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Abstract: In this research, Australian fine iron ore was reduced by combining pressurized and
energy-bearing waste plastics in a fluidized bed. This research aims to obtain preferable operating
parameters by synthetically researching the effect of temperature, linear velocity, pressure, size,
and mass content of energetic waste plastics, and to clarify the sticking mechanism and the inhibitory
mechanism of fine iron ore during the reduction process. The experimental results show that the
preferable operating parameters include a reduction temperature of 923–973 K, linear velocity of
0.8 m/s, reduction pressure of 0.15 MPa, particle size of energetic waste plastics of 0.18–0.66 mm,
and mass content of energetic waste plastics of 8%. Under the conditions of theses preferable operating
parameters, the sticking mechanism of fine iron ore is caused by the reunion of the metal iron atoms.
The occurrence states of carbons deposited from waste plastics can be divided into two types:
graphite and carbon from Fe3C. Carbon from Fe3C reduces the sticking of fine iron ore, while the
graphite hinders the direct contact of iron atoms, thereby effectively controlling the sticking.
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1. Introduction

Given the increase in environmental pollution caused by blast furnace ironmaking, the scarcity
of coal resources, and the decrease in quantity of iron ore resources, metallurgical workers attempt
to explore new technologies for reducing the coke rate of blast furnace ironmaking and non-blast
furnace ironmaking [1]. Direct reduction in fluidization, which is consistent with said development
trend, has been introduced. This approach presents many advantages, such as a large contact
area between gas and solid phases, uniform temperature and concentration, good heat and mass
transfer conditions, and high operation efficiency. Considering the change of iron ore from lump
to powder, direct reduction in fluidization, which possesses the advantage of directly reducing fine
iron ore without using non-coking coal, has provided many possibilities for energy saving and
environmental protection in the metallurgical industry, the rational use of low-grade and composite
ore, and the solution to iron ore shortage [2,3]. This technique plays an important metallurgical
function in magnetic roasting of fine iron ore, preheating and low pre-reduction of fine iron ore,
and production of direct reduction iron [4,5]. However, high-temperature fluidized reduction of fine
iron ore easily causes sticking, reduces reduction efficiency, and hinders continuous operation of the
process. These limitations are important obstacles for the industrialized application of fluidized iron
smelting technology.

Many scholars have added inert components to fine iron ore to control the sticking behavior
and thus reduce the probability of iron contact on the surface of particles. The inert components
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added are mainly oxides, such as CaO, MgO, SiO2, and Al2O3. The adding methods include the dry
method, powder method, water mixing method, sintering method, solution method, slurry method,
and high-temperature coating method [6–9]. The addition of inert components affects the surface
morphology of particles, especially the growth of iron whiskers [9]. Moreover, the inert components
wrap the surface of slag particles or the dilution bed and reduce the probability of iron contact on the
surface of particles. Therefore, the inhibitory effect and inert ingredients’ uniformity on the particle
surface are related to adhesion strength.

Carbon is attached to the surface of the particles through carbon precipitation and chemical
reactions, and its uniformity distribution and adhesion strength are improved compared with those
for the method of adding oxides [10,11]. Shi et al. [12] found that the adhesion of carbon effectively
inhibits growth of iron whiskers, which are not easily generated on the surface of powder particles,
thereby inhibiting sticking loss. This theory is based on the fact that powder sticking is caused by
the hook of an iron whisker. However, Mikami, Zhong, and Shao et al. [13–15] showed that the iron
whisker is not a necessary condition for the occurrence of sticking loss; pure iron powder particles can
also generate sticking loss, and pure iron powder contains no iron whisker. Therefore, the mechanism
of inhibition of sticking by carbon precipitation must be further studied. During non-blast furnace
ironmaking, the gas-based reduction process is implemented using pressure. Many experts’ studies on
the mechanism of inhibiting sticking loss are mostly based on atmospheric pressure and differ from
the production practice.

In order to improve environmental protection and production efficiency, the current study added
energetic waste plastics into the iron ore powder [16] according to a certain size and ratio, resulting in
the changing direction of the optimal operating parameters in a self-designed, hot visual, pressurized,
fluidized bed experimental device. On this basis, economic, convenient, and effective operating
parameters were determined. This research focuses on the mechanism of inhibiting sticking of iron
ore powder particles by coated waste plastics, and it elucidates the mechanism of inhibiting sticking
loss by carbon precipitation from pressure-coated waste plastics. Accordingly, data storage and the
theoretical basis for the industrialization of direct reduction in fluidization are provided.

2. Experiment

2.1. Experimental Materials

The reduction iron ore powder is Australian fine iron ore (OMC fine iron ore, Ma steel, Ma’anshan,
China) with a size in the range of 0.18–0.66 mm. Its composition is shown in Table 1. This study used
energetic waste plastics (the ingredient of energetic waste plastics is PE reagent) with particle sizes of
0.12–0.15 mm, 0.15–0.18 mm, 0.18–0.66 mm, and 0.66–1.00 mm for testing. The chemical composition
is hydrocarbon polymers. TFe is the total iron in the table.

