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Abstract: Employing ammonia (NH₃) as a reducing agent for iron ore has become 

an emerging research direction. High-temperature thermogravimetric analysis 

equipment was used to study the reduction degree and isothermal kinetics of 

NH₃-reduced lump ore (L1) within the temperature range of 800 ℃–950 ℃. Mean-

while, the low-temperature reduction disintegration performance of L1 at 500 ℃ 

was investigated. Under conditions of 900 ℃ and a 60 % NH₃ concentration, a 

metallization rate of 98.26 % was achieved. The reduction process produced nitric 

oxide (NO) concentrations as high as 431 ppm. As the reaction progresses, the NO 

concentration gradually decreases. At 500 ℃, as the concentration of NH₃ in-

creased, the specific surface area, pore size, and reduction disintegration degree of 

the reduced sample all increased. Kinetic analysis shows that the diffusion and 

geometric shrinkage models can well describe the reduction process of lump ores. 

The activation energy values derived from both model-fitting and model-free ap-

proaches for L1 reduction using 60 % NH₃ were determined to be 64.78 kJ/mol and 

61.60 kJ/mol, respectively.   
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1. Introduction 

The traditional blast furnace ironmaking process has caused serious environmental pollution problems 

due to the consumption of large amounts of coke [1]. To promote energy efficiency and minimize environmental 

impact, implementing H2 as a reductant in vertical furnaces to directly reduce iron ore is an effective approach 

[2], [3]. Compared with commonly used iron ore pellets in shaft furnaces, lump ores have the advantages of no 

need for high-temperature block making, high porosity, and a wide source [4]. Therefore, appropriately in-

creasing the proportion of lump ores in the raw materials can further reduce carbon emissions and ironmaking 

costs [5]. 

Recently, research on the metallurgical properties and reduction behavior of lump ores has received con-

siderable attention [6], [7]. Generally speaking, the higher the content of goethite (FeOOH) in lump ores, the 

higher the content of newly generated porous hematite after heating, indicating that the lump ores have excel-

lent reducibility [8]. However, the inherent crystalline water content in lump ores can induce thermal fracturing 

during the heating process, potentially leading to poor low-temperature reduction disintegration performance, 
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which may adversely affect the gas permeability and operational efficiency in shaft furnace operations [9]. The 

reduction disintegration phenomenon of iron ores mainly occurs in the temperature range of 450 °C to 650 °C 

in the shaft furnace [10]. The developed internal pore structure in lump ores promotes the release of steam 

pressure within the particles, leading to thermal cracking during the reduction process and the formation of 

surface cracks in goethite. A composition containing 60 % lump ores in the raw material mixture may initiate 

substantial degradation in the low-temperature disintegration characteristics of the furnace burden [11]. Re-

search has shown that high-temperature pretreatment of lump ores can transform the ore's internal configura-

tion from a compact state to a plate-like structure, thereby improving its reactivity [12], [13]. In addition, the 

reduction disintegration characteristics of ores in a hydrogen-rich atmosphere are influenced by the reaction of 

hematite to magnesite [14], carbon deposition reactions [15], and gangue impurities [16], [17]. To reduce the 

disintegration degree of lump ore, the proportion of H2 in the reducing gas can be increased and rapidly re-

duced at higher temperatures [18]. It is necessary to determine whether the metallurgical properties of the lump 

ores meet the standards of a vertical furnace. 

However, H2 has the disadvantages of high liquefaction temperature [19], flammability and explosiveness 

[20], and high storage and transportation costs [21]. Under the current technological conditions, it is difficult to 

widely promote the application of pure H2-based metallurgy. NH3 serves as an efficient hydrogen transport 

medium, offering significant benefits in the lower liquefaction costs [22], [23] and mature supply processes [24]. 

At present, NH3-based metallurgy has become a highly promising clean ironmaking process [25–27]. Iwamoto 

et al. [28] demonstrated that the NH3 utilization rate of lump ores is higher after high-temperature pretreatment. 

Notably, FeOOH exhibits catalytic activity toward NH3 decomposition [29], [30]. However, there is currently 

no further research on the application of NH3 for lump ore reduction. On the other hand, a comprehensive 

investigation into the reduction kinetics of lump ores is essential to meet the needs of NH3 metallurgical reaction 

process development and reactor design. Therefore, to promote cost reduction and efficiency improvement in 

the steel production processes, investigating the metallurgical properties and reduction kinetics of NH3 reduced 

lump ores represents valuable research. 

