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Abstract: In the iron-ore-sintering process, the use of biomass charcoal instead of coke breeze can
reduce the emission of flue gas pollutants and alleviate the energy crisis of fossil fuels. However, the
direct application of biomass charcoal to iron ore sintering is bound to affect the sinter properties. The
effects of biomass charcoal addition on the sintering ore properties and flue gas pollutants emission
were studied through sintering cup and related performance test experiments. Meanwhile, the
influence mechanism of biomass charcoal instead of coke breeze on iron ore sintering was expounded.
The experimental results show that with an increase in biomass charcoal, the vertical sintering
rate increased, the internal pore structure developed rapidly, and the pollutant emission decreased
gradually. When the biomass charcoal content was less than 40%, the sinter strength and yield were
stable and slightly improved with the increase in biomass charcoal. When the biomass charcoal
content was higher than 40%, the metallurgical properties of sinter degraded sharply, making it
difficult to meet the production requirements. The comprehensive effect of biomass charcoal on
the sinter suggests that the suitable biomass charcoal addition was 40%; under this condition, the
reduction in SO, and NOx was 28.2% and 25.7%, respectively.

Keywords: biomass charcoal; flue gas pollutants; sinter properties; 3D pore structure; energy saving;
emission reduction

1. Introduction

Most of the atmospheric pollutants released are from the iron and steel industry, and
more than 42% of dust, 65% of SO,, and 55% of NOy are emitted as exhaust gas pollutants
during the sintering process in the iron and steel industry [1,2]. The contents of S and
N in fossil fuels is high, and a large amount of SO, and NOy is released during iron ore
sintering. To protect the environment and efficiently utilize the natural resources, novel
types of environmentally friendly sintering fuels that can replace traditional fuels must be
developed. Such an approach would be a direct and effective way to control the emission
of pollutants during the sintering process [3-5].

Biomass charcoal is a type of renewable clean energy, and its S and N contents are
lower than those of fossil fuels. Application of biomass charcoal in the iron-ore-sintering
process can reduce the sintering flue gas pollutants. However, the reactivity of biomass
charcoal is better than that of coke, which leads to a mismatch of their combustion rates,
so that the heat of the combustion layer is not concentrated, and the temperature of the
layer is reduced, which directly affects the sinter properties [6,7]. Liu et al. [8-11] used a
fluent software to simulate the sintering process of biomass charcoal, and an evaluation
system of sinter properties was constructed to determine the most suitable amount of
biomass charcoal to be used in iron ore sintering. Zhao et al. [12] used a newly developed
combustion model and a 2D sintering model to appropriately describe the combustion
behavior in sintering based on fuel properties, as well as defined the optimum thickness and
porosity of the adhering layer. Guilherme et al. [13] used charcoal as a supplementary fuel
in the iron-ore-sintering process, and an extensive analysis of the environmental impact was
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performed regarding the characterization of the atmospheric pollutants (such as dust, sulfur
dioxide, nitrogen oxides, carbon monoxide, carbon dioxide, methane, total hydrocarbons,
and dioxins and furans). However, there is little research on the synergistic effect of biomass
charcoal on sinter properties, the internal pore structure, emission reduction of flue gas
pollutants and its mechanism. In this study, the vertical sintering rate, yield, drum strength,
FeO content, three-dimensional (3D) pore structure of sinter, and SO, and NOy content
of the flue gas are investigated by sintering cup experiments with different proportions
of biomass charcoal. The influence mechanism of biomass charcoal sintering on sinter
properties and pollutant emissions are analyzed, thereby providing a theoretical basis for
the rational application of biomass charcoal in iron ore sintering.

2. Materials and Methods
2.1. Raw Materials

The experimental material was supplied by a Steel Corp sintering plant in Tangshan;
the charcoal was prepared by the modification of sawdust carbon [9-11], and the chemical
composition of the sintering material is presented in Table 1, and the Fuel performance
analysis is presented in Table 2.

Table 1. Sintering raw material composition (mass fraction/%).

Raw Materials TFe FeO SiO, CaO MgO AlLO; S N LOI
Iron ore 60.65 5.08 4.26 2.62 0.75 1.74 0.028 0.016 —2.29
Limestone 0.12 0.12 2.72 4756  3.77 0.72  0.005 - 40.76
Lime 0.26 0.18 352 7233 452 1.00 0.180 - 20.97
Dolomite 0.31 0.20 138 29.61 2185 0.18 0.090 - 45.54

LOI: Loss on ignition.

