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This study systematically investigates the mechanism of NO, emissions during the sintering process, with
a focus on the utilization of biochar as an auxiliary fuel to replace a portion of the coke traditionally used
in iron ore sintering. The research involved the simulation of sintering raw material ratios using iron ore,
biochar, and coke powder. Substitution levels of biochar for coke were set at 0%, 20%, 40%, 50%, 60%,
80%, and 100%. NO, emissions during the sintering process were monitored using a sintering flue gas
detection system. Simultaneously, a comprehensive analysis of the sintered ore was conducted with the
aim of producing samples that meet sintered ore requirements while reducing NO, emissions.
Experimental results revealed that when biomass charcoal substitution for coke reached 50%, the lowest
NO emissions were observed during the sintering process, with a reduction of over 90% in accumulated
NO emissions in the exhaust gas. In this process, due to the participation of biochar, CO, emissions
were reduced by approximately 50% compared to traditional sintering processes. The study also
analyzed the physicochemical properties of the sintered ore using methods such as XRD, Raman, FTIR,
and Vickers hardness testing. The results indicated that the hardness fluctuated within the range of 610
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1. Introduction

China possesses abundant iron ore resources, with an esti-
mated reserve of approximately 20 billion tons, making it one of
the world's leading countries in terms of mineral wealth.
However, the majority of these resources consist of low-grade
ores, and high-grade ores are relatively scarce. Additionally,
the complexity of ore types poses challenges for comprehensive
utilization. China's iron ore resources struggle to meet the
demands of its vast consumption market, and as a result, the
country heavily relies on imports.* With the rapid development
of China's infrastructure and a corresponding increase in steel
production capacity, the import volume of iron ore has been
steadily rising. Due to various factors, the composition of
imported iron ore has undergone significant changes. To ach-
ieve a more consistent raw material for blast furnaces, imported
iron ore is often blended with domestic low-grade ores and

“Energy Research Institute of Shandong Academy of Science, Qilu University of
Technology (Shandong Academy of Sciences), Jinan, 250014, China. E-mail:
hsw550012621@163.com; 2463572722@qq.com; luyuanwang1988@126.com;
xyzh@qlu.edu.cn; xch199602@163.com

*National Engineering Lab for Coal-fired Pollutants Emission Reduction, Shandong
Provincial Key Lab of Energy Carbon Reduction and Resource Utilization, Shandong
University, Jinan, 250061, China. E-mail: 799479710@qq.com; 19862129133@163.
com

© 2024 The Author(s). Published by the Royal Society of Chemistry

changes in Fe element content and crystal phase transformations.

secondary iron-containing waste materials before undergoing
sintering for pelletization.” Common methods for pelletizing
include sintering and pelletizing. This process consumes
a substantial amount of coke fines, constituting a significant
energy-consuming step in the steelmaking process. Addition-
ally, it results in the emission of a substantial amount of
pollutants, with NO, emissions from the sintering process
accounting for 50% of the overall pollution in the steel industry.
Therefore, achieving carbon and pollution reduction synergy in
the sintering industry is crucial for the low-carbon development
of the steel industry. Currently, pollutant emissions from the
sintering process mainly include volatile organic compounds
(VOCs), nitrogen oxides (NO,), carbon monoxide (CO), and
others.> Among these, nitrogen oxides (NO,) pose the most
significant challenge due to their difficulty in control and high
treatment costs, making them a key performance indicator
affecting the environmental operation of the sintering industry.
NO, control in the sintering process has primarily relied on
temperature-based Selective Catalytic Reduction (SCR).
However, both the treatment efficiency and catalyst operational
lifespan often fall short of ideal levels. In recent years, influ-
enced by the concept of clean production advocated in envi-
ronmental science and engineering, the approach to achieving
“ultra-low emissions” of NO, in the sintering process has shif-
ted from “end-of-pipe control” to “full-process control”.*
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The sintering process is a crucial component of steel
production, wherein the fundamental procedure involves the
uniform mixing of powdered iron ore, along with appropriate
quantities of fuel and flux, which cannot directly enter the blast
furnace. Subsequently, the mixture is ignited and sintered on
sintering equipment to produce finished sintered ore blocks.
This process aims to enhance the strength and reducibility
properties of the sintering raw materials, thereby meeting the
requirements for blast furnace smelting.® Research has indi-
cated that NO, generated during the sintering process primarily
comprises fuel-type NO,, along with a minor amount of
thermal-type NO,. Common emission reduction technologies
include flue gas recirculation low-nitrogen combustion tech-
nology and post-combustion temperature-increasing NH;-SCR
technology. Recent studies have also found that a significant
amount of CO in sintering off-gas can serve as a reducing agent,
facilitating the conversion of NO, to N, through catalytic action
during NH;-SCR reactions.® However, most research focuses on
post-generation NO, reduction, with limited reports on inhib-
iting NO, formation during the sintering process. In the sin-
tering process, substituting coke with biomass charcoal not
only reduces carbon emissions during sintering but also lever-
ages the complex composition and high alkali metal content of
biomass charcoal to lower NO,, generation during combustion,
achieving a dual benefit.” Liang et al.® found that emissions of
CO, and NO,, are closely related to iron ore mining and sintered
ore production. Replacing fossil fuels with renewable energy
sources like biomass during iron ore sintering is a crucial
approach to reducing carbon emissions in the ironmaking
process. Jha et al.® used wood chips and charcoal to partially
replace coke in sintering and discovered that a 10% substitution
with wood chips and a 30% substitution with charcoal
produced sintered ore with consistent sintering strength and
reducibility parameters. Additionally, due to biomass having
nitrogen content 5-10 times lower than coke, it effectively
reduces NO, formation during sintering. Chin-Lu MO et al.*®
explored the impact of carbon and hydrogen-containing
chemicals on the sintering process through sintering cup
experiments. They found that CH compounds can reduce NO,
emissions by competing with nitrogen for oxygen during heat-
ing, thus inhibiting the formation of nitrogen oxides. The
addition of biomass increases the porosity of sintering mate-
rials and shortens sintering time. Gan et al.™ circulates the flue
gas containing CO into the sintering bed, which can reduce the
emission of NO through a reduction reaction. Tsubouchi
et al."" examined the influence of Ca-based additives in sin-
tering materials. Alkaline earth metals and transition metal
cations altered the distribution of volatile products during
thermal decomposition, subsequently affecting the release of
nitrogen-containing products. Their findings suggested that Ca
promoted the conversion of N to N, under high-temperature
conditions, and the presence of CaO catalyzed nitrogen migra-
tion.™ Based on these insights, we propose the substitution of
coke fines with biomass charcoal, which contains significant
amounts of Na and K elements. While reducing CO, emissions,
biomass charcoal's low nitrogen and high alkali content, along
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with the potential catalytic effects of Na and K, can lead to
reduced NO, generation during the sintering process.