This study systematically examines the influence of NH₃ concentration and reduction temperature on the 

low-temperature reduction disintegration index (RDI) and reduction degree (α) of NH₃-reduced lump ores. The 

exhaust gas was measured by a mass spectrometer and an infrared analyzer. Furthermore, the kinetics of NH3 

reduction of lump ores were studied, providing a fundamental basis for optimizing shaft furnace operations in 

NH3-based metallurgy in shaft furnaces. 

2. Materials and experimental 

2.1. Materials  

The purities of NH3 and Argon (Ar) used in the experiment are 99.999 % and 99.99 % respectively. The 

lump ore (L1) used in this study was provided by HBIS Group Co., Ltd (HBIS) Material Technology Research 

Institute. To compare the reduction degree of lump ore and iron ore pellets under ammonia conditions [31], the 

lump ore was crushed and samples with particle sizes of 8 mm–12.5 mm were screened out before the experi-

ment. As Table 1 reveals, the total iron grade (TFe), silicon dioxide (SiO2), wüstite (FeO), and calcium oxide 

(CaO) content in L1 are 62.55 %, 1.22 %, 0.03 %, and 0.36 %, respectively. The phase composition of L1 was 

investigated using X-ray diffraction (XRD) technology, as shown in Figure 1(a). The characteristic diffraction 

peaks of Fe2O3 (JCPDS 33-0664) [32] were detected at 2θ = 24.2°, 35.6°, 49.5°, 57.6°, 62.4°, 72.0°, 75.2°, 77.8°, and 

88.6°, whereas distinct diffraction patterns corresponding to FeOOH [33] (JCPDS 81-0462) were observed at 2θ 

= 17.8°, 21.2°, 26.3°, 33.2°, 34.7°, 36.7°, 40.0°, 41.2°, 47.3°, 50.6°, 53.2°, 54.2°, 59.1°, 61.5°, 63.9°, 65.6°, 67.1°, 67.9°, 

69.0°, 69.2°, 71.5°, 79.9°. 81.4°, 84.0°, and 86.3°. Besides, the characteristic diffraction peaks corresponding to SiO2 

[34] (JCPDS 29-0085) were detected at 2θ = 39.5°, 42.5°, 45.8°, 50.1°, 54.9°, 60.0°, and 85.0°. Therefore, L1 is mainly 

composed of goethite and hematite, and the impurities are mainly quartz. 
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Figures 1(b) to 1(c) show the results of scanning electron microscopy and energy dispersive X-ray spectros-

copy (SEM-EDS) analysis of L1. Goethite and hematite were closely intertwined, with Figures 1(b) to 1(c) show-

ing the results of scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) analysis 

of L1. Goethite and hematite were closely intertwined, with the pores in the raw ore were small and evenly 

distributed. Iron (Fe) and oxygen (O) elements were uniformly distributed in L1. In contrast, the content of 

silicon (Si), magnesium (Mg), and calcium (Ca) elements was relatively low (in Figure 1 (c)). 

 

Figure 1. (a) XRD pattern, (b) SEM analysis and (c) EDS mapping results of L1. 

Table 1. Chemical composition analysis of L1 (all in ωt.%). 

TFe FeO SiO2 Al2O3 MgO P S CaO TiO2 Mn LOI1000 

62.55 0.36 1.22 0.64 0.06 0.08 0 0.03 0.02 0.04 8.36 

2.2. Reactor system and reduction procedure 

Based on the GB/T 24189-2024 (equivalent to ISO 7215:2015) standard, the experimental steps for determin-

ing the reducibility of lump ores are as follows: A 510 g L1 sample was subjected to drying in an oven at 105 °C 

for a duration of 120 minutes to achieve a stable weight. For preheating, the reactor's base was layered with 

Al2O3 spheres measuring 8 mm in diameter. A (500 ± 0.5) g L1 sample was loaded over the Al2O3 ball, the reactor 
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was sealed and placed in the center of the furnace. To measure the side wall temperature and reactor center 

temperature separately, place a thermocouple on each furnace side wall and reactor center. A balance was 

placed above the reactor, and the reactor was hung on the hook of the balance by a lifting rope. The balance can 

be used to detect the sample quality of iron ore and the reactor in real-time. To eliminate the influence of the 

carrier gas on the reaction, Ar was chosen as the carrier gas. Before the reaction began, Ar was introduced to 

blow the reactor to eliminate excess air. To compare the effect of temperature on the reduction degree, we set 

the reduction temperature as 800 °C, 850 °C, 900 °C and 950 °C. Increase the furnace temperature to the target 

values at a heating rate of 6 °C/min. After the furnace temperature stabilized, different concentrations of NH3 

