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ABSTRACT: Deposit formation in the coal-fired rotary kiln is frequently found i
in the production of fluxed iron ore pellets by the grate-kiln process and affects
normal production. In this paper, the effects of pellet basicity (CaO/SiO, mass
ratio) on the simulated deposit formation were investigated. The results show +
that the porosity of deposits samples increases from 30.8 to 41.5% as the pellet
basicity increases from 0.6 to 1.2, and most of the holes are irregular in shape.
The contents of CaO and Fe,Oj; in the silicates of the deposit samples increased
with increasing basicity. The primary phase of the deposit samples changed from
the M,O; phase region to the clinopyroxene phase region with a lower melting
point. As the basicity increased, the calculated proportions of the liquid phases in
the deposit samples had an increasing trend. Moreover, the deposit sample
adhesion to the refractory brick increases with the increase in pellet basicity.

1. INTRODUCTION

Iron ore pellets are an essential part of the blast furnace charge,
with high grade, good strength, uniform particle size, good
metallurgical properties, and so forth."” Especially, fluxed iron
ore pellets have better high-temperature soft fusion performance
and reduction performance.’~> However, the burden of the blast
furnace is still dominated by a high proportion of high basicity
sinter and some acidic iron ore pellets.' The pelletizing process’s
energy consumption, CO, emission, and environmental
pollution are much lower than the sintering process. In order
to optimize the structure of the blast furnace burden and reduce
the environmental pollution,6 some companies have focused on
the production of fluxed iron ore pellets to replace the iron ore
sinter for blast furnace smelting in recent years.”

The three common processes used in iron ore pellet
production are the shaft furnace process, the straight grate
process, and the grate-kiln process.” As the dominant process for
iron ore pellet production in China, the proportion of iron ore
pellets produced by the grate-kiln process has exceeded 70%.”
Deposit formation in a rotary kiln is frequently observed in iron
ore pellet production by the grate-kiln process, disturbing
normal production and decreasing productivity.'"’ The deposit
of fluxed iron ore pellets is more severe than acidic iron ore pellet
production.' "

Many researchers'*~'® have focused on the deposition
mechanism in rotary kilns for acidic iron ore pellet productions.
In the rotary kilns fueled by pulverized coal, preheated iron ore
pellet powder and coal ash are the material basis for deposit
formation. The characterization of the deposits showed that the
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main mineralogical ghases include hematite, silicate, and some
minor glass phases.””~>* Some studies have found differences in
the mechanism of deposit formation in different parts of the
rotary kiln."*** The primary manner to form the deposits near
the burner zone in the rotary kiln was the hematite crystallization
and diffusion, while the liquid phases played a secondary role in
the deposit formation. Furthermore, bentonite and coal ash
contain high SiO,, Al,O;, Na,O, and K,O, which will promote
the generation of liquid phases and intensify the deposition
phenomenon.17’25’26 In addition, insufficient combustion of
pulverized coal caused partial zones of the reduction atmosphere
in the rotary kiln, resulting in the generation of Fe**, and formed
low-melting-temperature compounds with veinstone minerals
such as SiO, and CaO AL 03”7 It has been found that the
deposition phenomenon became more severe in rotary kilns for
producing fluxed iron ore pellets.’>”" Unfortunately, the effects
of the basicity of iron ore pellets on the deposition formation
mechanism are still not fully understood. Thus, it is necessary to
study the deposit formation mechanism during the production
of fluxed iron ore pellets by the grate-kiln process.

