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The use of powdered concentrate in iron production reduces the furnace efficiency.
As a result, the concentrate was converted into pellets. Bentonite is usually used
as a binder in pellet production, posing several operational challenges in the kiln.
Therefore, organic binders have been introduced as alternatives to bentonite and
other mineral binders. This study investigates the application of Commiphora Mukul
gum (GCM) for the production of hematite pellets. First, pellets were prepared
using the GCM and bentonite binders. The mechanical properties of the heat-
treated pellets were also evaluated at various temperatures. The results showed that
pellets baked at 1200°C and bentonite-bonded pellets had a compressive strength
of approximately 1000 N/pellet. Pellets bonded solely with GCM gum exhibited
insufficient strength. The optimal binder comprising a mixture of 2% bentonite+3%
GCM binder achieved a compressive strength of 900 N/pellet. Therefore, the
organic binder GCM alone cannot provide sufficient strength, while its combination
with bentonite yields superior results.

1. Introduction

After processing, the iron ore is converted into a
powdered concentrate. Gas permeability within the blast
furnace burden and direct reduction processes are signifi-
cantly reduced due to the fine particle size of the concen-
trate, thereby impairing furnace performance. Pelletiza-
tion is a common method to address this issue. Pellets
are small spherical agglomerates produced from iron
ore concentrate and various additives, such as binders

(bentonite, organic materials, lime, and cement) and
water [1, 2].

Various methods can be used to produced pellets.
The iron content of the pellets ranged from 67 to 69%.
Different binders could be used to convert the iron con-
centrate into pellets during pelletizing. Bentonite is the
most common binder which can have various compo-
sitions [3, 4]. With a general chemical formula of (Na,
Ca, Mg)ALSi,O0, (OH),.nH,O, bentonite belongs to the
group of aluminosilicate clay [5]. It primarily consists of
85% montmorillonite and silicate, which are detrimen-
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tal for the steelmaking processes. The hygroscopic na-
ture of bentonite can lead to pellet degradation. Its acidic
properties can also damage refractory materials and ad-
versely affect the alkaline conditions within the furnace
[6, 7]. Alkaline compounds, such as lime, are added to
counteract the acidic environment of the furnace, whose
excessive amounts can, however, reduce the efficiency
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of the furnace. Consequently, a higher percentage of this
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binder exacerbates pellet quality. Various alternatives to
bentonite have been explored, including sodium silicate
(water-glass). Unlike bentonite, this compound lacks
metallic oxide components but still contains silicates.
Extensive research has investigated the feasibility of re-
placing mineral binders with organic ones. For instance,
carboxymethyl cellulose (CMC), starch, and plant gums
are among the organic compounds that decompose at
high temperatures without impurities [8-10].

Ultimately, pellets with an apparent diameter of 9-16
mm achieve a compressive strength of at least 1780 N/
pellet after sintering to ensure their integrity during han-
dling and subsequent operations [11, 12]. Throughout the
pelletizing process, as part of quality control, pellets un-
dergo mechanical strength tests at various stages. Com-
mon measurements include the drop test for green pellets,
compressive strength tests for dry pellets, and compres-
sive strength tests for fired pellets [11]. Results indicated
that pellets bonded with a combination of 1% benton-
ite and 1% corn starch exhibited superior compressive
strength, creep strength, and pellet test strength [13, 14].

A recent study explored the use of novel organic bind-
ers to minimize bentonite consumption. While reducing
bentonite content leads to a decline in the metallurgical
and physical properties of the pellets, the incorporation
of organic binders can significantly improve these prop-
erties [15, 16].

