burnt at final temperatures for SEM analysis.

2.3, Designing the experiments

A series of experiments were designed using Design Expert 7 Trial
(State Ease, Inc., Minneapolis, MN, USA) to explore the relationship
between the responses (FeO%, S%, porosity e%, CCS) and the process
parameters (NaOH, Lime, Temperature). The dataset was value
surveyed by ANOVA and a suitable model was conducted according to
the experimental data. The Response Surface Method (RSM) and
Historical Data were used as well.

3. Results and Discussion

Excessively large green pellets have negative parameters, and it is
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necessary to maintain a reasonable pellet diameter so that burning
occurs uniformly throughout the pellets.

Table 4. Specifications of burnt pellets.

Temperature Pellet Pellet Pellet Pellet Pellet Pellet Pellet

(°C) 1 2 3 4 5 6 7
Fe (%) 6619 6780 6714 6814 6812 6675 6743
FeO (%) 746 799 721 843 820 757 832
S (%) 650 0198 0193 0189 0173 0169 0167 0164
Porosity (%) 37 37 38 38 37 37 38
CCS (kg/Pellet) 784 817 753 802 848 867 818
Fe (%) 66.67 6702 6727 6750 67.65 6753 6750
FeO (%) 117 138 116 226 146 184 211
S (%) 850 0206 0197 0185 0165 0163 0171 0170
Porosity (%) 34 34 35 34 35 35 34
CCS (kg/Pellet) 1058 999 1165 1203 112.8 1105 1151
Fe (%) 6647 6629 6678 6604 6766 6706 6714
FeO (%) 1050 048 026 028 052 064 042 036
S (%) 0204 0130 0197 0112 0.150 0.087 0.079
Porosity (%) 31 32 32 31 32 32 32
CCS (kg/Pellet) 1231 1181 1151 1173 1162 1141 1184
Fe (%) 6660 6693 6726 6764 6562 6748 67.61
FeO (%) 037 020 023 040 059 022 024
S (%) 1230 0019 0.004 0.003 0.004 0.002 0.003 0.003
Porosity (%) 27 27 28 27 28 28 28
CCS (kg/Pellet) 2982 2623 2952 2491 2404 3242 2311
Fe (%) 6714 6722 6744 6740 6751 6734 67.63
FeO (%) 022 017 019 024 035 021 020
S (%) 1250 0.004 0.004 0.003 0.003 0.003 0.004 0.003
Porosity (%) 25 25 26 25 26 26 26
CCS (kg/Pellet) 4067 3836 3818 3686 3617 3521 3559
Fe (%) 6762 6646 6709 6735 6749 6733 6717
FeO (%) 021 016 018 020 021 017 019
S (%) 1280 0.003 0.002 0.002 0.002 0.003 0.003 0.002
Porosity (%) 23 24 24 23 24 24 24
CCS (kg/Pellet) 4741 4222 4300 3903 3861 3412 4533
Fe (%) 67.02 6744 6765 6739 6786 6852 6745
FeO (%) 023 017 019 025 034 022 021
S (%) 1300 0.006 0.003 0.002 0.004 0.003 0.003 0.002
Porosity (%) 21 21 22 21 22 22 22
CCS (kg/Pellet) 4161 3712 3554 3176 3358 3112 3227
Fe (%) 6734 6729 6660 6765 6742 6748 6713
FeO (%) 031 028 032 032 038 029 029
S (%) 1320 0.004 0.003 0.003 0.003 0.003 0.003 0.003
Porosity (%) 18 18 19 18 19 191 19
CCS (kg/Pellet) 4042 3251 3092 2911 2824 2782 2891
Fe (%) 6780 6755 6771 6771 6715 6785 6775
FeO (%) 1350 032 030 040 041 042 033 05
S (%) 0.006 0.004 0.003 0.004 0.002 0.004 0.004
Porosity (%) 16 16 17 16 16 17 17
CCS (kg/Pellet) 259.6 2513 2447 2582 2842 2921 2313

The drop number was observed to be almost constant (3.8-4.4) in all
experiments, due to the same moisture and bentonite contents (8% and

5 Lt#\’s?

Fig. 2. Segregations near pellet surface areas in Pellet No. 5 at magnification order of x160 at 650°C. Color differences show segregation.