During coal-fired iron ore pellet production, the deposits
formed in the rotary kiln originate from the fragmentized pellet

Received: December 1, 2021
Accepted: January 17, 2022
Published: January 26, 2022

https://doi.org/10.1021/acsomega.1c06800
ACS Omega 2022, 7, 4640—4647


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yufeng+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianjun+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingzhi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yajing+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuo+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuo+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c06800&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06800?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06800?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06800?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06800?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/5?ref=pdf
https://pubs.acs.org/toc/acsodf/7/5?ref=pdf
https://pubs.acs.org/toc/acsodf/7/5?ref=pdf
https://pubs.acs.org/toc/acsodf/7/5?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c06800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

S
g
2
Z
§ R=0.8
=

R=0.6

1 1 1 1
10 20 30 40 50 60 70

Two-Theta/®

80 29 30 31

Figure 1. XRD patterns of simulated deposit samples with pellet basicity of 0.6, 0.8, 1.0, and 1.2: hematite (H), pyroxene (P), and diopside subsilic

ferrian (D).

and coal ash. The generated liquid phases in the deposits are
critical for the adhesion and growth of the deposits on the
surface of refractory bricks. The higher proportion of liquid
phases in the system would accelerate the deposit formation.
Thus, this study prepared the simulated deposit samples with
different basicity by mixing preheating pellets powder and coal
ash. The effects of the basicity of iron ore pellets on the
microstructure, phase composition, and elemental distribution
behaviors of the deposits are investigated. Moreover, the phase
diagram and liquid phase generation of the bonded phase were
calculated by FactSage 8.0 software. Finally, the effects of
basicity on adhesivity of simulated deposits to refractory were
presented. Our study will provide a technical basis for
understanding the effects of binary basicity of iron ore pellets
on deposition formation and guiding the fluxed iron pellet
production in China.

2. RESULTS AND DISCUSSION

2.1. Phase Compositions of the Roasted Deposit
Samples. The X-ray diffraction (XRD) analysis of each binary
basicity simulated deposition sample is shown in Figure 1. The
main material phase of the simulated deposition is hematite, and
minor silicate phases are pyroxene and diopside subsilic ferrian.
A large amount of SiO,, Al,O;, and other minerals in coal ash
mixed into the iron ore pellet powder, which prompted the
formation of silicates. In general, the silicates such as pyroxene
and diopside have low softening temperatures and melting
temperatures and form more liquid phases in the deposits.

2.2. Microstructure of the Roasted Deposit Samples.
Figure 2 shows the microstructure of the roasted deposit
samples with different binary basicity. The effects of binary
basicity on the porosity of roasted deposited samples were
analyzed by Image J software. The porosity of deposit samples
increases from 30.8 to 41.5% as the pellet basicity increases from
0.6 to 1.2, and most of the holes are irregular in shape. In
particular, when the binary basicity reaches 1.2, the roasted
deposit samples appear to have significant cracks. At high
temperatures, the silicate phase in the deposited sample
generates liquid phases to bond the solid phase and shrink in
volume. At the same time, the higher binary basicity needs more
limestone addition. The limestone starts to decompose (about
759 °C) to produce CO,, leading to the generation of holes in
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Figure 2. Microstructure of the roasted deposit samples with different
binary basicity: (a) R = 0.6, (b) R=0.8, (c) R=1.0,and (d) R = 1.2.

the roasted sample. The burning of residual carbon in deposit
samples may also cause holes in the roasted samples.

2.3. Elemental Distributions of the Roasted Deposit
Samples. The microstructure and elemental distribution of the
roasted deposit samples are also shown in Figures 3—6. It is
evident that when the binary basicity is 0.6 and 0.8, hematite
particles are mainly bonded in the recrystallized solid phase, and
the hematite particles are uneven. When the binary basicity is
further increased to 1.0 and 1.2, the deposited samples probably
generate higher proportions of liquid phases, which play an
essential role in the growth of the deposition.

Figure 3 shows the energy-dispersive spectrometry (EDS)
analysis of the deposit sample with a binary basicity of 0.6, and
the main elemental composition of the deposit bonding phase is
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Figure 3. EDS analysis of simulated deposited samples with a binary basicity of 0.6: (A) EDS results of silicate with low iron, (B) EDS results of silicate

with high iron, and (C) EDS results of hematite.
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Figure 4. EDS analysis of simulated deposited samples with a binary basicity of 0.8: (A) EDS results of silicate A, (B) EDS results of silicate B, and (C)

EDS results of hematite.

O, Si, and Ca and a minor amount of Al, Mg, Fe, and K. The
bonding phases are mainly silicate phase with high iron content
(point B) and silicate phase with low iron content and high silica
content (point A).