Anand Babukota et al. [17] utilized molasses, a by-
product of sugar production which is a thick syrup ex-
tracted from sugarcane or sugar beet, as a binder. The
moisture absorption of pellets prepared with varying
amounts of molasses was investigated. The moisture
contents absorbed by binder-free pelletsand those com-
prising bentonite and molasses were 7.72% to 9.95%,
9.62% to 10.84%, and 6.14% to 6.69%, respectively. The
compressive strength of wet pellets containing molasses
ranged from 43 to 230 N/pellet, superior to pellets con-
taining bentonite with a strength range of 9.47 to 11.92
N/pellet. The compressive strength of dry molasses-mod-
ified pellets increased to 222-394 N/pellet, representing
the highest value recorded for dry pellets to date.

In this research, gum from the Commiphora Mukul
(GCM) tree, which is mainly found in the Indian

subcontinent, was used as a binder for the production of
iron ore pellets. Although GCM is naturally adhesive, its
inherent stickiness is insufficient for creating a strong
and durable bond. Note that industrial adhesives typical-
ly contain specific chemical compositions which enables
the formation of robust and long-lasting bonds.

2. Materials and Methods

Hematite iron ore was collected from the iron ore
mines of Semnan Province, whose composition is pre-
sented in Table 1. Bentonite and gum Commiphora
Mukul (GCM) were used as binders. Table 2. shows the
chemical composition of bentonite.

To prepare the GCM gum binder, 100 g of gum was
boiled in 900 mL distilled water for 1 h. Subsequently,
the solution was filtered three times to remove suspend-
ed particles. The resulting solution was sprayed onto the
materials during pelletizing.

Hematite powder with a particle size smaller than
65 um was obtained using a jaw crusher and disc mill
(Retsch GmbH, Vibratory Disc Mill RS 100) for 3 h.
The pelletizing machine was a disc type with a diame-
ter of 77 cm and a height of 16 cm. Initially, 500 g of
fine powder was thoroughly mixed with 25 g of bentonite
powder. The uniform mixture was added to the rotating
disc. Water was sprayed onto the mixture on the rotating
disc every 3—5 min to provide the moisture required for
the formation of pellets. After sufficient growth of the
pellets, they were removed from the machine and dried
in ambient air for 24 hours. The wet pellets were then
dried in an oven at 110°C for 1 h. The remaining pellets
were prepared using 3% bentonite + 2% organic binder,
3% organic binder, and 5% organic binder. The pellets
were heated at 900, 1000, and 1200°C according to the
temperature program shown in Fig. 1. The samples were
labeled as listed in Table 3.

To analyze the raw materials and final products,
X-ray fluorescence spectroscopy (XRF-1800, Shimadzu,
Japan), Fourier transform infrared spectroscopy (FTIR
8400S, Shimadzu, Japan), thermal analyzer model STA
6000 (PerkinElmer, USA), and X-ray diffractometer
(XRD D8 Bruker, using Cu-Ka radiation with a wave-
length A=1.5406 A filtered with nickel) were used.

Table 1. The chemical composition of iron concentrate.

%Fe,0s3 | Si0:% | ALO3;% | MgO% | Ca0% | MnO% | Na;O% | %S0; | L.O.I1%
67.5 16.36 3.92 2.85 1.02 0.07 0.29 1.08 2.12
Table 2. The chemical composition of bentonite determined by XRF.
Si0:;% | ALO3% | V0% | CaO% | MnO% | Na;0O% | %SO0s; | %Fe,0s | %Other
63.4 21.1 1.85 1.20 0.13 2.31 0.44 3.22 7
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Compression and drop tests were also conducted using
a universal testing machine (STM 400, Santam, Iran) to
investigate the mechanical properties of pellets. The drop
number test records the maximum number of times green
pellets remained intact after being dropped from a height
of 0.5 m onto a steel plate. Each test was performed on 5
pellets, and the average results were reported.

3. Results and Discussions

According to the chemical composition of the ore

shown in Table 1. Fe O, has the highest percentage
(67.5%) among the minerals. ALLO, and SiO, were the
most abundant impurities. The X-ray diffraction (XRD)
analysis, shown in Fig. 2. also reveals the presence of
hematite (Fe,O,) and goethite (FeO(OH)) in the ore. Ad-
ditionally, quartz (SiO,) and kaolinite impurities were
detected [18].