This study simulates the sintering process by operating
a high-temperature sintering furnace under conditions repre-
sentative of sintering operations. Iron ore fines, flux materials,
coke fines, and poplar wood charcoal are proportionally
blended to simulate sintering raw materials, and sintering
experiments are conducted at specific temperatures. Real-time
collection of off-gas generated during the sintering process is
performed, alongside a systematic analysis of the resulting
sintered product. In this work, the temporal variation patterns
of various components in the sintering off-gas are utilized to
deduce the mechanisms of NO, generation and inhibition.
Through characterization techniques such as XRF, XRD, SEM,
and FTIR applied to the sintered product, the impact mecha-
nisms of coke fines substitution are investigated. The ultimate
aim is to achieve dual objectives of carbon reduction and low
nitrogen emissions at the source of the sintering process.

2. Experimental methodology

2.1. Simulation of the sintering process

In this experiment, iron ore particles (mixed with flux), coke
fines, and poplar wood were subjected to grinding and sieving
processes to obtain particle materials with a particle size of 80
mesh or finer. The iron ore used in this study was sourced from
the sintering process of a steel plant in Shandong, China. The
coke fines were also obtained from the same steel plant's sin-
tering process, while the poplar wood was purchased from the
Lixia Farmers' Market in Jinan, Shandong province, China. The
industrial analysis and elemental analysis of these materials are
presented in Table 1. Approximately 30 grams of poplar wood
particles were carbonized at 600 °C for 2 hours under a nitrogen
atmosphere and then naturally cooled to obtain poplar wood
charcoal. The iron ore, flux mixture, coke fines, and poplar
wood charcoal were placed in a drying oven and maintained at
105 °C for 24 hours to remove surface moisture.

The mixing ratios of iron ore (including flux), coke fines, and
poplar wood charcoal were strictly controlled throughout this
experiment. According to literature reports, in a conventional
sintering process, iron ore (including flux) accounts for 95 wt%,
while coke fines account for 5 wt%. Therefore, in our experi-
ment, we maintained this ratio, with the addition of either coke
fines or poplar wood charcoal at 5 wt%. We took a 10 g sample
of the mixed material, with varying proportions of coke fines
and poplar wood charcoal. The poplar wood charcoal substi-
tution levels were set at 0%, 20%, 40%, 50%, 60%, 80%, and
100%, as detailed in Table 2. The sample was sintered in an air
atmosphere with a temperature of 1200 °C and a flow rate of 300
ml min~" for 0.5 hours to complete the sintering process of iron
ore. After sintering, the sample was transferred to the low-
temperature zone, and the hardened sintered ore was cooled
to below 50 °C, denoted as A-X. Throughout the sintering
process, a gas analysis device (0-2000 ppm NO, 0-10000 ppm
CO, 0-25%VOL O, intelligent sensor, provided by Xunwei
Environmental Protection Co., Ltd) continuously recorded data.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Proximate and ultimate analytical results of raw materials®
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Proximate analysis/%