(40 %, 50 %, and 60 %) were configured through a mass flow meter and introduced into the reactor. To minimize 

the impact of flow rate on reduction degree and reduction temperature, and we set the total gas flow rate as 7.5 

L/min. According to GB/T 24189-2024 standard, after the reaction time reached 180 minutes, stop the supply of 

reducing gas and cool the furnace charge in an Ar atmosphere. The experimental reaction system is shown in 

Figure 2. 

 

Figure 2. Schematic diagram of experimental setup and process. 

Based on the GB/T 13242-2017 standard, the experimental apparatus for determining the RDI of lump ore 

was the same as that for determining the reducibility. Take (500 ± 0.5) g of the L1 sample after drying, and 

introduce it into the reactor. The furnace was heated to 500 °C at a heating rate of 6 °C/min while maintaining 

an Argon atmosphere for protection. After the furnace temperature stabilized, different concentrations of NH3 

(20 %, 40 %, and 60 %) were introduced into the reactor for 60 minutes of reduction at a total flow rate of 7.5 

L/min. After the reaction was complete, the reduced sample was allowed to cool down to ambient temperature 

under an Ar environment. Put the cooled sample into a rotary drum and rotate it at a speed of 30 r/min for 300 

r, then use a hole with a width of 6.30 mm, 3.15 mm, and 0.5 mm square hole sieves. Record the sample quality 

left on each sieve. 

After the outlet gas was dried by cotton, the air flow was divided into three paths after passing through 

the three-way pipe. One of the gases was sent to an infrared analyzer (IR analyzer, China Maihak QGS-08CN) 

after drying for real-time monitoring of NH3 and NO concentrations. The IR analyzer needed to be preheated 

for 2 h, and the working temperature was about 46 °C. Meanwhile, the other stream was channeled to a mass 
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spectrometry analyzer (MS, England HPR-20 R&D) for measuring the concentrations of H2 and N2. The tail gas 

enters the mass spectrometer after being heated by an inert quartz capillary at 120 ℃, and the injection flow was 

20 mL/min. The external standard method was employed to calibrate the MS. 

2.3. Analytical methods and Characterization 

The α value for L1 was determined based on the weight loss of the sample, using the following formula: 

𝛼 = (𝑚1 − 𝑚2)/𝑚0 × (0.430𝜔2 − 0.111𝜔1) × 102                                                (1) 

Where 𝒎𝟎, 𝒎𝟏, and 𝒎𝟐 correspond to the initial weight of the sample, the mass weight after heating, and 

the sample weight after reduction (g), respectively. Additionally, ω1 and ω2 represent the mass fraction of 

FeO and TFe, (%), respectively. 

The low-temperature RDI is analyzed using the equations given in (2)–(4). 

    RDI+6.3 𝑚𝑚 =
𝑚𝐷1

𝑚𝐷0

× 100 (2) 

    RDI+3.15 𝑚𝑚 =
𝑚𝐷1 + 𝑚𝐷2

𝑚𝐷0
× 100   (3) 

    RDI−0.5 𝑚𝑚 =
𝑚𝐷0 − (𝑚𝐷1 + 𝑚𝐷2  +  𝑚𝐷3)

𝑚𝐷0

× 100 (4) 

In the above formula, mD0, mD1, mD2, and mD3 represent the sample mass before the reduction drum, the 

sample mass remaining on the 6.30 mm sieve, the sample mass remaining on the 3.15 mm sieve, and the mass 

remaining on the 0.5 mm sieve, respectively. The evaluation of experimental results is based on the results of 

RDI+3.15 mm as the assessment indicators, while RDI+6.3 mm and RDI-0.5 mm are only used as reference indicators. 

The metallization rate (η) is expressed as follows: 

    𝜂 = MFe TFe⁄    (5) 

Where MFe represents the mass fraction of metallic Fe (%). 