Table 2. Fuel performance analysis.

Fuels Fixed Carbon Ash Volatiles Moisture Calorific Values
Coke 85.21% 11.8% 1.62% 0.37% 29.32 MJ/kg
Charcoal 87.60% 5.02% 6.88% 1.83% 30.15MJ/kg

According to the sulfur and nitrogen contents in different raw materials, a distribution
map of sulfur and nitrogen in the sintered mixture was drawn, and the main sources of
SO, and NOy in flue gas were clarified. The sulfur and nitrogen distribution maps in
raw materials are shown in Figure 1a,c when coke was used as the sintering fuel, while
Figure 1b,d show charcoal as the sintering fuel.

According to Figure 1a,c when coke breeze was used as the sintering fuel, the sulfur
content in the sintered mixture was 0.0632%, and the sulfur was mainly concentrated
in iron ore and coke breeze, accounting for 39.94% and 45.02%, respectively. The total
amount of nitrogen in the sintered mixture was 0.0496%, which was mainly concentrated
in coke breeze and iron ore. The nitrogen content in coke breeze was 72.98%, which
was clearly higher than that in iron ore. According to the distribution map of sulfur and
nitrogen in Figure 1b,d, it could be seen that the sulfur content in the sintered mixture was
0.0361% when using biomass charcoal instead of coke breeze, in which 64.68% sulfur was
concentrated in iron ore; the total nitrogen content with biomass charcoal as sintering fuel
was significantly reduced to 0.0206%, which was 58.5% lower than that in conventional
sintering; the nitrogen content in iron ore was 65.05%, and the nitrogen content in biomass
charcoal was only 34.95%. After replacing coke breeze with biomass charcoal, sulfur and
nitrogen in the mixture were mainly concentrated in iron ore, and the content of sulfur and
nitrogen was greatly reduced, which was beneficial to the pollutants’ source control from
the sintering process.
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Figure 1. S and N content in sintering raw materials. (a) S content of coke in sintering raw materials.

(b) S content of charcoal in sintering raw materials. (c) N content of coke in sintering raw materials
(d) N content of charcoal in sintering raw materials.

2.2. Sintering Cup and Metallurgical Properties Experiments

The sintering experiment with biomass charcoal instead of coke breeze was performed
using a laboratory sintering cup (¢ 200 mm x h 600 mm), and the SO, and NOy in the
sintered flue gas were monitored in real time by a flue gas analyzer (testo 350, produced
by Testo in Baden-Wiirttemberg, Land, Germany). The effects of the biomass charcoal
content instead of coke breeze on the vertical sintering rate, yield, drum strength, load-
softening properties, low-temperature-breakdown properties, reduction properties (RI),
and SO, /NOy content in the flue gas were studied in these experiments. Due to the calorific
values of both solid fuels being relatively similar, the experimental scheme of the sintering
cup keeps constant the total mass of solid fuels in the mix, which is presented in Table 3.

Table 3. The sintering experiment scheme (mass fraction/%).

. . . P f
Groups IronOre Limestone Lime  Dolomite Coke  Charcoal ercentage o

Charcoal
1 450 0.00 0
) 3.60 0.90 20
3 83.20 3.43 407 4.71 2.70 1.80 40
1 1.80 2.70 60

2.3. X-ray Computed Tomography Experiments

The X-ray computed tomography is a versatile high-resolution system for 2D X-
ray inspection, 3D CT (micro-CT and nano-CT) and 3D metrology. The sinters obtained
by different biomass charcoals were tested by X-ray CT experiments, and the influence
mechanism of biomass charcoal addition on the sinter internal pore structure was studied.



Metals 2022, 12, 1483

40f11

3. Results and Discussion
3.1. Effect of Biomass Charcoal Content on Sintering Technical Indexes

The sintering cup experiments were performed according to the experimental scheme
in Table 2, and the sinter’s chemical composition and sintering technical indexes were
obtained, which are presented in Tables 4 and 5.

Table 4. Sinter’s chemical composition (mass fraction, %).