Elemental analysis/%

Raw materials Mg Anq Vad FCaq C H N S (0]
Coke powder 0.43 21.79 2.68 75.10 74.83 0.25 2.23 1.51 4.11
Biochar 3.09 6.51 12.41 77.99 78.95 1.33 0.42 3.354 13.73

a

Table 2 Raw material ratio

Raw material ratio (wt%)

Sample Coke powder Biochar
Al 100 0
A2 80 20
A3 60 40
A4 50 50
A5 40 60
A6 20 80
A7 0 100

2.2. Characteristics of the sintered ore

The surface morphologies of the samples were observed by
field-emission SEM (Tescan MIRA3). The X-ray Fluorescence
Spectrometer is tested using PANalytical Axios, which is mainly
used to determine the type and content of elements in the
material. XRD patterns were recorded on a Smartlab diffrac-
tometer using Cu Ko, radiation (A = 1.5056 A) at a scanning rate
of 5° min~" with a step size of 0.02° over a 26 range of 10-90°.
Raman scattering measurements were conducted using
a multichannel modular triple Raman system (Thermo DXR2xi,
532 nm, 0.3 mW) with confocal microscopy from 40 to
4000 cm ™", FTIR tests were performed using the Thermo is50/
6700 FT-IR Spectrometer. The beam splitter was KBr and the
detector was DTGS KBr. The scanning frequency was 32 with
resolution of 4 cm . The shape, surface characteristics and
caking condition of sinter are analyzed. Using the Dutch
INNOVATEST FALCON507, ten points were selected for Vickers
hardness testing on each sinter sample. The applied load was
100 kgf.

2.3. Assessment of sintering flue gas

A gas pollution detection system, comprised of a high-
temperature tube furnace (manufactured by Shandong Wei-
kang Scientific Instrument Co., Ltd), gas supply and flow
control equipment (float flow meters from Xiangjin Flow
Instrument Factory), gas analysis equipment (intelligent
sensors covering the range of 0-2000 ppm NO, 0-10000 ppm
CO, and 0-25% VOL O,, provided by Xunwei Environmental
Protection Co., Ltd), and a data acquisition system, was
employed to study the gas composition generated during the
sintering of poplar wood charcoal as a partial substitute for coke
fines. Initially, the pollution detection system was purged with
500 ml min~" of N, (supplied by Jinan Deyang Special Gas Co.,

© 2024 The Author(s). Published by the Royal Society of Chemistry

M,4: moisture as received coal; V,q: volatile matter as received coal; A,q: ash as received coal; and FC,q: fixed carbon content.

Ltd) to reduce experimental errors and remove residual pollut-
ants. Subsequently, during the sintering process of iron ore,
continuous airflow at a rate of 300 ml min~" was introduced,
directing the sintering off-gas into the detection system.
Throughout this period, real-time measurements of NO, CO,
and O, concentrations in the generated gas were carried out
until the completion of the iron ore sintering process, at which
point the gas concentrations of NO and CO reached 0, and the
0O, concentration returned to its normal level.

3. Results and analysis

3.1. Apparent observation of sinter

The increasing addition of poplar wood charcoal has a signifi-
cant impact on the sintering process and the resulting sintered
products. As reported,'>*® during the sintering process, the solid
particles in powder form bond with each other, and as the solid
grains continue to grow, the porosity of the sintered ore
decreases, grain boundaries diminish, and material transfer
between particles occurs. This results in an overall volume
reduction and an increase in overall density, ultimately
producing sintered blocks with a dense polycrystalline micro-
structure. From Fig. 1, it is evident that as the addition of poplar

Fig. 1 Photo-graphic images of prepared samples.
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wood charcoal increases from 0% to 100%, the surface of the
sintered ore becomes smoother, and the volume shrinkage of
the sintered ore intensifies. When the addition of poplar wood
charcoal is 0%, we can observe a layer of black deposition on the
surface of the sintered ore. This is attributed to incomplete
combustion during the sintering process. Permeability of sin-
tering raw materials can serve as an important indicator
parameter for measuring the sintering process, and the rela-
tively high porosity of biomass charcoal can improve the
permeability of sintering raw materials.'”” As the addition of
poplar wood charcoal increases, its higher permeability
compensates for the unfavorable impact of poor permeability in
the sintered ore during iron ore sintering. The iron ore sintering
becomes more complete. When the addition of poplar wood
charcoal reaches 40%, the deposits generated by incomplete
combustion disappear from the sample surface. Beyond a 50%
addition of poplar wood charcoal, a significant overall
shrinkage phenomenon in the sintered ore becomes notice-
able.*® In summary, the substitution of a portion of coke powder
with poplar wood char during the sintering process can expedite
sintering by providing heat during the combustion stage. Its
inherent characteristics, including low nitrogen content, high
oxygen consumption, and promotion of combustion, signifi-
cantly influence the emission of NO, during the sintering
process.