Table 1. Chemical composition of the OMC iron ore (mass %). TFe: total iron ore.

Compositions Al2O3 CaO FeO MgO MnO P S SiO2 TFe

Mass % 2.61 0.035 0.15 0.05 1.055 0.076 0.031 4.70 57.59

2.2. Experimental Device

The main device used in the study is a self-designed pressurized, visible, fluidized bed (with a
double stainless-steel pipe as the reactor). The inner pipe is a fluidized bed. The gas is preheated
through the interlayer between the outer and inner tubes and flows into the fluidized bed. The outer
tube contains heated cabinets. The different flows of H2 and N2 are regulated using multiple sets of
flow meters to ensure that the composition content and velocity meet the experimental requirements.
The inlet flow rate of the fluidized bed is controlled with a gas mass flow controller. The reduction
temperature in the fluidized bed is measured with a thermocouple. Preheating and cooling of fine
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iron ores in the fluidized bed are conducted by passing through high-purity nitrogen for exhaust
and protection. To evaluate the fluidized reduction sticking situation, the bed pressure difference
∆P is measured using a pressure sensor, and the observation window is used. The schematic of the
pressurized fluidized reduction experiment and the device are shown in Figure 1.
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Figure 1. Experimental setup: (a) fluidized bed reactor; (b) the flowchart. 1. Gas mixing and
preheating chamber; 2. Gas mixing hole; 3. Fluidized bed; 4. K-type thermal couple; 5. Pressure
sensor; 6. Gravity filter; 7. Feeding and sampling port; 8. Pressure seal cap; 9. Temperature change
recorder; 10. Gas analyzer; 11. H2 gas analysis recorder; 12. CO2 gas analysis recorder; 13. CO gas
analysis recorder; 14. Pressure change analysis recorder; 15. Computer; 16. Gas dryer; 17. Gasholder;
18. Pressure display; 19. Gas mass flowmeter; 20. CO/CO2 gas cylinders; 21. H2 gas cylinders; 22. N2

gas cylinders; 23. Booster pump; 24. Gas valve.

2.3. Experimental Programs and Methods

Under nonpressurized and pressurized conditions, iron ore powder-coated waste plastics and
uncoated waste plastics were used as control experiments to compare and analyze the fluidizing effect
of coated waste plastics.

Five factors of inhibiting sticking of fine iron ore particles by coated waste plastics were considered:
reduction temperature, linear velocity of reduction gas, reduction pressure, size, and mass content
of energetic waste plastics. Four levels of these factors were investigated [17–20]. The five factors
are denoted using letters A, B, C, D, and E. In particular, A represents the reduction temperature,
with A1, A2, A3, and A4 representing 923 K, 973 K, 1023 K, and 1073 K, respectively; B represents
the linear velocity of reduction gas, with B1, B2, B3, and B4 representing 0.6 m/s, 0.8 m/s, 1.0 m/s,
and 1.2 m/s, respectively; C represents the reduction pressure, with C1, C2, C3, and C4 representing
the atmospheric pressure, 0.15, 0.30, and 0.45 MPa, respectively; D represents the size of energetic
waste plastics, with D1, D2, D3, and D4 representing 0.12–0.15 mm, 0.15–0.18 mm, 0.18–0.66 mm,
and 0.66–1.00 mm, respectively; E represents the mass content of energetic waste plastics, with E1, E2,
E3, and E4 representing 4%, 8%, 12%, and 16%, respectively (See Tables 2 and 3). First, 20 g of fine
iron ore and 5 g of waste plastics were fully blended. Thereafter, the fluidized bed was heated to the
set-point temperature. Then, N2 flows for 10 min with a linear velocity of 0.3–0.5 m/s, thereby making
the waste plastics pyrolyze first and then passing through pure H2 for the fine iron ore reduction in
50 min. At the end of the test, the ferric chloride titration method was used to test the samples after
reduction. The total iron (TFe) and the metal iron (MFe) values were obtained. After calculating the
metallization rate (η), the state of fluidized reduction sticking was evaluated in time and, ultimately,
through the pressure difference (∆P) and sticking ratio (Ω).
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Table 2. Factor levels.

Factor A
Temperature/K

B
Linear

Velocity/m/s

C
The Reducing
Pressure/MPa

D
Waste Plastic Particle Size/mm

E
Waste Plastic

Mass Percentage

Level
A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 D4 E1 E2 E3 E4
923 973 1023 1073 0.6 0.8 1.0 1.2 0 0.15 0.30 0.45 0.66–1.00 018–0.66 0.15–0.18 0.12–0.15 4% 8% 12% 16%

Table 3. Orthogonal experimental plan.