NO. TFe FeO CaO SiO, MgO Al,O3
1 55.13 9.75 9.79 5.45 1.62 1.83
2 55.69 9.48 10.08 5.32 1.65 1.85
3 56.03 9.21 10.17 5.25 1.71 1.90
4 56.22 8.35 10.32 5.15 1.70 1.92

Table 5. Sintering technical indexes.

Vertical Sintering

0, 1 0,

NO. Rate/mm.min-1 Drum Strength/% Yield/%
1 23.15 65.12 73.16
2 24.62 64.52 73.20
3 25.35 65.88 73.15
4 28.23 56.26 66.82

Through the sintering technical indexes in Table 5, it could be seen that when the
content of coke breeze replaced by charcoal increased from 0% to 40%, the vertical sintering
rate increased from 23.15 mm-min~! to 25.35 mm-min~!, the drum strength increased
from 65.12% to 65.88%, and the yield was maintained at around 73%. When the charcoal
content increased to 60%, the sintering technical indexes deteriorated sharply, which was
not conducive to the sintering production of iron ore. The reason for this result is that
the reactivity of charcoal is better than coke [9,11,12], which makes the combustion rate
of charcoal and coke inconsistent, reduces the temperature of the sintering material layer,
and affects the sintering technical indexes. The experimental results were consistent with
the rule of sintering-layer temperature change with different charcoal contents studied
by Cheng et al. [14,15]. By comparing the experimental results of conventional coke
sintering and charcoal sintering, the most suitable addition amount of charcoal was 40%
for compliance with the sintering technical indexes.

3.2. Effect of Biomass Charcoal Content on Sinter Metallurgical Properties

The load-softening properties (T1ge, was the start softening temperature, T4go, was tem-
perature of 40% shrinkage corresponding to the end of softening, and AT was the difference
between Tyg9, and T4g9,), low-temperature-breakdown properties (RDI) and reduction proper-
ties (RI) of different sinters were tested, and the test results are shown in Table 6.

Table 6. Load-softening properties of sinter with different charcoal content.

Load-Softening Properties Low-Temperature-Breakdown

NO. Properties RI
T10%/°C  Tag9/°C AT/°C RDI_g5 RDIL;315
1 1232 1333 101 8.23 69.32 77.32
2 1230 1328 98 8.18 70.25 79.76
3 1228 1319 91 8.63 68.82 82.39
4 1228 1297 79 11.52 59.58 83.45

As could be observed from the load-softening properties in Table 6, with the increase
in biomass charcoal, the initial and final softened temperature decreased gradually, but
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the decrease in Ty, was small, and the decrease in T4g, was large. This result could be
attributed to the fact that the initial softening temperature mainly depends on the low-
melting-point mineral-calcium ferrite phase (refer to Section 3.4). With the increase in
biomass charcoal, the pore structure of the sinter developed (refer to Section 3.3), which
provided better kinetic conditions for the sinter to soften, reduced the final softening
temperature, reduced the softening temperature range, helped to reduce the soft melting
zone of the blast furnace, and improved permeability [16].

As could be seen from the low-temperature-breakdown properties in Table 6, when
the content of biomass charcoal increased from 0% to 40%, the sinter RDI_g 5 was about
8%, and the RDI, 315 was about 70%. The reason for this result was when the biomass
charcoal in the sintered fuel increased to 40%, the heat of the sintered fuel could ensure
the material layer temperature, and the formation of the bonding phase was enough to
ensure the low-temperature-breakdown properties (refer to Section 3.4). When biomass
charcoal increased from 40% to 60%, RDI_g 5 increased from 8.63% to 11.52%, and RDI, 3 15
decreased from 67.82% to 59.58%. This was because when the biomass charcoal in the
sintered fuel increased to 60%, the heat of the sintered fuel was dispersed, the temperature
of the material layer was low, the formation of the bonding phase was less, and the
pore structure was developed (refer to Section 3.3), leading to the easy destruction in the
reduction process and the sharp decrease in sinter RDI,3 15, which was not conducive to
blast furnace smelting [17,18].

As can be seen from the RI in Table 6, with the increase in biomass charcoal, the RI
increased continually. The reason for this result was that with the increase in biomass
charcoal, the heat distribution was uniform, which was beneficial to low-temperature iron
ore sintering. The formation of the calcium ferrite phase (refer to Section 3.4), the developed
pore structure (refer to Section 3.3), and the lower content of FeO (refer to Table 4) was in
turn beneficial to the indirect reduction reaction of sinter [19]. Therefore, the increase in
biomass charcoal was beneficial to improving the reductivity of the sinter.