Table 2. Summary of commonly used gas-solid reaction models [35] 

Model Symbol Mechanism G (α) 

Nucleation and nucleus growth models 
N1 A-E [–ln(1–α)]2/3 

N2 A-E [–ln (1–α)]1/2 

Diffusion model 
D1 1-D diffusion α2 

D2 D diffusion α+(1–α)·ln(1–α) 

Reaction-order models 

F1 Zero-order α 

F2 First-order -ln(1–α) 

F3 Three-halves order 2((1–α)-1/2–1) 

F4 Second-order  (1–α)-1–1 

Geometrical contraction models 
R1 Contracting cylinder 1–(1–α)1/2 

R2 Contracting sphere 1–(1–α)1/3 
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The kinetic parameters of L1 were determined using both the model-fitting and model-free approaches. 

The reaction rates dα/dt are described by equations (6)–(7): 

𝑑𝛼/𝑑𝑡 = 𝐴𝑒𝑥𝑝−𝐸𝑎/𝑅𝑇 × 𝑓(𝛼)                                                                (6) 

𝐺(𝛼) = ∫ 𝑑𝛼 𝑓(𝛼)⁄ = 𝑘(𝑇) × 𝑡
𝑡

0
                                                              (7) 

Where A and k(T) refer to the preexponential factor and the reaction rate constant, 1/s, respectively. Ea is 

the activation energy, kJ/mol. R is the standard molar gas constant, J/(mol·K). t represents time, s. T refers to the 

reduction temperature, K. f(α) and G(α) represent the typical gas-solid reaction equations and their correspond-

ing integral expressions that describe the reaction mechanism, respectively. Table 2 provides a summary of the 

integral forms for gas-solid reaction models [36]. 

The samples are labeled as L1-aaa-bbNH3, where xxx denotes the reduction temperature (aaa = 500 °C, 

800 °C, 850 °C, 900 °C, and 950 °C). bb represents the initial NH3 concentration (x = 20 %, 40 %, 50 %, and 60 %). 

The phase composition of the samples, both before and after reduction, was analyzed using XRD (Ger-

many, Bruker D8). The analysis was conducted within a range of 10° to 90°. The X-ray source utilized a Cu 

target, emitting characteristic Kα radiation with a wavelength of 0.154 nm, and operated at a tube voltage of 40 

kV. Both pre- and post-reduction samples were encapsulated in epoxy resin for examination. The sample was 

ground, polished, and mounted using metallographic equipment (China, Kejing Unipol-1200M). The cross-sec-

tional mineral facies of the sample were examined using OM (Germany, ZEISS Axioskop A1). Additionally, the 

mineral phase structure was analyzed using SEM (Zeiss GeminiSEM 300, Germany) in backscattered electron 

imaging (BSE) mode. Meanwhile, EDS technology (Oxford Xplorer30, UK) was employed to analyze the cross-

sectional element distribution and quantify elemental composition of the sample. The acceleration voltage was 

3 kV when photographing the morphology, 15 kV when photographing the energy spectrum mapping, and the 

detector was SE2 secondary electron detector. The specific surface area and pore size distribution, both before 

and after reduction, were measured using a specific surface area analyzer (America, Quantachrome Nova3000e). 

The sample was degassed in vacuum at 150 °C for 8 h. 

3. Results and Discussion 

3.1. Reduction Behavior 

Figure 3 displays the α curves of the reduced samples during the reduction of L1 by NH3 at different 

concentrations, the minimum temperature of the reactor's center (Tcenter, min), and the XRD results of the reduced 

samples. As Figure 3(a) shows, when the reduction temperatures were 950 ℃, 900 ℃, 850 ℃, and 800 ℃, and the 

reduction reaction lasted for 30 minutes, the α values of the samples were 0.59, 0.51, 0.41, and 0.37, respectively. 

At this temperature condition, when the reaction proceeded for 90 minutes, the α values of L1 were 0.96, 0.92, 

0.82, and 0.80, respectively. Meanwhile, after 180 min of reaction, the α values of the samples were 1, 1, 0.98, 

and 0.96, respectively. Therefore, it can be concluded that in the initial reduction stage, raising the reduction 

temperature can greatly improve the reduction rate. However, as the reduction time further increased, the rate 

of the reduction reaction decreased significantly. This is because the reaction from FeO to Fe requires a higher 

reduction potential [37]. The same phenomenon was also confirmed at NH3 concentrations of 50 % and 40 % 

(in Figure 3(b) and Figure 3(c)). As Figure 3(d) indicates, under the conditions of NH3 concentration of 50 % and 