3.2. Smoke detection and analysis

From Fig. 2, it can be observed that the emissions of NO and CO
during the sintering process exhibit a trend of initial decrease
followed by an increase as the addition of poplar wood charcoal
ranges from 0% to 100%. There are two main reasons for the
reduction in NO emissions during the sintering process: during
the sintering process, the reaction between the nitrogen (N) in
coke fines and oxygen (O,) generates a substantial amount of
fuel-type NO,. However, as the proportion of added poplar wood
charcoal increases, the lower nitrogen content in biomass
charcoal leads to a decrease in the proportion of NO, generated
through this process.'® Additionally, as the biomass charcoal is
added, the oxygen consumption increases. Compared to the
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Fig. 2 Total NO and CO emissions in sintering flue gas. Reaction
conditions: 300 ml min~* AIR, temperature: 1200 °C.
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traditional process, this results in an overall reducing atmo-
sphere during the sintering process, which is conducive to the
reduction of NO,. Furthermore, the simultaneous decrease in
CO and NO levels suggests that CO, released during high-
temperature sintering, participates in the reduction of NO
through the CO-SNCR reaction, thereby reducing NO, emis-
sions.”® During the sintering process of iron ore, when the
substitution ratio of biocarbon for coke fines is 50%, the
emission of NO during sintering is minimized, with a reduction
of over 90% in accumulated NO emissions in the exhaust gas.
Chao Liu et al.®* suggested that the optimal addition ratio of
biomass charcoal is 40%, under which conditions NO, is
reduced by 25.7%. Regarding the decrease in oxygen content
and the increase in oxygen consumption, elemental analysis
reveals that poplar wood charcoal has higher fixed carbon and
hydrogen content compared to coke fines. This implies that
more oxygen is consumed during the reaction process, leading
to an increase in CO generation. Fig. 3b shows that sample A4
has the lowest NO and CO content. We speculate that at this
particular addition level, the carbon (C) and hydrogen (H)
content in the sintering raw materials reaches an optimal value.
At this point, the fuel contains a lower nitrogen content,
reducing the likelihood of fuel-type NO, generation. Addition-
ally, during the reaction process, some CO partially inhibits the
generation of NO, as previous research has indicated that iron
oxide Fe,O; can effectively catalyze the reaction between CO and
NO.>>»** As the content of poplar wood charcoal continues to
increase and the oxygen concentration remains relatively low,
a significant amount of CH compounds is produced during the
sintering process, leading to an increase in instantaneous-type
NO, generation, resulting in elevated NO, concentrations.
Simultaneously, with a lower oxygen content, the combustion of
sintering fuel becomes incomplete, causing the CO concentra-
tion to decrease initially and then increase with the increasing
addition of poplar wood charcoal.
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Fig. 3 The detection curves of (a) NO, (b) CO, and (c) O, in sintering
flue gas. Reaction conditions: 300 mlmin~* AIR, temperature: 1200 °C.
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From Fig. 3, it can be observed that the release times of NO,
CO, and O, decrease with increasing poplar wood charcoal
addition. In Fig. 3a, it is evident that the NO concentration
rapidly increases at the start of the sintering process, reaching
a high concentration within 2-3 minutes. Subsequently, after
reaching the sintering endpoint, the NO concentration starts to
decrease rapidly. The trend in CO concentration mirrors that of
NO. The addition of poplar wood charcoal shortens the sinter-
ing time compared to sintering with iron ore and coke fines.
This suggests that poplar wood charcoal exhibits higher reac-
tivity and lower specific heat capacity compared to coke fines.
The reactivity of poplar wood charcoal is attributed to its
combined combustion characteristics resulting from its ssur-
face area and inherent fuel properties. Its relatively high
porosity enhances gas permeability, while simultaneously
enhancing microscale heat transfer, thus shortening the dura-
tion of high-temperature reactions.* Yukihiro et al.*® found that
annealing during iron ore sintering reduces NO, emissions.
This suggests that reducing the reaction time at high combus-
tion temperatures can lower NO emissions. The results in
Fig. 3c are consistent with elemental and industrial analyses.
The increased content of fixed carbon and hydrogen in the
sintering process leads to an increased oxygen consumption.
Consequently, as poplar wood charcoal is added, the oxygen
concentration at the outlet decreases significantly. Comparing
CO and NO concentrations, it can be observed that the
concentrations of both decrease initially and then increase with
the addition of poplar wood charcoal. This is likely due to the
combustion process. As poplar wood charcoal is added during
the sintering process, the combustion rate accelerates. The
depletion of oxygen concentration during combustion on one
hand leads to an increase in CH compounds in the sintering
process, further promoting the increase in instantaneous-type
NO. The generation of instantaneous-type NO, is accompa-
nied by CO-SNCR. Thus, the increase in NO, is weaker than the
increase in CO. As the sintering process concludes, the O,
concentration rapidly increases. However, upon comparison, it
is evident that the addition of biomass charcoal shortens the
entire sintering process, as indicated by the time taken for the
oxygen concentration to recover to the inlet concentration. As
reported,” there is a competitive relationship between
hydrogen or carbon in poplar wood charcoal and nitrogen for
oxygen in the combustion system. Therefore, the presence of C,
CO, H, or OH in the combustion system will inhibit the
formation of NO,. By reducing the availability of oxygen in the
sintering system and shortening the duration of high-
temperature reactions, we can reduce the formation of
nitrogen oxides. In summary, during the sintering process, the
replacement of some coke fines with poplar wood charcoal
provides heat during the combustion stage, accelerates the
sintering process, and significantly impacts the NO, emissions
during the sintering process due to its low nitrogen content,
high oxygen and combustion-promoting
characteristics.