Fourier Transform Infrared (FT-IR) spectrosco-
py was performed over the range of 400-4000 cm™' to
investigate the bond interactions in GCM and P5G.
Based on Fig. 3. and Table 4. the characteristic peaks

Table 3. Details of different pellet binders.

Sample P5B P3B P3G P5G P2B3G
Type of binder | 5% bentonite | 3% bentonite | 3% gum | 5% gum | 2% bentonite + 3% gum
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Fig. 1. Pellet sintering temperature schedule.
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Fig. 2. X-ray diffraction analysis of iron powder.
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in the spectrum include OH stretching vibrations at
3600-3200 cm™', C=0 stretching vibrations at 1700-
1600 cm™, C-O stretching modes at 1200-1000 cm!, and
C-H bending vibrations at 800-600 cm™ [19-21]. The
electrostatic attraction, hydrogen bonding, and van der
Waals forces are involved in the bonding between the
iron ore andorganic binder pellets. This iron ore-binder
interaction is schematically shown in Fig. 4. When raw
pellets are formed, moisture hydroxylates the surface of
the ore particles, facilitating the dissolution and diffusion
of organic molecules, and enhancing adhesion. With the
rotation of the pelletizing device, the colloid adhered to
the surface of the particles and continuously attached to
the surrounding ore. Continuous rotation of the disc led
to the pellet rotation and compaction. Upon gradual hard-
ening, it finally formed a pellet with adequate strength
[8]. In this mineral-organic binder system, electrostatic
attraction was the strongest binding force. Fe-OH*" is
formed by absorbing H" from moisture [5, 22].

The carboxyl groups in the organic binder (HO-[P]-
COOH) ionize to form HO-[P]-COO™ [23]. These groups
possess opposite surface charges, creating electrostat-
ic attraction. Further reactions led to the formation of

HO-P-OC-O-Fe [24]. Fe-O is formed by the adsorption
of OH- on the surface of iron ore; while the HO-[P]-
COOH group combines with OHto form HO-[P]-COO-.
Due to their similar charges, these compounds exhibit
electrostatic repulsion [25, 26]. While electrostatic repul-
sion negatively affects the adsorption on the ore surface,
organic compounds can form a strong molecular net-
work, providing a strong adhesision force to improve the
bond strength between mineral particles.

To address the issues associated with inorganic bind-
ers, organic binders such as starch have been proposed
as alternatives. The organic content of these binders are
eliminated from the green pellet structure during sinter-
ing. Fig. 5. shows the thermogravimetric analysis (TGA)
of blue gum at 900°C in an air atmosphere. The first stage
of weight loss occured from room temperature to 313 °C,
indicating the removal of water and impurities from the
structure. The second stage of weight loss at 313-452°C
corresponds to the decomposition of organic compounds;
whereas the third stage, at temperatures above 452°C,
shows minor weight changes related to the decomposi-
tion of residual compounds in the pellet. As a result, all
organic compounds were eliminated.
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Fig. 3. Infrared Fourier transform spectroscopic analysis of the GCM and P5G.

Table 4. wavenumber and type of bond in GCM and P5G [27, 28].

Wavenumber (cm™) Type of bond Bond
600 bending C-H

1110 stretching C-O

1416 stretching Cc-C

1620 stretching C=0

3404 stretching O-H
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pH >7

Fig. 4. Surface interactions between organic binders and the mineral phases magnetite (M) and hematite (H): HB,
hydrogen bonding; EA, electrostatic attraction; ER, electrostatic repulsion; LE, ligand exchange [27].
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Fig. 5. Thermal calorimetry analysis of the pellets prepared with GCM.

Fig. 6. and Table 5. present the changes in the com-
pressive strength of the pellets at various conditions.
In the raw state, the compressive strength of the pellets
with the bentonite binder was higher than that of the
gum binder. The combined binder exhibited an accept-
able strength. For all samples, temperature elevation led
to a noticeable increase in the compressive strength. For
example, the compressive strength of P5B grew from 9
N/pellet in the raw pellet state to 1000 N/pellet with in-
creasing temperature to 1200 °C.