Based on the effect of biomass charcoal on the sinter metallurgical properties, it was
suggested that the addition of biomass charcoal should not be more than 40% in the
iron-ore-sintering process.

3.3. Effect of Biomass Charcoal Content on the Sinter Pore Structure

In order to further study the influence mechanism of biomass charcoal on sinter
strength, yield, and reducibility, the internal sinter pore structure was obtained by X-ray
CT experiments. The effect of charcoal content on the internal structure and porosity of
sinter was also studied. The results are shown in Figure 2.

Figure 2 shows the CT photos of the 3D pore structure and slices of the sinter. Fig-
ure 2a shows the CT photos of the sinter obtained by conventional coke sintering. The pore
distribution shows that the energy density of the coke breeze in the conventional sintering
mixture was high, the volume was small, the distribution segregation was significant, the
local high temperature in the sintering mixture was caused, the number of the mesopores
was small, and the pore diameter was large. Therefore, the amount of fuel and the tem-
perature of the combustion layer should be strictly controlled in the sintering process,
otherwise macroporous and thin-wall sinter could form more readily, which affects the
sinter strength. Figure 2b—d are the CT photos of the sinter obtained by 20%, 40% and 60%
charcoal, respectively. Compared with Figure 2a, with the increase in charcoal content in
sintered mixed fuel, the macroporous amount in sinter decreased gradually, the micropore
content increased gradually, the pore distribution was uniform, and the pore structure was
developed. The reason for this result was that the density of charcoal was small, so with
the increase in charcoal content, the volume of the sintered mixed fuel increased gradually.
In the mixing process of the sintered raw materials, the distribution of mixed fuel was
uniform, the energy was dispersed, and the heat distribution was uniform in the sintering
process, which was beneficial to the formation of the sinter liquid phase and the formation
of uniformly distributed pores in the combustion reaction process. Therefore, through the
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internal pore structure, it could be seen that adding an appropriate amount of charcoal in
the sintering process was beneficial to forming a uniform sinter liquid phase and uniform
distributed pores, which could avoid macropores and improve sinter reducibility and sinter
strength (the results presented in Sections 3.1 and 3.2). However, when the charcoal amount
was too large, the pore structure in the sinter was overdeveloped, which was beneficial
to the reduction reaction of sinter, but was not conducive to the improvement in sinter
strength. Based on the internal structure and strength index of sinter, it was suggested that
the most suitable addition of charcoal in the sintering process was 40%.

3D Right

3D Top 3D Front 3D Right

Top Front Right
(b)

Figure 2. Cont.
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Figure 2. Pore structure of sinter with different charcoal content. (a)100% Coke; (b) 80% Coke + 20%
Charcoal; (c¢) 60% Coke + 40% Charcoal; (d) 40% Coke + 60% Charcoal.

3.4. Effect of Biomass Charcoal Content on Sinter Phase Composition

To study the effect of biomass charcoal content on sinter phase composition, the sinters
with different proportions of charcoal instead of coke were sliced, and the microstructure of
the sinters were detected by a Leica phase-contrast microscope which is shown in Figure 3.
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(c) (d)
Figure 3. Mineralogical microstructure of sinter with different charcoal content. (a) 100% coke;
(b) 20% charcoal; (c) 14% coke; (d) 60% coke.

Figure 3a is the sinter mineral phase picture obtained by conventional coke sintering;
many calcium ferrite phase minerals can be seen. The existence of the calcium ferrite phase
could increase the content of the sinter-bonded phase. The higher the content of the calcium
ferrite phase, the more favorable it was for improving the drum strength and reducibility
of the sinter. Figure 3b shows the mineral phase of the sinter obtained by 20% charcoal and
80% coke, which was similar to the sinter obtained by 100% coke, so that the addition of
20% charcoal has an insignificant effect on the sinter mineral phase composition. When the
charcoal content increased to 40%, as shown in Figure 3¢, the content of the calcium ferrite
phase in the sinter increased noticeably. The reason for this result was that the sintering
layer temperature was slightly lower and could realize low-temperature sintering, which
could promote the formation of the calcium ferrite phase and prevent the decomposition of
the calcium ferrite phase and the over-melting of sinter. When the charcoal content further
increased to 60%, as shown in Figure 3d, the amount of the calcium ferrite phase in the
sinter decreased, which inevitably affected the sinter metallurgical properties. This was
because the increase in charcoal content shortened the residence time at high temperature,
affecting the microstructure and sintering properties of the sinter. The above results showed
that the most suitable addition of charcoal instead of coke breeze was 40%.