60 % and temperature range of 800 ℃–950 ℃, only the characteristic diffraction peaks of Fe (JCPDS 06-0696) 

were observed in the reduced sample at 2θ = 44.7°, 65.0°, and 82.3°, suggesting that the reduction of L1 is nearly 

complete under these conditions. However, under the conditions of an NH3 concentration of 40 % and a tem-

perature of 800 ℃, alongside the Fe characteristic diffraction peaks, the FeO characteristic diffraction peaks 

(JCPDS 06-0615) [38] were also detected at 2θ = 36.2°, 42.0°, 51.5°, 60.9°, and 72.9° in the reduced sample, indi-

cating insufficient reduction under these conditions. The gangue in the sample after NH3 reduction of L1 was 
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mainly composed of SiO2. In addition, during the reduction of L1 by NH3, the value of Tcenter, min was lower than 

the actual preset reduction temperature, indicating that the process is an endothermic reaction (in Figures 3(g) 

to 3(i)). This conclusion is consistent with previous research [37], [39]. When the temperature was constant, the 

value of Tcenter, min gradually decreased as the NH3 concentration rose, suggesting that the heat absorption in-

creases with the increase of NH3. As Table 3 shows, the FeO content of the reduced samples under the temper-

ature conditions of 950 ℃, 900 ℃, 850 ℃, and 800 ℃ was 0.75 %, 1.22 %, 4.53 %, and 6.06 %, respectively. This 

indicates that there is still partially oxidized FeO at temperatures of 800 ℃ and 850 ℃. Owing to the minimal 

FeO content in its sample, it was not detected by XRD technology. In addition, the samples reduced at 800 ℃ 

and 850 ℃ also had higher levels of SiO2, aligning with the SEM results. As the temperature decreased, the 

metallization rate also declined. At an NH3 concentration of 60 %, the metallization rate can achieve a maximum 

of 98.94 %. 

 

Figure 3. The α curves during the reduction of L1 under various NH3 concentrations: (a) 60 % NH3, (b) 50 % NH3 and (c) 40 

% NH3. XRD pattern of the reduced sample by (d) 60 % NH3, (e) 50 % NH3, and (f) 40 % NH3. The variation of the Tcenter, min 

under different conditions: (g) 60 % NH3, (h) 50 % NH3, and (i) 40 % NH3. 

        Table 3. The metallization rate of the sample after 60 % NH3 reduction of L1 

Reduced sample 𝜂/% TFe/% MFe/% FeO/% SiO2/% 

L1-950 ℃-60 % NH3 98.94 97.56 96.63 0.75 0.81 

L1-900 ℃-60 % NH3 98.26 97.08 95.39 1.22 1.18 

L1-850 ℃-60 % NH3 96.89 90.82 88.00 4.53 12.07 

L1-800 ℃-60 % NH3 94.58 86.87 82.16 6.06 10.20 
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Figure 4 depicts the SEM-EDS analysis results of the samples after reduction at various temperatures. As 

Figure 4(a) indicates, a large amount of quartz was distributed in the sample of L1-800 ℃-60 % NH3. The area 

at point 1 was dominated by Fe, with very little O content, suggesting that the white mineral phase is likely 

metallic Fe. Point 2 was mainly composed of Fe, Si, and O, suggesting that the dark gray mineral phase corre-

sponded to a mixture of FeO and SiO2. Moreover, Point 3 primarily consisted of Fe, Si, and O, suggesting that 

the mineral phase structure was composed of a mixture of Fe and SiO2. In contrast, at a temperature of 950 ℃, 

Points 4, 5, and 6 were primarily composed of Fe with minor amounts of Si and O. The distribution of metallic 

Fe in the reduced sample was more concentrated, and the sintering phenomenon was more obvious (in Figure 

4(b)). 

 

Figure 4. SEM-EDS analysis of the reduced samples: (a) L1-800 ℃-60 % NH3, and (b) L1-950 ℃-60 % NH3. 

As Figure 5 demonstrates, at temperatures of 900 ℃ and 950 ℃, the sample reduced by 60 % NH3 exhibited 

significant amounts of metallic Fe with a white appearance. Meanwhile, there was still a small amount of FeO 

in the reduced sample. When the temperature dropped to 850 ℃, the agglomeration phenomenon of Fe signif-

icantly weakened. However, obvious cracks appeared in the sample of L1-800 ℃-60 % NH3, and the mineral 
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phase presented different structures. This can be explained as the decomposition of crystal water in goethite 

during the heating process, resulting in a significant increase in the size of sample particles and subsequent 

shrinkage [40], which leads to the formation of surface cracks on the sample. 