Figures 4—6 show that the deposits are composed of a
hematite phase with a dark gray silicate phase. The chemical
compositions of the silicates vary as the binary basicity increases.
More Ca ions are introduced into the silicate phase. The Ca
content of silicates with low iron (point A) increases from 14.06
to 23.43 wt %, and the Ca content of silicates with high iron
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(point B) increases from 14.77 to 1641 wt % as the pellet
basicity increase from 0.6 to 1.2.

2.4. Chemical Composition of Bonding Phases and
Liquid Phase Generation. It can be inferred that the chemical
composition of silicates (bonding phase) in the deposits with
different pellet basicity changed with various pellet basicity. In
general, the change in the chemical composition of bonding
phases would significantly influence the formation of liquid
phases and deposit formation. Thus, the elemental compositions

of the bonding phases with different binary basicity were
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Figure 5. EDS analysis of simulated deposited samples with a binary basicity of 1.0: (A) EDS results of silicate with low iron, (B) EDS results of silicate

with high iron, and (C) EDS results of hematite.
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Figure 6. EDS analysis of simulated deposited samples with a binary basicity of 1.2: (A) EDS results of silicate with low iron, (B) EDS results of silicate

with high iron, and (C) EDS results of hematite.

obtained by collecting the EDS results of silicates in the deposit
samples. The composition of the bonding phase of the roasted
deposit samples mainly includes SiO,, CaO, Fe, O3, and Al O;.
Based on the results of EDS analysis, the average chemical
compositions of the roasted deposit samples with different
binary basicity were counted from at least 10 points.

As illustrated in Figure 7, it can be concluded that with the
increase in binary basicity of iron ore pellets, the content of CaO
and Fe,0j; in the bonding phase of roasted samples tends to
increase, while the content of SiO, and Al,O; tends to decrease.

The CaO content in the bonding phase reached 25% by adding
more limestone, while the SiO, content was above 40%.
The phase diagram of the S§i0,—CaO—Fe,0;—10% Al,O;—
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5% MgO system was drawn using FactSage 8.0°” software to
reveal the effects of composition change in bonding phases. As
shown in Figure 8, for the change in the bonding phase
composition from “A” to “B” for the roasted deposited samples,
“A” represents the bonding phase composition of the deposited
samples with an iron ore pellet binary basicity of 0.6, and “B”
represents a higher binary basicity of 1.2. It can be seen that the
bonding phase composition in deposited samples changes from
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Figure 7. Effect of pellet binary basicity on the chemical composition of
the bonding phase of deposit samples: (a) CaO content, (b) SiO,
content, (c) Fe,0; content, and (d) Al,O; content.

the M,0; phase area to the clinopyroxene phase area as the
binary basicity increases. Pyroxene is a common silicate rock-
forming mineral with a single-stranded structure. The crystal
structure is monoclinic or orthoclinic, and monoclinic pyroxene
has a low melting temperature. It forms co-crystals with quartz

and Fe,O; with melting temperatures below 1200 °C,
promoting the liquid phase generation.

In addition, the average proportions of liquid phases of
bonding phases at 1200, 1250, and 1300 °C were calculated and
are shown in Figure 9. The amounts of liquid phase generation in
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Figure 9. Effect of binary basicity on the ratio of the liquid phase of the
bonding phase in deposited samples: (a)1200, (b)1250, and (c)1300
°C.
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the bonding phases have a rising trend as the binary basicity of
iron ore pellets increases. This can be explained by the fact that
more CaO was added and reacted with iron oxides to produce
calcium ferrate silicates with a lower melting temperature,
generating more liquid phases.

The calculation results show that the average liquid phase
generation of the bonding phase for samples with the binary
basicity of 0.6 and 1.2 is about 45% at 1200 °C, while the binary
basicity of 0.8 and 1.0 is above 50%. When the roasting
temperature was 1250 °C, the liquid phase generation of the
bonding phase of the sample with a binary basicity of 1.2 was
already more than 90%. In addition, when the temperature is
further increased to 1300 °C, the liquid phase generation
capacity reaches a very high level. In producing high basicity
pellets by the grate-kiln process, deposit formation is greatly
influenced by the kiln temperature. The thermal regime should
be strictly controlled to reduce temperature fluctuations and
local overheating in the kiln.