In order to explore this issue, the pellets were cut from two sections,
one near the surface and the other from the central area. Optical and
SEM micrographs regarding these areas were taken at the magnification
order of X500 (Figs 3, 4 and 5). The dark areas indicate the existing voids
and pores over the pellet’s cross-section, while light and grey areas
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0.7%, respectively) and also the same specific surface area (2050cm?/g)
applied in all experiments. The partial increase in the drop number,
however, might be attributed to the growth in mechanical and chemical
interactions between the particles. As the surface area increased, the
distance between the particles reduced and resulted in more interlocked
particles.

Pellet strength in the green form is due to the hydraulic bonds
between the particles and bentonite; in fact, a bentonite gel is formed by
absorbing water. The volume of bentonite gel increases as the
absorption capacity of water increases. The gel covers iron ore
concentrate particles and increases their adhesive bonds [21] .
Additionally, the inflation caused by water absorption in bentonite
increases the strength of the pellet. The compressive strength of green
pellets was determined by pressing 10 pellets on a digital balance and
recording the displayed weight when the pellets crushed. The average
number was reported as the wet compressive strength which was in the
range of 1.4-1.5 kilograms per pellet. The results of chemical composition
analysis, porosity and cold compressive strength (CCS) measured at
different temperatures (final temperatures) are given in Table 4. As
shown in the Table, while the burn temperature increased the cold
compressive strength, it reduced the porosity of the final product on the
other hand.

3.1 Microscopic analysis

In order to perform accurate studies on crack initiation in the pellets,
microstructural studies were carried out on seven types of produced
green pellets. All experiments were repeated twice to assure the accuracy
of the obtained results. As previously mentioned, pellet No. 5 had the
same chemical composition as the processing line in the Gol-e-Gohar
pelletizing plant; therefore, this pellet was chosen as the representative
sample for the pelletization plant.

The burnt pellets were cut from the center and then, the cross-
sections were polished with sandpapers of different numbers. The
smoothness of resulted surfaces for the final samples was high (up to
1p). Polarized microscopy was carried out with magnification orders of
x160 and x500 at the Geological Survey of Iran.

Fig. 2 shows the surface and microscopic image of pellet No. 5.
Grooves can be seen on the surface revealing the lower layer of the pellet
which is seen in a different color. Some cracks were initiated at the end
of segregations and have propagated over the pellet due to the relatively
distributed large voids. Segregations formed as a result of structural
stresses between hematite (oxidized magnetite) and magnetite; in fact,
these two phases have different crystalline lattices and sintering
behaviors which would lead to structural stresses [22]. The main reason
for existing two phases and, consequently, different behaviors originated
from the oxidation lag between the central area and the outer layer of
magnetite.

-

represent iron oxide phases coalesced each other via narrow glassy
bands.

The significant difference between the micrographs in Figs 3 and 4 is
the amount of magnetite oxidation. The light phases represent hematite,
and the grey areas show magnetite. By comparing the area values of
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these phases, it is evident that un-oxidized magnetite is the dominant
phase in the central area of the pellet. On the other hand, hematite
dominates in marginal zones. Therefore, the formation of these two
phases with different metallurgical behaviors, in terms of the crystalline
lattice, air bubbles and recrystallization temperature of particles, led to
the creation of structural stresses and, consequently, the separation of
the outer layer from the central part [22].

. hw G — ¢ a8 ey
Fig. 3. Polarized micrographs of central areas in Pellet No. 5 at a magnification
order of x500: a: 1350 °C and b: 1320 °C.

4 8
Fig. 4. Polarized micrographs of marginal areas in Pellet No. 5 at a magnification
order of x500: a: is marked, 1300 °C, and b: 1250 °C. Hematite and Magnetite are
marked.

The SEM micrographs of the pellets burnt at different temperatures
are shown in Fig. 5. The brighter areas represent hematite, the darker
areas are magnetite, and the deep black spots are pyrite [23]. As seen,
temperature increase from 650 °C to 1300 °C decreased the surface
heterogeneity and improved the continuity as a result of grain
refinement due to recrystallization. Indeed, more possible sites would be
available to bridge with oxygen by increasing the temperature. The
pellets contain pores left from the evaporated interlocked water.
Oxygen molecules reach the core via pores, easing the nucleation
process [2].

These sites provide the required space for hematite formation
through the oxidation reaction. They also play an important role in the
recrystallization ~— process and  microstructures  homogeneity.
Microstructures homogeneity increases the cold compressive strength
of indurated pellets. The glassy phase formed among the particles is
obtained through reactions between impurities such as Al>O3 and SiO:
with iron oxides and improves the cold compressive strength. In fact,
the flow-ability of the glassy phase increases at high temperatures [24].
Consequently, the glassy phase distributes better amongst the particles
and increases the adhesion between hematite particles and improves the
strength. However, as Fig. 5 shows, an additional increase in temperature
to 1350°C did not show a specific improvement in surface heterogeneity
and continuity since the microstructure did not seem to become
smoother as the temperature increased to 1350°C.