consumption,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3. XRF analysis

The sintering mixture is composed of various components,
primarily Fe,O3, CaO, SiO,, MgO, Al,O;, etc. As indicated in
Table 3, the Fe,O; content in the samples remains relatively
uniform, with levels exceeding 70%, signifying a high overall
iron grade.*® With the increasing proportion of poplar wood
biochar, Fe,O; experiences minor fluctuations within a 3%
range, with the A4 sample having the highest Fe,O; content
percentage among all samples and the A6 sample registering
the lowest. As observed in Fig. 3b, the A4 sample exhibits the
lowest CO content, suggesting a lesser reducing atmosphere
during the iron ore sintering process, which inhibits the
reduction of Fe,0; and results in the highest Fe,O; values in the
XRF results. Conversely, the A6 sample experiences a greater
presence of reducing gases during sintering, thereby promoting
Fe,0; reduction. SiO, within the sinter is prone to react with
FeO, forming low-melting silicate minerals. The presence of
these liquid-phase materials on the sinter surface hinders gas
diffusion, reducing permeability and the sinter's reducibility. It
also has an impact on sinter hardness.?” The A4 sample has the
lowest SiO, content, which is advantageous for gas diffusion
and pore formation within the sinter. This results in more
complete combustion, reduced Fe,O; reduction, and mini-
mized CO generation. In contrast, the A6 sample exhibits the
highest SiO, content, leading to increased CO generation and
enhanced Fe,0O; reduction.”® MgO is an alkaline oxide that can
react with acidic oxides like calcium silicate (CaSiO;) at high
temperatures, forming low-melting compounds. Therefore, an
appropriate amount of MgO can enhance the sinter's fusibility,
facilitating the sintering process.”” Al,O; and other oxide
contents show minimal or no significant trends, and impurity
content within the sinter has little impact on sinter quality.

3.4. SEM analysis

To investigate the morphological changes in the sintered ores
obtained with varying proportions of biochar involvement in
the sintering process, scanning electron microscopy (SEM) was
utilized to characterize seven sets of sintered ore samples. As
shown in Fig. 4, there exist solid grains of varying sizes in the
sintered ore, with many small grains adhering to the surface of
larger particles. Most of these adhering particles are smaller
than 2 pm, indicating that during the sintering process, iron ore
underwent a phase transformation from the solid state to the
liquid phase. With an increasing proportion of biochar added

Table 3 Oxide analysis of the sintered ore

Simple Fe, 05 Ca0O Sio, MgO Al,O4
Al 74.48 7.43 8.55 7.66 0.69
A2 75.80 7.13 8.07 7.09 0.66
A3 75.65 7.83 7.76 6.88 0.62
A4 76.41 7.01 7.71 7.10 0.57
A5 74.61 7.52 8.24 7.85 0.58
A6 72.19 8.47 8.92 8.66 0.55
A7 75.16 7.03 8.31 7.83 0.52
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Fig. 4 SEM images of the sintered ore.

during the sintering process, the distribution of grains in the
sintered ore becomes more uniform. Notably, for sintered ores
with lower poplar wood biochar content (A1-A4), the structure
appears looser, with uneven pore locations and sizes. In
contrast, for A5-A7, the pores become smaller, and the structure
is more compact. This is attributed to the improved perme-
ability facilitated by biochar, which promotes heat transfer and
results in a more even sintering process. Additionally, the
combustibility and rapid heat transfer properties of poplar
wood biochar contribute to uniform sintering, leading to the
formation of more molten phases during the sintering process.
Consequently, the porosity and grain boundaries in the sintered
ore decrease, enhancing its density.*® This verifies the conjec-
ture of sinter surface morphology. The microstructure of bio-
char is relatively loose and there are many pores. During the
sintering process, these pores provide more space for the grain
growth of sinter and reduce the hardness of sinter to a certain
extent.