NO.
Condition

Temperature/K Linear
Velocity/m/s

The Reducing
Pressure/MPa

Particle
Size/mm

Hydrogen
Volume Scale

1 923 0.6 0 0.66–1.00 4%
2 923 0.8 0.15 0.18–0.66 8%
3 923 1.0 0.30 0.15–0.18 12%
4 923 1.2 0.45 0.12–0.15 16%
5 973 0.6 0.15 0.12–0.15 16%
6 973 0.8 0 0.15–0.18 12%
7 973 1.0 0.45 0.18–0.66 8%
8 973 1.2 0.30 0.66–1.00 4%
9 1023 0.6 0.30 0.18–0.66 8%
10 1023 0.8 0.45 0.66–1.00 4%
11 1023 1.0 0 0.12–0.15 16%
12 1023 1.2 0.15 0.15–0.18 12%
13 1073 0.6 0.45 0.15–0.18 12%
14 1073 0.8 0.30 0.12–0.15 16%
15 1073 1.0 0.15 0.66–1.00 4%
16 1073 1.2 0 0.18–0.66 8%

The inner layer of the double-layer fluidized bed can be disassembled; therefore, the sticking
material can be removed from the inner bottom, and the unsticking material can be obtained from the
loading port.

The rate of metallization is calculated using the following formula:

η = MFe/TFe (1)

where η is the rate of metallization, MFe is the metal iron, g; and TFe is the total iron, g.
The sticking ratio is calculated using the following formula:

Ω = Msticking/Mtotal (2)

where Ω is the sticking ratio, Msticking is the quantity of sticking material after reduction and can be
used to measure the mass of sticking material of the fine iron ore after reduction, g; and Mtotal is the
total quantity of material after reduction and can be used to measure the mass of total material of the
fine iron ore after reduction, g.

The total quantity of material after reduction is calculated as follows:

Mtotal = Msticking + Munstickng (3)

where Mtotal is the total quantity of material after reduction, g; Msticking is the quantity of sticking
material after reduction and can be used to measure the mass of sticking material of the fine iron ore
after reduction, g; and Munstickng is the quantity of unsticking material after reduction and can be used
to measure the mass of unsticking material mass of the fine iron ore after reduction, g.

The larger the sticking ratio, the more considerable the sticking loss. The smaller the ratio,
the better the fluidization effect. Therefore, the metallization rate and sticking ratio were selected as the
indexes for determining the effect of fluidization reduction. The optimum operational parameters for
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the fluidization reduction of coated waste plastics by fine iron ore were optimized using an orthogonal
test and a comprehensive balance method.

The mechanical analysis of the sticking mechanism of fine iron ore particles was performed under
the experimental conditions using the optimum operating parameters. Microscopic analysis and
characterization experimental means of determining physicochemical characteristics of the gas–solid
reaction were adopted to detect the inhibition effect on the carbon precipitation reaction. The carbon
content of the particles was measured by an infrared carbon–sulfur analyzer (LECO, CS-344, Tongpu,
Nanjing, China). X-ray photoelectron spectroscopy (XPS) (Shimadzu International, AXIS Ultra DLD,
Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to detect different valence states and
the content of carbon on the surface of particles, and the emission source of the X-ray was the
aluminum target. When the incident photon energy was fixed at 1486.7 eV and the pressure in the
analysis chamber was 6.67 × 10−7 Pa in the detection process, the entire spectrum was scanned first to
determine the elements of the samples, and then the C1s core level spectrum was acquired through
high-resolution fine scanning of the narrow area. The microscopic structure on the surface of the
particles was observed and analyzed by environmental scanning electron microscopy (FEI, Quanta 250,
Oxford, London, UK), and the microscopic structure inside the particles was observed and analyzed
with a light microscope (CarlZeiss, Axio Imager A1, Thermo Fisher Scientific, Waltham, MA, USA).
The phase composition of particles was analyzed using an X-ray diffraction analyzer (X’ PertPro,
MPDalytical, Cu target, 2θ: 10–90◦, Inficon, New York, NY, USA), and the mechanism of the carbon
dioxide reaction in the sticking inhibition process was determined.

3. Results and Discussion

3.1. Results and Analysis of the Pre-Experiment

Fine iron ore with and without energetic waste plastics were used as controls in the experiment
under the conditions of normal pressure and pressure.

The experimental conditions and results are shown in Table 4.

Table 4. Scheme and results of the pre-experiment.

Scheme Temperature/K Linear
Velocity/m/s Pressure/MPa

Particle Size
of Wasted

Plastics/mm

Mass Content
of Wasted
Plastics/%

Metallization
Rate/%

Sticking
Ratio/%

1 973 0.8 0.3 0 0 76.44 17.1
2 973 0.8 0.3 0.18~0.66 4 80.63 15.1
3 973 0.8 0 0 0 62.44 22.1
4 973 0.8 0 0.18~0.66 4 70.28 18.2

Samples with and without energetic waste plastics were compared and studied under the
conditions of 973 K temperature and 0.8 m/s linear velocity. With a reduction pressure of 0.3 MPa,
compared with Scheme 1, Scheme 2 possesses a coated mass fraction of 4%, a particle size in the range
of 0.18–0.66 mm, and a sticking ratio reduction of 2%. The rate of metallization increases by 4.19%,
and the fluidization effect improves. Under normal pressure, compared with Scheme 3, Scheme 4
possesses a coated mass fraction of 4%, a particle size in the range of 0.18–0.66 mm, and a sticking ratio
reduction of 3.9%. The rate of metallization increases by 7.84%, and the fluidization effect improves.
Therefore, under nonpressurized and pressurized conditions, the fine iron ore with waste plastics of a
certain particle size and ratio can improve the rate of metallization and the fluidization effect.