 

Figure 5. OM analysis of the reduced samples under different temperatures: (a) L1-950 ℃-60 % NH3, (b) L1-900 ℃-60 % NH3, 

(c) L1-850 ℃-60 % NH3, and (d) L1-800 ℃-60 % NH3. (P: pore. Q: quartz. C: crack. I: Fe. W: wüstite.) 

Figures 6 illustrate the changes in TG and gas concentration at the reactor outlet during the reduction of L1 

by NH3 under different conditions. According to theoretical calculations, if 60 % of NH3 is completely decom-

posed, approximately 57 % of H2 and 19 % of N2 will be produced. As Figure 6(a) displays, at 3 minutes, the 

NH3, H2, N2, and NO concentrations were approximately 0.6 %, 5.0 %, 15.6 %, and 431 ppm, respectively. Based 

on the iron ore weight loss rate, it can be inferred that the reaction is theoretically in the stage of Fe2O3 to Fe3O4 

at the conditions of 2 minutes. In this case, the H2 to N2 ratio at the reactor outlet was less than 1, indicating that 

a large amount of H2 generated from NH3 decomposition participates in the L1 reduction reaction. H2 predom-

inantly drives the reduction process of lump ores, which is consistent with previous research [27]. Related stud-

ies also indicated that the NH3 metallurgical process involves not only the indirect reduction of H2 produced 

by NH3 decomposition [37], but also the direct reduction of NH3, although the proportion of NH3 direct reduc-

tion is relatively small. In addition, the formation of NO revealed that NH3 takes part in the early-stage reduc-

tion of iron ore. The highest concentration of NO was observed at 3 minutes. As the reduction progressed, the 

concentration of NO gradually decreased, which was due to the gradual decrease in O content in the ores. When 

the concentration of NH3 was constant, increasing the temperature would promote the reduction reaction. 

Therefore, at a reaction time of 180 minutes, the concentration of NO at the outlet of the reactor gradually de-

creased. The NO concentration at the outlet was between (0–12) ppm, indicating that ultra-low NO emissions 

can be achieved during the NH3-based metallurgy process when Fe was produced. Moreover, the rate of H2 

generation was relatively fast at the beginning of the reaction and gradually decreased as the reaction pro-

gressed. H2 and NH3 concentrations stabilized at about 51 % and 1 %, respectively, demonstrating that iron-

catalyzed NH3 decomposition takes precedence in the final stages of the reaction. 
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Figure 6. (a) TG curves and outlet gas concentrations change during the reduction of L1 by 60 % NH3 at 900 ℃. (b) Variation 

in NO concentration at the outlet during the reduction of L1 at 180 minutes with different concentrations of NH3 within the 

temperature range of 800 ℃–950 ℃. 

3.2. Reduction Disintegration Behavior 

The low-temperature reduction disintegration behavior of L1 by different concentrations of NH3 at 500 ℃ 

was investigated. Figures 7(a) and 7(b) display the XRD patterns, α, and RDI of samples reduced by NH3 at 

different concentrations. As Figure 7(a) indicates, the original goethite completely decomposed, and hematite 

became the main phase. Alongside Fe2O3, the sample also exhibited peaks corresponding to Fe3O4 (JCPDS 11-

0614) [41] at 2θ = 18.3°, 30.1°, 37.1°, 43.1°, 57.0°, and 74.1° in the samples of L1-500 ℃-20 % NH3, L1-500 ℃-40 % 

NH3, and L1-500 ℃-60% NH3. The intensity of Fe2O3's diffraction peaks declined as the NH3 concentration in-

creased. Meanwhile, the α value increased with the increase of NH3 concentration (as shown in Figure 7(b)), 

indicating that the reduction of Fe2O3→Fe3O4 is promoted. Under the experimental conditions, the RDI+6.3 mm of 

L1 was greater than 89 % at three NH3 concentration conditions. Moreover, the RDI+3.15 mm value declined as the 

NH3 concentration increased. Increasing the concentration of NH3 will intensify the low-temperature reduction 

disintegration degree of lump ores. Notably, NH3 decomposition exhibits a low rate at 500 °C [42], so it can be 

inferred that H2 has a relatively small impact on the reduction disintegration degree of lump ores. 