Cold compressive strength, FeO content, sulfur content and hematite
to magnetite ratio of Pellet No. 5 burnt at different temperatures are
given in Table 5.

According to Table 5, the cold compressive strength of burnt pellets
was improved by rising the burn temperature from 650°C to 1280°C.
Moreover, it is evident from the microscopic pictures that the
Hematite/Magnetite content was constant during the last three stages.
This might result from the alteration of hematite to magnetite which
causes the halt and reversion of hematite magnetite alteration.
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b) 1050°C

a) 650°C

¢) 1250°C
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Fig. 5. SEM micrographs of Pellet No. 5 at final temperatures (magnification
order: x500).

Table 5. Cold compressive strength, FeO and sulfur contents and hematite to
magnetite ratio of Pellet No.5 samples burnt at different temperatures.

Temgzr;xtu.re FeO (%) S (%) ( kg?}ilslet) Hemaﬁt;e{/f/)[agnetite
650 82 0169 8438 60/40
850 146 0163 112.8 50/50
1050 0.64 0.150 116.2 30/70
1230 0.59 0.002 2404 20/80
1250 036 0.003 3617 15/85
1280 0.21 0.003 3861 10/90
1300 033 0.003 335.8 15/85
1320 0.38 0.003 2824 15/85
1350 0.42 0.002 284.2 15/85

Several reactions occur during the pellet induration process,
including the formation of solid phases between impurities and iron
oxides, slag formation, and magnetite oxidation to hematite and
decomposition of hematite to magnetite [2]. Each of these reactions
affects the induration process and the properties of the final product.
Slag bands caused by impurities reactions may create bonds between
iron concentrate particles and improve the cold compressive strength of
indurated pellets. As the temperature increased, sintering took place and
magnetite converted into hematite, causing the coalescence of
microcracks and micropores. Therefore, it resulted in the filling of pores
by impurities and slag bands.

Also, most of the solid sulfur converted into gaseous sulfur as the
temperature increased; therefore, the sulfur content decreased in the
burnt pellets.

In addition, as the burn temperature increased, more magnetite was
involved in the oxidation reaction to form hematite. Oxidation
empowered the amalgamation of iron ore particles that formed
continuous bonds among the particles. This consequently improved the
compressive strength of burnt pellets. This improvement was due to the
progress in the oxidation reaction which, in turn, improved pellet
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strength. A further increase in burn temperature from 1280°C to 1350°C
reduced the compressive strength of burnt pellets. This could be the
result of hematite decomposition in this temperature and the formation
of secondary magnetite. Secondary magnetite divides the microstructure
into two phases and decreases the compressive strength.

The fraction of Hematite/ Magnetite remained constant as seen in
Table 5. The particular reason for this phenomenon might be that a thick
layer of oxide covered the pellet and prevented the core from receiving
enough oxygen.

4. Conclusions

The obtained results in the present work can be summarized as
follows:

- The wet compressive strength of green pellets was determined to
be 1.4-1.5 kilograms per pellet.

- While the burn temperature increased the cold compressive
strength, it reduced the porosity of burnt pellets.

- The porosity of burnt pellets at different temperatures was
determined to range between 16% and 38%.

- The modeling by Design Expert showed that among the studied
parameters (temperature, lime and sodium hydroxide), the
temperature was the most effective parameter on all responses
(FeO%, S%, porosity, CCS).

- The burn process of green pellets discriminated against the outer
layer and the central part of individual pellets.

- The temperature rise to about 1300°C decreased surface
heterogeneity and improved continuity. However, an additional
increase in temperature to 1350°C did not improve surface
heterogeneity and continuity.

- Cold compressive strength of burnt pellets was improved by
increasing the temperature from 650 °C to 1280 °C.

- High burn temperatures lead to higher hematite yield. This
further oxidation increased bonding among iron ore particles
and, consequently, improved the cold compressive strength of
burnt pellets.

An additional increase in temperature from 1280°C to 1350°C
decreased the cold compressive strength of burnt pellets; as a result of
the decomposition of hematite to secondary magnetite in this condition.
This created a two-phase microstructure and decreased the cold
compressive strength.
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