The nonpressurized and pressurized conditions comparison experiment was conducted under
the conditions of 973 K temperature and 0.8 m/s linear velocity. Compared with that of Scheme 3,
the reduction pressure of Scheme 1 increases from the atmospheric pressure to 0.3 MPa. The sticking
ratio reduces by 5%, the rate of metallization increases by 14%, and the fluidization effect improves.
Compared with Scheme 4, Scheme 2 possesses a coated mass fraction of 4% and a particle size in the
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range of 0.18–0.66 mm. The reduction pressure increases from the atmospheric pressure to 0.3 MPa,
the rate of metallization increases by 10.35%, and the sticking ratio reduces by 3.1%. Therefore,
the appropriate increase in reduction pressure can increase the metallization rate and improve the
fluidization effect for coated and uncoated waste plastics.

3.2. Optimization of Operating Parameters

Fluidized reduction aims to achieve a high metallization rate without sticking. Therefore, a high
metallization rate and a low sticking ratio were chosen as the optimal scheme. The metallization rate
and sticking ratio of each experiment were measured, and results are shown in Table 5.

Table 5. Experimental results.

NO.
Result

A B C D E Metallization
Rate/%

Bonding Mass
Percentage/%

1 A1 B1 C1 D1 E1 53.19 25.21
2 A1 B2 C2 D2 E2 90.18 12.86
3 A1 B3 C3 D3 E3 83.15 22.20
4 A1 B4 C4 D4 E4 67.44 24.21
5 A2 B1 C2 D3 E4 81.77 20.06
6 A2 B2 C1 D4 E3 84.03 22.64
7 A2 B3 C4 D1 E2 84.09 21.8
8 A2 B4 C3 D2 E1 80.63 27.82
9 A3 B1 C3 D4 E2 83.30 25.31

10 A3 B2 C1 D3 E1 85.71 33.93
11 A3 B3 C4 D2 E4 74.80 18.93
12 A3 B4 C2 D1 E3 88.35 21.02
13 A4 B1 C4 D2 E3 75.25 32.19
14 A4 B2 C3 D1 E4 83.67 21.56
15 A4 B3 C2 D4 E1 82.95 17.83
16 A4 B4 C1 D3 E2 87.28 29.39

The orthogonal experiment analysis results are shown in Table 6. The primary and secondary
influential factors of the metallization rate during the fluidized reduction of fine iron ore are linear
velocity, mass content of energetic waste plastics, reduction pressure, reduction temperature, and size
of energetic waste plastics. The optimum process parameters are B2, E2, C2, A3, and D3, specifically,
linear velocity of 0.8 m/s, mass content of energetic waste plastics of 8%, reduction pressure of 0.15 MPa,
reduction temperature of 1023 K, and size of energetic waste plastics in the range of 0.15–0.18 mm.

The primary and secondary influential factors of the sticking ratio during the fluidized reduction
of fine iron ore are reduction pressure, mass content of energetic waste plastics, reduction temperature,
linear velocity, and size of energetic waste plastics. The optimum process parameters are C2, E4, A1, B2,
and D1, specifically, reduction pressure of 0.15 MPa, mass content of energetic waste plastics of 16%,
reduction temperature of 923 K, linear velocity of 0.8 m/s, and size of energetic waste plastics in the
range of 0.66–1.00 mm.

The optimum scheme was obtained under the given factors and levels. Obtaining a good test
scheme without defining the level is possible. Thus, the optimal scheme may be unsuitable for the
experiment when the selected factors and levels are not adjusted at the same time. Therefore, the factors
and levels should be adjusted to achieve an improved scheme. The relationship between the factors
and indicators can be drawn, using the factor levels as the horizontal coordinates and the experimental
index of the average value of ki as the longitudinal coordinates. The relationship is shown in Figure 2.
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Table 6. The orthogonal experimental results.

Factor Indicators A B C D E

Metallization rate/%

K1 293.96 293.51 310.21 309.30 302.48
K2 330.52 343.59 343.25 320.86 344.85
K3 332.16 324.99 330.75 337.91 330.78
K4 329.15 323.70 301.58 317.72 307.68
k1 73.49 73.38 77.55 77.33 75.62
k2 82.63 85.90 85.81 80.22 86.21
k3 83.04 85.75 82.69 84.48 82.70
k4 82.29 80.93 75.40 79.43 76.92
R 9.55 12.52 10.41 7.15 10.59

Primary and secondary factors BECAD
Optimization scheme B2E2C2A3D3

Bonding mass
percentage/%

K1 84.48 102.77 111.17 89.59 104.79
K2 92.32 90.99 71.77 91.80 89.36
K3 99.19 95.76 96.89 96.89 98.05
K4 100.97 102.44 97.13 89.99 84.76
k1 21.12 25.69 27.79 22.40 26.20
k2 23.08 22.75 17.94 22.95 22.34
k3 24.80 23.94 24.22 24.22 24.51
k4 25.24 25.61 24.28 22.50 21.19
R 4.12 2.94 9.85 1.82 5.01

Primary and secondary factors CEABD
Optimization scheme C2E4A1B2D1

Note: Ki represents the sum of the test results for the corresponding level number in each column; ki = Ki/s, where s
is the number of times that it appears in any column. In this table, s = 4; R = max{k1, k2, k3, k4} − min{ k1, k2, k3, k4}.
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Figure 2. Change of metallization rate and sticking ratio at different levels.