Figures 7(c) and 7(d) reveal the adsorption-desorption curves of the sample after reduction with different 

concentrations of NH3. According to the IUPAC classification, the adsorption-desorption curves of L1 and the 

reduced samples both exhibited type IV isotherms [43]. The adsorption-desorption curves of the reduced sam-

ple were accompanied by a significant H3 hysteresis loop, indicating the presence of mesopores in the sample 

and an irregular pore structure. The peak in the pore size distribution curve of the sample after NH3 reduction 

showed a rightward shift trend, reflecting an expansion in the sample's pore size (in Figure 7(d)). Table 4 lists 

the specific surface area and pore structure information of samples after the reduction of L1 with different con-

centrations of NH3 at 500 ℃. The larger specific surface area of L1 provides favorable conditions for NH3 diffu-

sion into the interior of L1. The NH3-reduced samples exhibited greater specific surface area, total pore volume, 

and average pore diameter compared to the original ore. Based on the XRD results analysis, this phenomenon 

can be attributed to the conversion of hematite (hexahedral crystal system) to magnetite (cubic crystal system) 

[44] under these conditions, resulting in lattice distortion and the formation of larger pore structures. Mean-

while, significant internal stress was generated during the reduction process, leading to fragmentation and dis-

integration of the lump ores. 
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Figure 7. (a) XRD pattern, (b) the value of RDI and α, (c) adsorption-desorption curves and (d) pore size distribution of the 

samples. 

 

Table 4. Specific surface area and pore structure information of samples before and after reduction with different concen- 

        trations of NH3. 

Reduced sample 
Specific surface area 

m2/g 

Total pore volume 

cm3/g 

Average pore diameter 

nm 

L1 2.32 4.42E-03 7.63 

L1-500 ℃-20 % NH3 7.61 1.81E-02 9.50 

L1-500 ℃-40 % NH3 4.44 1.06E-02 9.53 

L1-500 ℃-60 % NH3 6.24 1.54E-02 9.89 

 

Figure 8 shows the SEM-EDS analysis of the samples of L1-500 ℃-20 % NH3 and L1-500 ℃-60 % NH3. After heating, 

most of the dark gray goethite in the raw ore decomposed, resulting in higher porosity in the reduced sample compared to 

the original ores [21]. The surface scan results showed that the distribution of Fe and O elements is extremely uniform. The 

ratio of Fe to O in the regions of points 1 and 2 was close to 1, indicating that the regions of points 1 and 2 correspond to 

FeO. The content of Fe was higher in point 3, while the content of O was lower. The ratio of Fe to O in the area of point 4 

was close to 0.67, indicating that this organization may correspond to hematite. The content of Fe in the area of point 5 was 
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higher than that of O, indicating that the light gray area may correspond to a mixture of Fe3O4 and Fe2O3. Point 6 may 

correspond to impurities in the gangue. 

 

Figure 8. SEM-EDS analysis of the reduced samples: (a) L1-500 ℃-20 % NH3, and (b) L1-500 ℃-60 % NH3. 

The OM images before and after the reduction of L1 by different NH3 concentrations are illustrated in 

Figure 9. Compared with Figure 5, the sample reduced at 500 ℃ still exhibits the morphology of magnetite 

filling between hematite. Compared with the original ore, the reduced sample showed more pores, which was 

consistent with Figure 8 and the analysis of specific surface area. 
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Figure 9. OM images of the cross-section of the samples: (a) L1, (b) L1-500 ℃-20 % NH3, (c) L1-500 ℃-40 % NH3, and (d) 

L1-500 ℃-60 % NH3. (P: pore. Q: quartz. H: hematite. G: goethite. W: wüstite.) 

3.3. Reduction Kinetics 

Studying the kinetics of gas-solid reactions plays a guiding role in the production of NH3-based metallurgy 

processes. According to Figure 3, the α value undergoes multiple changes over time. Therefore, the reduction 

process of L1 was considered to improve the accuracy of calculations. Using model-fitting and model-free meth-

ods, the kinetics of 60 % NH3 reduction of L1 ore was investigated, ranging from 800 °C to 950 °C. 