3.5. The Effect of Biomass Charcoal Content on the Emission of SO, and NOy in Flue Gas

In the process of sintering cup experiments, the SO, and NOy in sintering flue gas
pollutants were detected using a smoke detection device (testo 350). The effect of charcoal
content on SO, and NOx emissions from flue gas pollutants was studied, and the detection
results are shown in Figure 4.
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Figure 4. Effects of charcoal on the SO, and NOx content in flue gas. (a) SO2 emission curve; (b) NOx
emission curve.

Figure 4a shows that the distribution curve of SO, emission in flue gas during sintering
was bimodal. During ignition, the fuel combustion released a large quantity of SO,.
Meanwhile, the material had not yet formed a wet layer, the permeability of the material
layer was good, and the flux was too high for the material layer to absorb all the SO, in
the flue gas, so part of the SO, was emitted, and a peak value appeared on the smoke
detection curve. With the development of sintering, the production of SO; in the flue gas
decreased and most of it would be absorbed by flux through the sinter, and therefore, the
50, emission value was extremely low in the sintering process. The SO, absorbed by the
material layer would be released intensively when approaching the sintering end point, and
the second peak appeared on the SO; emission curve simultaneously. The SO, emission
curves were consistent with Gan'’s research conclusion. [20] As shown in Figure 4a, when
charcoal was used instead of coke for sintering, the emission curve of SO, changed; that is,
after adding charcoal, the overall reaction performance of the sintered fuel increased and
the vertical sintering rate increased, leading to the advance of the sintering end point and
release of SO, in the material layer. Because of the low S content in sawdust carbon, with
the charcoal content increasing from 0 to 60%, the SO, emission range gradually shortened,
and the peak values of SO, emission in the sintering flue gas were 1180 ppm, 996 ppm,
835 ppm and 650 ppm.

Figure 4b shows that the emission concentration of NOy in the sintering flue gas
increased rapidly after ignition and remained at a stable value during the whole sintering
process until the NOy emission concentration near the sintering end point dropped rapidly.
The NOx emission curve obtained by replacing some of the coke with charcoal decreased
gradually with the increase in charcoal content in the sintered fuel, and the emission
duration was shortened. When the charcoal content increased from 0% to 60%, the emission
concentration of NOx was about 158 ppm, 132 ppm, 109 ppm and 78 ppm. This was
because the N content in charcoal was lower than that in coke, the responsiveness of
charcoal was good, and the combustion rate of the sintered fuel increased, which led to
the early termination of NO release and resulted in a further reduction in NOy emissions.
Therefore, the emission of sintered pollutant NOy could be further reduced using charcoal
instead of coke in the sintering process.

4. Conclusions

The effects of the biomass charcoal contents on the sinter properties and pollutant
emissions were investigated using the sintering cup, X-Ray CT, and flue gas pollutants
detection experiments and the following conclusions were drawn.

With the increase in biomass charcoal content, the sintering rate increased grad-
ually, and the load-softening, metallurgical, and sinter reduction properties were im-
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proved. When the amount of biomass charcoal was less than 40%, the sinter strength,
low-temperature-breakdown property, and yield were maintained, but when the biomass
charcoal reached 60%, they were greatly reduced. With the increase in biomass charcoal
addition, the pores in the sinter became smaller and the number of pores increased; local
over-melting of sinter was prevented, which was beneficial to the formation of the calcium
ferrite phase. Excessive addition of biomass charcoal could lead to insufficient heat at
the sintering layer, causing the content of the calcium ferrite phase to be reduced, the
pore structure to be over-developed, and the strength of the sintered ore to be affected.
The influence of comprehensive biomass charcoal on sintering was that the most suitable
addition of biomass charcoal in the sintering process was 40%.

The content of SO, and NOy in sintered flue gas decreased gradually with the addition
of biomass charcoal. Based on the sintering performance of biomass charcoal, when 40%
biomass charcoal was added, the reduction in SO, and NOy in sintered flue gas was 28.2%
and 25.7%, respectively.
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