The impact of different factors on different indicators varies; thus, the importance order of the
factors affecting two indicators cannot be combined. However, the optimal scheme can be obtained
using a comprehensive balance method. The specific balancing process is as follows.

Factor A (reduction temperature): A reduction process is conducted after the addition of the mixed
materials; thus, the metallization rate increases with the reduction reaction [21]. When the temperature
reaches a certain degree, the metallization rate reaches the maximum value. With the increase in
temperature, the energy of the iron whiskers or iron atoms on the surface of particles produced by the
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reduction also increases, which in turn increases the physical adsorption; as a result, the energy of the
iron whisker becomes prone to amalgamation, thereby leading to sticking loss [8,19] and the decrease
in metallization rate. As temperature increases, the critical solid bridge radius increases first and then
decreases. The smaller the critical solid bridge radius, the more likely the sticking loss occurs [22] and
the smaller the metallization rate. Therefore, the selected level for the metallization rate is Level 2.
At low temperatures, the sticking ratio is maintained at a low level and the fluidization effect is good.
With the increase in temperature, the sticking ratio gradually increases, and the sticking loss gradually
decreases. Thus, the selected level for the sticking ratio is low (Level 1). Therefore, temperature should
be between Levels 1 and 2, that is, 923–973 K.

Factor B (linear velocity): With the increase in superficial gas velocity, the upward gas drag
force on particles also increases. The decrease in the load on particles enlarges the particle spacing,
reduces the tightness of the particles in the bed, and increases the porosity. The increase in the bed
expansion hinders sticking loss. As linear velocity of reduction gas increases, the metallization rate
increases. However, when the gas velocity increases to a certain extent, particles are blown out of the
fluidized bed and the metallization rate is reduced. Therefore, Level 2 is selected. The sticking force
among particles increases along with the particle size. Particles easily slide when gas velocity reaches
a certain value. When the particle spacing in the bed is small, the expansion rate of the bed layer
decreases gradually with the increase in particles, and the sticking ratio increases. When the sticking
force among the particles exceeds the gas drag force, the high-temperature iron whiskers reunite [23].
Accordingly, the fluidization reduction of fine iron ore sticking is facilitated. Level 2 is selected for
sticking ratio. Considering the above-mentioned factors, the linear velocity of 0.8 m/s is selected.

Factor C (reduction pressure): With the increases in reduction pressure, gas density, and gas–solid
contact area, the speed of the gas–solid reaction is accelerated, and the metallization rate is improved.
Notably, as reduction pressure increases, the metallization rate gradually increases with the reduction
reaction and then reaches the maximum value.

The increase in reduction pressure increases the velocity of reduction gas. Consequently,
the reduction gas is exhausted from the fluidized bed vessel before rising to the setting temperature,
thereby effectively reducing the reduction temperature and the reduction effect. The metallization rate
and the gas utilization also decrease. At the same time, the pressure curbs the Fe3C + FeO = 4Fe + CO
(g) reaction, and C + FeO = Fe + CO (g) shifts to the positive direction of the reaction, which is not
conducive to the formation of metallic iron and reduces the metallization rate. Therefore, Level 2 is
selected for the rate of metallization and the effective utilization of gas. The appropriate increase in
reduction pressure is conducive to the increase in gas velocity during gas reduction. The increase in
the upward gas drag force on particles results in a uniform particle distribution in the fluidized bed;
this condition achieves “more flowing” fluidization [24], which can improve the fluidization effect
and reduce the sticking ratio. As the reaction continues, the iron whiskers or iron atoms deposited are
reunited with each other, thereby increasing particle size and particle gravity. When the gravity and
sticking force are larger than the gas drag force on particles, the sticking of particles occurs, and the
sticking ratio increases. Therefore, Level 2 is selected for the sticking ratio. Considering said factors,
the reduction pressure of 0.15 MPa is selected.

Factor D (particle size of energetic waste plastics): A small particle size of energetic waste plastics
and a full pre-cracking reaction mean increased precipitation of graphite content and an obvious
inhibition effect on sticking. However, the specific impact and mechanism of particle size of energetic
waste plastics on sticking loss are related to particle size of iron powder, fluidization gas velocity,
and mass content of energetic waste plastics. The metallization rate shows an increasing trend and
decreases slightly after reaching the maximum value. Therefore, Level 3 is selected for the sticking
ratio. Considering the above-mentioned factors, the particle size of energetic waste plastics in the
range of 0.18–0.66 mm is selected.