The pellets with 2% bentonite fired at 1200°C showed
a compressive strength of 750 N/pellet [29]. The strength
of pellets comprising both bentonite and gum was similar
to that of PSB. However, the use of high levels of ben-
tonite as a binder in pellets is not desirable as it acidifies
the kiln environment [28]. The results showed that the
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co-incorporation of gum and bentonite created favorable
conditions for the pellet without eliminating bentonite.
According to the results, the sample with a mixed binder
can replace the pellets with bentonite. The kiln pH can
be maintained at high levels by increasing the content of
gum, hence, reducing the consumption of lime and ben-
tonite. The strength achievable by adding high contents
of binder is unnecessary; moreover, overconsumption of
binder results in additional cost.

In dry pellets, the organic binder provides cohesive
strength after hardening into a solid bridge [30]. Benton-
ite modification improves the compressive strength of
dry pellets by forming mechanical bridges and films with
binders at particle contact points [19]. The co-incorpora-
tion of calcined colemanite and organic binders increas-
es the compressive strength of raw, preheated, and fired
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pellets compared with bentonite-containing pellets [31].
The maximum compressive strengths of pellets preheated
at 1000°C produced with organic binders were 106, 90,
and 82 kg/pellet for 0.20% CMC, 0.05% Ciba DPEP06-
0007, and 0.30% corn starch additives, respectively [28].

The significant decrease in the strength of the
preheated pellet could be due to the burning of the or-
ganic binders at this temperature. The compressive
strength of pellets baked at 1300°C produced with
organic binders was reported to be as good as ben-
tonite-bonded pellets. According to Ngara et al. [32],

cellulose (210 kg/pellet) and sodium lignosulfonate
(198 kg/pellet) were weaker than bentonite pellets (250
kg/pellet), while meeting the industrial requirement of
compressive strength (approximately 181 kg/pellet) [28].

Table 5. lists the drop test results at 1100°C, and Fig. 6.
shows the trend of its changes. The more steps the sample
passed, the higher its impact resistance. The P5B showed
the highest impact resistance while the P2B3G and P3B
exhibited similar results. The other samples with gum did
not offer adequate resistance. Qiu et al. [30] reported the
wet drop number and dry drop number of pellets with an

pellets indurated at 1200°C with carboxymethyl organic binder as 6.7 and 16.2 times/1.0 m, respectively.
1200
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Fig. 6. (a) Variations in compressive strength of different pellets under different temperature conditions
(N/pellet) and (b) results of drop strength of pellets.
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Table 5. Compressive strength results (N/pellet) of pellets and drop test results of pellets sintered at 1200°C.

Sintering temperature (°C) Step test in 1100°C
Sample .
1200 | 1100 | 900 | 500 | Raw (times/0.5m)

P5B | 1000 | 670 | 452 | 350 9 30<

P3B 850 | 540 | 226 | 120 | 6.8 21

P3G | 500 | 100 | 50 5 3.5 4

P5G | 300 | 156 | 55 8 4 6
P2B3G | 680 | 540 | 180 | 15 5.8 19

4. Conclusions

In this study, bentonite and water gum Commipho-
ra Mukul were used as binders for pelletizing hematite
iron concentrate. The pellets were sintered at different
temperatures and then their mechanical properties were
evaluated by compressive strength and drop number
tests. Regarding the urgent need for the removal or re-
duction of bentonite to improve the performance of the
blast furnace, plant gums can be a suitable candidate for
pellet production because of their good adhesion. It has
been shown that gum Commiphora Mukul alone cannot
provide sufficient compressive strength. Its combination
with bentonite, in addition to providing sufficient com-
pressive strength to the pellets, will improve the efficien-
cy of the iron production by reducing the consumption
of bentonite.
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