 

Figure 10. Results of linear fitting between G(α) and t during 60 % NH3 reducing L1 by the model-fitting method at different 

reduction temperatures: (a) 800 ℃, (b) 850 ℃, (c) 900 ℃, and (d) 950 ℃. (e) The R2 value of the fitted lines in Figure 10(a), 

Figure 10(b), and Figure 10(c), and Figure 10(d). (★ denotes the mechanism with the highest R2) 
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Figure 11. (a) Results of linear fitting between ln (dα/dt) and 1/T during the reduction of L1 by 60 % NH3, as well as (b) the 

R2 value for the fitting lines in Figure 11(a). (c) Results of linear fitting between lnk and t during the reduction of L1 by 

60 % NH3 in the range of 800 ℃–950 ℃ by the model-fitting method. (d) The apparent Ea during the reduction of L1 by 

60 % NH3 varies with α by the model-free method. 

The results above clearly show that the R2 values exceed 0.97, demonstrating an excellent fit. The slope of 

the best-fit line corresponds to the k at different temperatures, as shown in Table 5. 

  Table 5. Reduction kinetics parameters of L1 reduction by 60 % NH3 in the range of 850 ℃–950 ℃. 

T/℃ k/s-1 Mechanism Ea/kJ/mol A/s-1 Average Ea/kJ/mol 

950 1.74E-04 
Contracting sphere 

64.78 0.09 61.60 
900 1.12E-04 

850 9.30E-05 diffusion 

800 6.85E-05 Contracting sphere 

 

To improve the accuracy of the calculation, a model-free approach was employed to analyze the kinetics 

of the 60 % NH3 reduction of L1. As shown in Figure 11(a), the varying slopes of the fitted lines for lndα/dt 

versus 1/T suggest differences in the apparent Ea of the reduction. Meanwhile, the range of R2 values for the 

fitting line was between 0.843–0.992 (in Figure 11(b)). As Figure 11(c) indicates, the fitted line achieves an R2 of 

0.97. According to equation (6), the values of Ea and A were 64.78 kJ/mol and 0.09 s-1, respectively. As Table 5 
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summarizes, results from the model-free approach revealed that the apparent Ea is between 39.36 kJ/mol and 

101.23 kJ/mol. Under the condition of α = 0.9, the apparent Ea reached its peak. The reduction reaction of lump 

ore conforms to the unreacted nucleus theory, which means that the newly formed Fe covers the sample surface 

during later stages, increasing resistance to reducing gas diffusion into the interior [45]. In addition, the average 

apparent Ea calculated by the model-free method was 61.60 kJ/mol, closely matching the Ea calculated by the 

model-fitting approach, reflecting the accuracy of the kinetic calculation. 

4. Conclusions 

In this paper, the effect of gas concentration on the reduction and disintegration behaviors of NH3 reduction 

lump ores was examined. The reduction kinetics of lump ores using 60 % NH3 were investigated. The primary 

results are summarized below: 

1. Using 60 % NH3, the metallization rate of the product varied between 94.58 % and 98.94 % across tem-

peratures of 800 °C to 950 °C. At 800 ℃ and 850 ℃, the reduced sample contained approximately 10 %–12 % 

SiO2 and 4 %–6 % FeO. As the temperature increased, good interconnection between iron phases in the reduced 

sample was observed. The change in gas concentration indicates that H2 produced by NH3 decomposition in 

the early stage of the reaction participates in the reaction and dominates the reduction process. Moreover, the 

concentration of NO can reach up to 431 ppm, indicating a low reduction role of NH3. As the ore's oxygen 

content declined, the NO concentration also dropped to (0–12) ppm. 

2. Under the conditions of NH3 concentrations of 20 %, 40 %, and 60 %, the RDI+3.15 mm was 94.22 %, 

90.37 %, and 89.01 %, respectively. Raising the NH3 concentration enhances the reduction process from 

Fe2O3→Fe3O4, thereby improving the reduction disintegration degree of the lump ores. The specific surface 

area and average pore size of the samples increased after reduction. 

3. The reduction of lump ores aligns with the diffusion and geometrical contraction models. Using the 

model-fitting method, the activation energy was calculated as 64.78 kJ/mol at a 60 % NH3 concentration. The 

model-free method results showed an average apparent Ea of 61.60 kJ/mol for α values ranging from 0.1 to 0.9. 

Ammonia metallurgy is still in its infancy, and there are currently no international standards to investigate 

the metallurgical properties of iron ore under NH3 conditions. This study only conducted a preliminary eval-

uation of the reduction degree, reduction pulverization index, and kinetics of ammonia reduction of lump ores. 

Further research on the reaction mechanism is needed in the future. 
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