Factor E (mass content of energetic waste plastics): The test results show that, with the increase
in the mass content of energetic waste plastics, the metallization rate increases to the maximum and
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then declines. The micron graphite content deposited obstructs the reunion of iron whiskers or iron
atoms, thereby effectively improving the metallization rate. However, the increase in mass content of
energetic waste plastics increases graphite precipitation. The newly deposited iron whiskers or iron
atoms are effectively coated, and the unreacted iron ore particles are coated to some extent. As graphite
precipitation increases, the extent of coating increases, which decreases the effective contact area of
reduction gas, iron ore particles, and reaction efficiency. This condition is the main reason why the
metallization rate increases to the maximum and then declines. Therefore, Level 2 is chosen for the
rate of metallization and the effective utilization of gas. The increase in mass content of energetic
waste plastics increases the micron graphite content deposited, thereby effectively coating the new iron
whiskers and precipitated iron atoms and inhibiting the sticking loss. The test results show that the
sticking ratio drops in an oscillating manner with the increase in the energy of energetic waste plastics.
The density difference between the mixture components (graphite and fine iron ore particles) will
result in non-uniform graphite coating. Levels 2 and 3 are selected for the sticking ratio. Considering
said factors, a mass content of energetic waste plastics of 8% is selected.

From the above-mentioned analysis, the best operating parameters are obtained as a reduction
temperature in the range of 923–973 K, linear velocity of 0.8 m/s, reduction pressure of 0.15 MPa,
reduction pressure of 0.15 MPa, size of energetic waste plastics in the range of 0.18–0.66 mm, and mass
content of energetic waste plastics of 8%.

4. Mechanism of Carbon Precipitation in Inhibiting Sticking of Iron Ore Particles

On the basis of the optimum technological parameters, the mechanism of carbon precipitation in
inhibiting sticking of iron ore particles is discussed from three aspects: the sticking mechanism of iron
ore particles, the reaction mechanism of carbon precipitation from energetic waste plastics, and the
mechanism of carbon precipitation in inhibiting sticking.

4.1. Sticking Mechanism of Iron Ore

To elucidate the sticking mechanism of iron ore particles, the iron ore particles were reduced for
50 min at 973 K with a reduction gas of pure H2 and a linear velocity of 0.8 m/s.

SEM-EDS analysis was carried out on the micromorphology of the sample surface, as shown
in Figure 3.
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Figure 3. Micromorphology analysis on the surface of reduction particles (a) SEM; (b) EDS.

Figure 3a shows many tiny white particles on the surface with a size in the range of 20–40 nm.
The results of EDS in Figure 3b reveal that these tiny particles are metallic iron. Given that
nanoscale microstructure appears on the particle surface, the surface energy increases and the melting
temperature decreases. The change in these properties increases the sticking force between particles
and results in the sticking loss of particles.

The particles on the reactant surface migrate at a low temperature. The temperature is called the
Tammann temperature when a reaction starts to show significant diffusion. For different materials,
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a relationship exists between the Tammann temperature Ts and the melting point Tm. The relationship
for metallic iron is as follows.

Ts = 0.3~0.47Tm (4)

When the solid melts, the solid is in equilibrium; accordingly, Formula (5) can be deduced using
the Kelvin formula and the phase equilibrium as follows:

ln
Tm,y

Tm
= − 2Mγ

ρ∆H f r
(5)

where Tm,r and Tm are the melting temperature of small sphere and bulk solid, K; M is the molar mass,
g; ρ is the solid density, g/m3; ∆Hf is the molar heat of fusion, J/mol; γ is the surface tension, N/m.

When Formula (4) is substituted into Formula (5), Formula (6) is obtained as follows:

ln
Ts,r

Ts
= − 2Mγ

ρ∆H f r
(6)

where Ts,r and Ts are the melting temperature of small sphere and bulk solid, K; M is the molar mass,
g; ∆Hf is the molar heat of fusion, J/mol; γ is the surface tension, N/m.

The Tammann temperature of 903 K of the metallic iron is substituted into Formula (6), and the
Tammann temperature range of the iron atom on the surface of the reduced particles is 776–837 K [22].
Therefore, under the experimental conditions of 903 K, the reduction temperature exceeds the Tammann
temperature of iron atoms, which diffuse significantly. The bridge originates or grows between the
iron atoms. The fluidization depends on the relationship between gas drag force on the iron atoms
(Formula (7)) and solid bridge force (Formula (8)).

Fd = αCd
π

8
d2

pρgU2
g (7)

where Fd is gas drag force on the iron atoms, N; α is the coefficient of gas composition, %; Cd is the
drag coefficient; dp is the average particle diameter, m; ρg is the average gas density, g/m3; Ug is the
gas velocity, m/s.

FC = πx2σ (8)

where Fc is the solid bridge force, N; x is the radius of solid bridge, m; σ is the tensile strength of solid
bridge, Pa.

The iron atoms stick to each other and cause sticking loss when the solid bridge force is larger
than the gas drag force on the iron atoms. The system is in a fluidized state when the solid bridge force
is smaller than the gas drag force on the iron atoms.