In order to delve deeper into the influence of nitrogen
content in raw materials on NO emissions during iron ore sin-
tering, samples were characterized using Energy Dispersive X-
ray Spectroscopy (EDS), as depicted in Fig. 5 This character-
ization technique provides information about the nitrogen
elemental composition in the samples, aiding in our under-
standing of how nitrogen factors affect the generation and
emission of NO during sintering. During the experiment,
particular attention was paid to the amount of poplar wood
biochar used and its impact on nitrogen content and NO

S pm

Fig. 5 EDS images of sintered raw materials.
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emissions during iron ore sintering. Analysis of the EDS char-
acterization results for samples A1-A7 revealed a clear trend: as
the amount of poplar wood biochar used in the samples
increased, the nitrogen content in these samples showed
a gradual decrease. This finding aligns with the emission curve
observed in Section 3.2. In Section 3.2, we meticulously docu-
mented the experimental results showing a decrease in NO
emissions with increasing biochar content. Combining the
results of EDS characterization, we can infer that the addition of
biochar may reduce NO generation and emissions during sin-
tering by lowering nitrogen content in the raw materials.

3.5. Pore structure analysis

From Fig. 6a, it is evident that the studied samples exhibit
typical Type III isotherm characteristics. This characteristic is
manifested by a concave shape without any apparent inflection
points across the entire pressure range. Such a morphology
typically signifies that the adsorption process predominantly
occurs during the multilayer adsorption stage, wherein adsor-
bate molecules gradually accumulate on the surface of the
adsorbent to form multilayer structures. With an increase in
component partial pressure, the quantity of adsorbed gas also

rises correspondingly, revealing that the strength of
5
A4
h
w
20
=
3
=
St
221
=
<
i
g1
<
=
<o
0
t T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)
0.0025
2 0.0020 1
£
L0
“E 0.0015 1
<
Q
E
= 0.0010
=3
-
2
£ 0.0005 -
0.0000 -| ¥
T T T T T
2 4 8 16 3 64
Pore diameter (nm)
Fig. 6 (a) N, adsorption—desorption curve and (b) pore size distribu-

tion of the sinter.
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interactions between adsorbate molecules surpasses that
between the adsorbate and the adsorbent. Additionally, the
samples exhibit a typical H4 hysteresis loop, indicating the
presence of a particular pore structure within the samples.>* We
employed the BJH method to calculate and analyze the pore size
distribution, and from Fig. 6b, it can be observed that sample
A7 displays the largest pore volume among all tested samples,
a result unequivocally confirmed in Table 4. It is noteworthy
that poplar wood biochar possesses larger pore volume
compared to coke powder, a characteristic that significantly
enhances the permeability of raw materials when using a higher
proportion of poplar wood biochar in the sintering process of
iron ore. Improved permeability facilitates gas diffusion and
transport during the sintering process, thereby enhancing the
porosity of the sintered ore.*” The increase in porosity not only
improves the physical properties of the sintered ore but also
aids in reducing energy consumption and pollutant emissions
during the sintering process.

3.6. Hardness testing

Vickers hardness tests were carried out on different sinters. For
the same sintering condition, ten points were randomly tested
and their average values were taken, and the results were shown
in Table 5. It can be observed that when poplar wood biochar is
not added, the average hardness of the sintered ore is the
highest. However, with an increasing proportion of poplar wood
biochar added, there is a trend of decreasing average hardness.
The lowest average hardness value is observed for sample A4,
which exhibits a hardness reduction of approximately 12%
compared to sample Al. This confirms the hypothesis proposed
in Section 3.3 that the addition of poplar wood biochar leads to
a decrease in sintered ore hardness. The influence on sintered
ore hardness involves multiple factors and interactions, with
the primary influencing factors being oxide content and sin-
tering conditions. An analysis of oxide content can partly
explain the reasons behind these observations. As reported,**
higher iron oxide content can enhance the hardness of sintered
ore. This is because an increase in iron oxide content promotes
the formation of a liquid phase during the sintering process,
thereby increasing the bonding strength between particles and
facilitating the formation of strongly bonded mineral particles,
ultimately raising hardness levels, with Vickers hardness values
consistently exceeding 600N. SiO,, as a component of the
bonding phase in sintered ore, can cause the appearance of
acicular hematite structures in sintered ore when its content is
too low, leading to a decrease in sintered ore hardness.”” Sample
A1 has the highest SiO, content among all the samples,
contributing to its higher hardness. For samples A2, A5-A7,
where SiO, content varies only slightly, reductions in hardness
correspond to decreasing SiO, content. Among these, samples