2.5. Effect of Binary Basicity on the Adhesion of
Deposits on Refractory Bricks. Deposits in a rotary kiln result
from powder continuously bonded to the kiln refractories at
high temperatures; the formation process is long and about
several months. The adhesion rate of deposits with various
basicity on the refractories was evaluated. As shown in Figure 10,

Adhesion ratio/%

0.8 1.0
Binary basicity/R

Figure 10. Deposition adhesion of different binary basicity powders on
refractory bricks.

the amount of powder adherence on the refractory bricks
increases as the binary basicity increases. The adhesion rate of
deposit on the brick surface increases from 3.0 to 5.0%. In
addition, the appearance of the refractory bricks after roasting
shows that the color of the contact surface of the refractory brick
become dark, which indicates that the powder interacts with the
refractory brick at high temperatures and partially erodes into
the refractory brick.

In summary, when the binary basicity of iron ore pellets was
increased, the Ca and Fe content in bonding phases of the
simulated deposits tended to increase, which further reduces its
melting temperature, makes the generation of the liquid phase
easier, and increases the adhesion of the pellet powder on the
refractory brick. Some suggesting measures, such as adding
MgO, optimizing the preheating and roasting principles,
increasing the preheating pellets’ strength to reduce the pellet
powder, may be taken to inhibit the deposit formation in the
fluxed pellet production.

3. CONCLUSIONS

This study investigated the effects of pellet basicity on the
simulated deposit formation mechanism in the kiln. The
chemical composition of the deposited samples is mainly
hematite, with minor silicates. The microstructure of the roasted
samples becomes more porous with increasing binary basicity.
Moreover, the chemical composition of bonding phases of the
simulated deposit samples varied with basicity of various pellets.
With the increase in binary basicity, more Ca ions and Fe ions
are diffused into the silicate phase. The bonded phase
composition moved to the clinopyroxene phase region in the
phase diagram. The melting temperature of the silicate phase
decreased, which promoted the formation of the liquid phase.
The amount of liquid phase generation in the bonding phase has
a rising trend as the binary basicity of iron ore pellets increases.
Adhesion experiments show that the deposited samples with
high binary basicity were easier to adhere on refractory bricks in
the rotary kiln. Some suggested measures may inhibit the deposit
formation in the fluxed pellet production, including adding
MgO, optimizing the preheating and roasting principles, and
increasing the preheating pellets’ strength to reduce the pellet
powder.

4. MATERIALS AND METHODS

4.1. Materials. The raw materials used in this study were
provided by an iron ore pellet plant in China and included
preheated pellet, deposit sample, iron ore concentrate, lime-
stone, bentonite, coal ash, and refractory bricks, whose chemical
compositions are shown in Tables 1 and 2. Table 1 shows that

Table 2. Chemical Compositions of Refractory Bricks (wt %)

TFe
1.23

Sio,
16.98

CaO
1.75

ALO;,
7126

MgO
0.24

TiO,
1.89

the iron ore concentrate is mainly hematite with a small amount
of magnetite; its total iron grade is 64.72%. Due to the addition
of bentonite and limestone, the total iron content of the
preheated pellet was reduced to 62.10%, and the CaO content
was increased to 4.20%. In addition, coal ash contains a large
amount of SiO, and Al,O; and 1.22% K,O and 0.75% Na,O,

Table 1. Chemical Compositions of the Raw Materials (wt %)

raw material TFe FeO SiO, CaO
preheated pellet 62.10 4.35 4.20
deposit sample 59.74 0.76 6.67 2.98
iron ore concentrate 64.72 9.90 3.75 0.46
limestone 0.52 0.14 2.32 51.82
bentonite 3.09 0.20 60.01 3.73
coal ash 4.04 0.10 51.85 8.57
4645

AL O, MgO K,0 Na,O S
1.32 0.81 0.086 0.079 0.038
2.93 0.69 0.24 0.17 0.024
1.11 0.76 0.07 0.06 0.04
0.46 2.63 0.17 0.025 0.025

12.52 3.00 1.40 1.80 0.015

26.09 1.12 1.22 0.75 0.58
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respectively. The high alumina refractory bricks were mainly
composed of corundum and mullite.