Under the conditions of pressure of 0.15 MPa, temperature of 973 K, reduction gas of pure H2,
and linear velocity of 0.8 m/s, the law of the phase evolution of particles before and after sticking was
studied, and results are shown in Figure 4.

The results show that the main phase compositions in the reduction process of iron ore particles
are Fe3O4, FeO, and Fe. The particle phase before the loss is mainly composed of Fe3O4 and FeO
and shows no diffraction peaks of metallic iron. With the extension of reduction time, the diffraction
peaks of Fe3O4 gradually weaken, the diffraction peaks of metallic iron gradually increase, and the
diffraction peaks of FeO insignificantly change. The reduction in Fe3O4 increases the content of FeO,
but the deposition of metallic iron decreases the content of FeO. When sticking loss occurs, the obvious
diffraction peaks of metallic iron appear in particles; this finding confirms the result in Figure 3.
The occurrence of sticking is caused by the reunion of the metal iron atoms.
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4.2. Reaction Mechanism of Carbon Precipitation from Energetic Waste Plastics

To elucidate the reaction mechanism of carbon precipitation from energetic waste plastics,
a reduction experiment was conducted under the condition of temperature of 973 K, reduction gas of
pure H2, linear velocity of 0.8 m/s, reduction pressure of 0.15 MPa, particle size of added energetic
waste plastics in the range of 0.18–0.66 mm, and mass content of added energetic waste plastics of 8%.

The different valence states of deposited carbon were determined with the help of XPS by studying
the C1s core-level energy spectrum. Thus, the occurrence state of deposited carbon was obtained.
Each XPS spectrum was used to produce a peak division fitting graph by using of XPS PEAK 4.1 and
the Gaussian–Lorentzion method. The XPS spectra of C1 present a double peak structure, which shows
that the deposited carbon possesses two occurrence states: carbon from Fe3C with a binding energy of
283.7 eV, and the free carbon with a binding energy of 284.6 eV [25,26]. Carbon from Fe3C and free
carbon exist in the particles after the reduction of iron ore with the addition of deposited carbon from
energetic waste plastics.

The proposition of carbon in Fe3C and graphite in the total carbon content was calculated using
the integration of the area under the carbon peaks of different valences. The data in Figure 5 show that,
after the pre-cracking for 10 min and the reduction for 30 and 50 min, the occurrence of carbon in the
particles is carbon in Fe3C and free carbon. Furthermore, the graphite content is higher than that in
Fe3C. The energetic waste plastics (PP and PE) are cracked, and the occurrence of carbon is mainly in
the form of graphite. Therefore, the energetic waste plastics (PP and PE) are first cracked into ethylene,
propylene, methane, etc., and then they further split into graphite. Figure 5 shows that, compared with
(a) and after the reduction for 30 min in (b), the graphite content reduces by 7.40% and the carbon
content in Fe3C increases. The graphite produced from pre-cracking and the iron ore powder exhibit
a chemical reaction that causes the generation of Fe3C and the formation of carbon oxides (CO and
CO2), which are emitted out of the fluidized bed reactor. The small amount of graphite taken out of
the exhaust port by the gas is responsible for the decrease in the content of graphite. The Fe–O–C
equilibrium diagram shows that the metal iron cannot be obtained from iron oxides by the reduction
in solid carbon or CO at 923–958 K. The main product is Fe3C. CO can exhibit a Boudouard reaction,
in which the carbon atoms may dissolve into the metal iron to form Fe3C; the newly deposited metal
iron can react with CO to produce Fe3C [27], which results in graphite loss and increases the amount
of Fe3C after the reduction for 30 min. The chemical reactions are as follows.

2CO = C + CO2 (9)

C = [C] (10)
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3Fe + [C] = Fe3C (11)

3Fe + 2CO = Fe3C + CO2 (12)
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Figure 5b,c show that the main occurrence state of carbon is graphite. Compared with the
reduction for 30 min, the graphite content increases slightly by 0.49% and the carbon content in Fe3C
decreases slightly after the reduction for 50 min. The thermodynamics of carbon precipitation and iron
oxide reduction was analyzed to determine the reasons for the change in carbon content. The XRD
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diagram of post-reduction fine iron ore is shown in Figure 6. Fe, Fe3C, and graphite were identified by
XRD, shown in Figure 6. The main reactions are as follows [28].Metals 2018, 8, x FOR PEER REVIEW  14 of 18 
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Figure 6. The XRD diagram of post-reduction fine iron ore: (a) 30 min; (b) 50 min.