Table 4 Textural parameters of samples

Sample A1l A2 A3 A4 A5 A6 A7

HV (N) 704.45 639 675.59 618.37 624.72 630.65 634.97
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A3 and A4 have relatively lower SiO, content, resulting in lower
hardness for sample A4. However, sample A3 has a higher CaO
content, which favors an increase in sintered ore hardness. An
appropriate amount of calcium oxide content can enhance
sintered ore hardness by facilitating the formation of a good
bonding phase and strengthening the bonding between parti-
cles. Excessive calcium oxide content, on the other hand, may
lead to over-sintering of the sintered ore and the formation of
larger particles."” Another factor influencing sintered ore
hardness is Al,O3, which can promote the formation of a liquid
phase during the sintering process and enhance the bonding
between particles. However, excessive aluminum oxide content
may result in an excessive formation of the liquid phase,
weakening the bonding between particles and thereby reducing
hardness. In the current experiment, the samples had relatively
low and consistent Al,O; content, leading to only a minor
impact on sintered ore hardness.*® The variation in hardness
among different sintered ores suggests that with an increasing
addition of biochar, more reducing agents participate in reac-
tions, possibly increasing the degree of reduction of oxides in
the ore. This, in turn, may lead to phase transformations or the
formation of new bonding phases within the sintered ore,
resulting in structural and hardness changes. The volatility of
poplar coke is a positive factor in creating a reducing atmo-
sphere, helping to reduce nitrogen oxides, unfortunately, its
high volatiles hinder the sintering process, because volatiles
quickly escape, impeding heat transfer and thermal power,
resulting in lower sintering quality, so there is a limit to the
amount of coke powder that poplar coke can replace.

3.7. XRD and Raman analysis

Fig. 7a displays the X-ray diffraction (XRD) spectra of the sin-
tered ores. It can be observed that although the characteristic
peaks of different sintered ores vary in intensity, they contain
essentially the same substances. Fig. 7a reveals that, in addition
to SiO, and CaCOj;, the sintered ores contain a significant
amount of iron compounds. The primary forms include FeO
(wiistite), Fe,O; (hematite), Fe;0, (magnetite), and Fe,(SiO,).
The peaks of Fe,O3; are more pronounced in A1, A5, A6, and A7,
while they are lower in A2-A4. This difference may be attributed
to the relatively even distribution of Fe,O; in the sintered ores,
with less distinct crystallinity, as well as the occurrence of
reduction reactions. The significant presence of Fe;O, in the
sintered ores suggests that during the sintering process of
samples A1-A7, varying levels of poplar wood biochar addition
lead to changes in volatile components in the atmosphere.
Additionally, the iron ores undergo magnetic transformations
under different atmospheric conditions. In a reducing atmo-
sphere during the sintering process, weakly magnetic minerals
like Fe,O; transform into Fe;O,, with CO being the primary
reducing gas, resulting in higher peak intensities for Fe;O,. The
appearance of FeO peaks may be attributed to over-reduction
during the diffusion of CO to the iron ores, resulting in the
formation of wiistite (FeO).>* The peak strength of SiO,, MgO
and CaO increases with the addition of poplar coke, which is
due to the presence of Si, Mg and Ca in poplar coke, while the

RSC Adv, 2024, 14, 1007-11016 | 11013
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Table 5 Sinter hardness test
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Total pore volume

BET surface area Adsorption average

Sample (em® g™ (m*>g™) pore diameter (nm)
Al 0.00026 0.729 25.579
A2 0.00033 0.940 23.694
A3 0.00038 1.077 22.736
A4 0.00042 1.259 17.989
A5 0.00045 1.280 14.293
A6 0.00050 1.570 13.597
A7 0.00051 1.664 11.643
Coke powder 0.005 10.914 6.644
Biochar 0.155 396.303 1.741
 Feron POT o s0, Tormam sintering process, signifying structural changes in substances
o e YE‘(Z), EEEE;"E like aluminum oxide (Al,O;) and silicate (SiO,) in the iron
M_JM)\LJ_»TJ‘W: i an AL ores.*® The Raman spectroscopy results are consistent with the
- VI SN VD N S U . 2 XRD findings, indicating that during the sintering process of
§ I W&)W{wd A3 iron ore with partial substitution of coke powder by poplar wood
] " « R . A4 char, the samples contain silicate minerals and hematite pha-
E . o AS ses. Moreover, structural alterations in the iron ore occur during
the sintering process.
| L " o AS
M
0 25 30 35 40 45 S0 55 60 65 70 3.8. FTIR analysis
2 theta(’) The FTIR spectra of 7 sinter samples are shown in Fig. 8. It can
be seen from the spectra that the functional groups contained
in the sinter samples after different treatments are roughly the
A1 J’L B A same. Characteristic peaks at 3686 and 873 cm ' can be
P attributed to the O-H stretching vibrations on the surface of
3 ”/;3"’ T I hematite.*® The peak at 1426 cm ™" corresponds to the absorp-
2 Sl tion peak of carbonate, which arises from the vibration of CO;*~
Blae . ] ions. Peaks at 1037 and 945 cm™ ' are associated with Si-O
= | as A vibrations, while the peak at 710 cm™* represents vibrations in
a6 ) aluminum oxides.**** The presence of peaks at 537 cm ™" (Si—O-
i Al) and 443 cm™" (Si-O) is common in hematite and corre-
A7 : : : : : , : sponds to lattice vibrations in iron oxides.*»** The study indi-
1o e ;‘::zan S:l::t(cm"?ﬂ weoom cates that when substituting a portion of coke powder with
poplar wood biochar in the sintering of iron ores, the different
Fig. 7 (a) The XRD spectrum and (b) the Raman spectrum of the

sintered ore.

peak strength of Fe,(SiO,) in sinter is due to the release of
silicon elements in the combustion of poplar coke and coke
powder, which may react with Fe,0; in ore. Forming Fe,(SiO,)
silicate minerals.