4.2, Experiment Methods. 4.2.1. Preparation of Simu-
lated Deposit Formation. In order to obtain the deposition
samples required for the simulation experiments, we need to
analyze the composition of the deposition samples. Previous
studies have shown that the original material of the deposits is
preheated pellet powder and coal ash.”” The proportions of
preheated pellet powder and coal ash for forming deposition can
be calculated based on the elemental balances of calcium, silicon,
and aluminum.”® The calculated results indicated that the
deposit sample contained 94.34 wt % preheated pellet powder
and 5.66 wt % coal ash. Since the pulverized coal cannot burn
completely in practical production, we chose the pulverized coal
with a combustion efficiency of 90% for the subsequent study.

In addition, the raw materials, including iron ore concentrate,
limestone, and bentonite, were mixed thoroughly, and the green
pellets with different binary basicity were prepared using a disc
pelletizer. The size of the green pellets was 10—16 mm in
diameter. By adding different proportions of limestone, the
binary basicity of pellets was adjusted to 0.6, 0.8, 1.0, and 1.2.
The green pellets were heated in a tube furnace at 1160 °C for 10
min to produce the preheated pellets. The preheated pellets
were rotated in a drum to obtain preheated pellet powder for
simulated deposit sample preparation. The simulated deposit
samples consist of preheated pellet powder, pure coal ash
(PCA), and removed volatile pulverized coal (RVC), as shown
in Table 3.

Table 3. Proportions of Materials to Prepare Deposit Samples

sample no.  preheated pellet powder/g  PCA/g  RVC/g  basicity
RO.6 9.443 0.51 0.331 0.6
R0.8 9.443 0.51 0.331 0.8
R1.0 9.443 0.51 0.331 1.0
R1.2 9.443 0.51 0.331 1.2

The prepared deposit samples were pressed into cylindrical
pellets. Then, the samples were roasted in a muffle furnace at
1230 °C for 1 h under air condition. Finally, chemical
composition, XRD, and scanning electron microscopy
(SEM)—EDS analyses were performed on the roasted samples.

4.2.2. Evaluated Methods of Deposit Adhesion on the
Refractory Bricks. The initial stage of the deposit formation in
rotary kilns is the adhesion process of the powder to the
refractory bricks; the adhesion materials on the refractories
provide the basis for the subsequent deposit growth. The
experimental evaluation method used in this study was
mentioned in our previous paper.”® The simulated deposit
samples (3 g) were placed uniformly on the surface of the
refractory bricks (circular area of 3 cm in diameter) and roasted
in a muffle furnace at 1230 °C for S h under an air atmosphere.
As shown in Figure 11, after cooling, the samples were rolled by a
roller with a certain mass twice to simulate the mechanical and
impact actions from rolling pellets in the rotary kiln. Thus, the
bonding degree between the deposits and the refractory brick by
comparing proportions of the simulated deposit samples adheres
to the refractory brick.

4.3. Analysis Methods. According to Chinese standards,
the determination of the chemical composition of the raw
materials is performed by chemical analysis methods.”® Phase
compositions of deposit samples with different binary basicity
were analyzed by XRD (Empyrean, Malvern PANalytical, The
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Figure 11. Schematic diagram of the evaluated method used in the
present study.

Netherlands). The microstructure and phase composition of
simulated experimental samples were determined using SEM
(TESCAN, MIRA3-LMH, Czech) coupled with an energy-
dispersive spectra analyzer (EDS, Oxford X-MAX20). FactS-
age8.0°” software was used to calculate the liquidus temper-
atures and liquid amounts of the silicate phases as well as the
phase diagram. Software uses the “Phase Diagram” and “Equilib”
modules, as well as the corresponding “FactPS” and “FToxid”
databases.
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