Fe3C + FeO = 4Fe + CO (g) (13)

C + FeO = Fe + CO (g) (14)

Fe3C = 3Fe + C (15)

The thermodynamics analysis of the above-mentioned reactions was performed using Factsage
thermodynamics software (7.2, ThermFact LTD, Mont-Royal, QC, Canada), and the Gibbs free energy
change is shown in Figure 7. With the temperature in the range of 958–973 K, the reaction rate of
H2 is better than that of CO [29,30] and the reaction free energy of (15) is lower than that of (13) and
(14). Therefore, the latter reaction proceeds easier than the two previous reactions at this temperature.
Moreover, the reaction free energy of (15) increases the rate of metallization and the content of graphite.
This condition is also the reason for the slight increase in the graphite content and the slight decrease
in the carbon content of Fe3C, which can be seen by comparing the reduction for 30 and 50 min
in Figure 5.
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4.3. Mechanism of Carbon Precipitation in Inhibiting Sticking

The occurrence of sticking is caused by the mutual bonding between iron atoms, and the inhibition
of the sticking is mainly due to the role of carbon precipitation. Therefore, clarifying the mechanism
of different forms of carbon to iron atoms is important for elucidating the mechanism of carbon
precipitation in inhibiting sticking.

Figure 7 shows that the surface possesses a layer of powder material to wrap the particles.
The coating at the corner of the powder particles slightly peels given the particle collision in the
process of fluid reduction. As shown in Figure 8, a layer of metal forms on the particle surface and the
dissolved carbon on the iron layer becomes saturated and forms a layer of Fe3C between the graphite
and metal iron, thereby hindering the graphite solid solution. The surface graphite cannot be combined
with the oxygen atoms in the particles given the barrier effect of the metal iron layer. Thus, the direct
contact between iron and iron is avoided, the diffusion of iron atoms is hindered, and the formation of
solid bridges between particles is prevented. Therefore, the carbon precipitation reaction attaches a
layer of graphite to the surface of particles, and the formation of the graphite is the main reason that
sticking is avoided, which is consistent with the reported opinion [28], that is, carbon in Fe3C slows
down the sticking of iron ore powder, but graphite inhibits sticking.
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Figure 8. SEM diagram of surface morphology of particles after reduction at 0.15 MPa.

Figure 9 shows the mechanism of carbon precipitation in inhibiting sticking for further analysis.
In the reduction of the iron ore powder fluidization process, metal iron is exposed on the surface of
the particle without adding energetic waste plastics. Collision of the particles eases the iron–iron
contact and causes reunion, thereby resulting in sticking. The structure is shown in Figure 9a–c. At the
beginning, hydrogen was used to reduce fine iron ore through gas distribution board, as shown in
Figure 9a. But with the increase of iron atoms, there is Sticking among the iron atoms, as shown in
Figure 9b,c. This is because the iron atoms are in direct contact with each other, which eventually leads
to sticking, therefore sticking is caused by the mutual reunion of metal atoms.

In the fluidized reduction of fine iron ore, if a certain proportion of waste plastics with a certain
size is added, then N2 with low gas velocity is passed through and stirred, and the energetic waste
plastics are cracked and fully mixed. The structure is shown in Figure 9d,e. Gas is passed through for
reduction, which causes the precipitation of metallic iron on the particle surface. Some solid solutions
of carbon filter are added to the iron, thereby forming Fe3C. However, given the low metallization rate
of particles, metallic iron exists in the form of iron particles on the particle surface, which is not a metal
layer, and with the iron oxides distributed around. The deposited carbon exhibits a reducing reaction
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with iron oxides when temperature rises, thereby decreasing carbon and increasing iron. When no
iron oxides exist on the particle surface, a layer of metal forms and the dissolved carbon on the iron
layer becomes saturated, which lead to the formation of a layer of Fe3C. Consequently, the content
of Fe3C remains stable. The structure of the particle surface is shown in Figure 9f. The outer part of
the structure is graphite layer, the middle part is the layer of Fe3C, and the innermost part is the layer
of metal iron. The formation of a metallic iron layer hinders the reduction consumption of carbon
precipitation, while the Fe3C layer hinders the further solution of graphite. Thus, metallic iron and
Fe3C are covered with graphite, thereby avoiding contact with each other in the particle collision.
Accordingly, the formation of solid bridge from mutual diffusion is hindered and the sticking force
between particles is eliminated. Ultimately, sticking is completely inhibited.Metals 2018, 8, x FOR PEER REVIEW    15 of 17 
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5. Conclusions

1. Graphite which is pyrolyzed by waste plastics can effectively inhibit the sticking between fine
iron particles.

2. The primary and secondary influencing factors of the metallization rate during fluidized
reduction are linear velocity, mass content of energetic waste plastics, reduction pressure,
reduction temperature, and particle size of energetic waste plastics. Meanwhile, the primary and
secondary influencing factors of the sticking ratio during fluidized reduction are reduction
pressure, mass content of energetic waste plastics, reduction temperature, linear velocity,
and particle size of energetic waste plastics.

3. The optimal operating parameters are reduction temperature in the range of 923–973 K,
linear velocity of 0.8 m/s, reduction pressure of 0.15 MPa, reduction pressure of 0.15 MPa,
size of energetic waste plastics in the range of 0.18–0.66 mm, and mass content of energetic waste
plastics of 8%.

4. Sticking is caused by the mutual reunion of metal atoms.
5. The occurrence states of carbons deposited from energetic waste plastics can be divided into two

types: graphite and carbon from Fe3C. Carbon from Fe3C slows down the sticking, while the
graphite hinders the contact among particles, thereby effectively inhibiting the sticking.
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