To assess the crystalline state of metals in the sintered ores,
Raman spectra in Fig. 7b were examined. All samples exhibited
four characteristic peaks at 1089, 712, 275, and 150 cm . The
peak at 1089 cm ' is attributed to the internal stretching
vibration mode of SiO, ion groups, indicating the presence of
silicate structures in the samples, particularly the tetrahedral
SiO, structures within the silicates.?**® The peaks at 712 and
150 cm ™ * are distinctive features of hematite.3*” The peak at
275 cm™ ! is attributed to the O-T-O bending (T = Al, Si), which
results from the rupture of Al-O and Si-O bonds during the

1014 | RSC Adv, 2024, 14, 1007-11016
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Fig. 8 The FTIR spectrum of the sintered ore.
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Fig. 9 XPS spectrum of sintered raw materials.

fuel mixture ratios have a minor influence on the functional
groups present in the sintered ore. This suggests that the degree
of transformation of surface functional groups in the sintered
ore is not significantly affected by the amount of poplar wood
biochar added.

3.9. XPS analysis

By employing the Gaussian-Lorentzian method to fit XPS
spectra, we can precisely analyze the chemical states of different
elements within the samples. In the N 1s XPS spectral analysis
of sintered ore samples, we observed diverse forms of nitrogen.
As illustrated in Fig. 9, the N 1 s XPS spectrum of the sintered
ore exhibits multiple characteristic peaks, whose positions and
intensities reveal the various chemical environments of
nitrogen within the sample. Further scrutiny of the N 1s XPS
spectrum reveals that nitrogen primarily exists in four forms:
pyridinic N, pyrrolic N, graphitic N, and oxidized N, located at
398-399 eV, 400-401 eV, 401-402 eV, and 402-405 eV, respec-
tively. Studies indicate the significant role of nitrogen oxides in
the generation of NO.** By comparing samples with varying
poplar wood charcoal content among different sintering raw
materials, we observed a decreasing trend in the peak intensity
of nitrogen oxides in the XPS spectra as the content of poplar
wood charcoal increased, i.e., samples A1-A7. This observation
validates the inference made in the testing Section 3.2, sug-
gesting that the addition of poplar wood charcoal can influence
the generation of nitrogen oxides during the sintering process.

4. Conclusion

Utilizing poplar wood biochar with low nitrogen content and
zero carbon emissions during the sintering process, it was
substituted for a portion of the coke powder traditionally used
in the iron ore sintering process to investigate emissions of NO,
and other factors. The results indicated that when biomass
charcoal replaced 50% of the coke powder, the NO emissions
were minimized. Subsequently, through a series of character-
izations, the physical and chemical properties of the sintered
ore were systematically studied. Mechanical hardness analysis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was employed to explore the impact of adding biomass on
decarbonization, reducing NO, emissions, and enhancing the
quality of the sintered ore. From these investigations, the
following conclusions were drawn:

(1) During the sintering process, poplar wood biochar has
a higher fixed carbon and hydrogen content. This implies that
the addition of poplar wood biochar consumes a significant
amount of oxygen during the reaction, creating a reducing
atmosphere. Along with the generation of CO, the objective of
achieving Selective Non-Catalytic Reduction (SNCR) is attained.
Additionally, CO and NO are adsorbed by unsaturated metal
active sites on the sintered ore surface, leading to CO-SCR
reactions.

(2) During the iron ore sintering process, poplar wood bio-
char possesses characteristics such as high porosity and excel-
lent permeability, which facilitate efficient heat dissipation,
uniform combustion, and accelerated combustion rates within
the sintering mixture. This, in turn, reduces the duration of
high-temperature reactions and mitigates the formation of NO,.

(3) Biomass is considered a renewable energy source, and its
substitution for coke powder in the sintering process can help
reduce the use of non-renewable resources. Additionally,
biomass is characterized by its low nitrogen content and zero
carbon emissions during combustion, resulting in a significant
reduction in NO, generation and nearly zero net CO, emissions
into the atmosphere.

(4) The ease of ignition and rapid heat transfer associated
with poplar wood biochar result in a more uniform sintering
process. During sintering, this promotes the formation of
a greater amount of molten material, reduces the voids and
grain boundaries in the sintered ore, leading to an increase in
its density. However, this increased density may result in
a reduction in the material's energy absorption capacity,
consequently leading to a decrease in sintered ore hardness.
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