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ABSTRACT 
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 The results of the study indicate that the iron–manganese ore is 

characterized by a complex mineralogical composition comprising Fe-, 

Mn-, and Si-bearing oxides as well as complex aluminosilicate phases. 

X-ray diffraction (XRD) of the as-received material confirmed goethite 

(FeO(OH)), hematite (Fe2O3), quartzite (SiO2), and manganese dioxide 

(MnO2) as the dominant phases. 

During oxidative roasting, goethite underwent dehydroxylation with 

the formation of hematite, and the emergence of Mn2O3 and Mn3O4 

phases was also identified. The formation of Mn7SiO12 indicates high-

temperature interaction between manganese species and silica, 

suggesting the development of solid-state synthesis processes in the 

Mn–Si–O system. 

Thus, hydrogen proved to be an efficient and environmentally benign 

reductant, enabling selective iron reduction at relatively low 

temperatures. The reduced metal and the oxide residue can be separated 

by smelting or magnetic separation, which opens prospects for 

developing processing flowsheets for Kazakhstan’s iron–manganese 

ores with minimal environmental impact. 

 

INTRODUCTION 

Hydrogen is currently considered one of the key instruments enabling low-carbon 

transformation of the global energy system. According to projections by the International 

Renewable Energy Agency (IRENA), by 2050 the share of hydrogen in global energy 

consumption could increase to 12% (IRENA, 2023). The European Union countries and other 

advanced industrial economies are actively investing in technological solutions in this field, 

which strengthens the prospects for the widespread use of hydrogen as an energy carrier. In 

October 2024, Kazakhstan also adopted a national Concept for the Development of Hydrogen 

Energy to accelerate the transition to a low-carbon economy, initiating targeted measures at the 

national level. In this concept, hydrogen is defined as a strategic element for decarbonizing 

industry and the transport sector (Baisanov et al., 2021). 
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One of the major initiatives in Kazakhstan is the world’s largest green hydrogen 

production hub in Mangystau Region, implemented by Svevind Group. The project includes a 

seawater desalination plant with a capacity of 255,000 m³ per day, wind and solar power plants 

with a total installed capacity of 40 GW, and 20 GW of electrolyzer systems. In addition, 

KazMunayGas Engineering is considering underground water as an alternative source for 

hydrogen production under water scarcity conditions (KMG Engineering, 2024). These initiatives 

demonstrate the growing strategic role of hydrogen in Kazakhstan’s energy system. 

In the metallurgical sector, the use of hydrogen as a reducing agent has been actively studied 

in recent years. In the processing of iron and manganese ores, hydrogen exhibits the ability to 

selectively reduce iron (Ngoy et al., 2020; Ernst et al., 2024). It has been shown that in complex 

minerals containing hematite, magnetite, and titanium-bearing phases, hydrogen demonstrates 

higher kinetic efficiency compared to traditional carbon-based reductants (Naseri Seftejani & 

Schenk, 2018; John & Hayes, 1982). While carbon-based reduction releases CO₂ as a by-product, 

hydrogen reduction produces water, which not only enhances the environmental advantages of the 

technology but also significantly reduces greenhouse gas emissions from metallurgical processes 

(Matthew et al., 1990). Furthermore, hydrogen’s ability to selectively separate iron from manganese 

enables better control of phase composition and reduces energy consumption. 

The mineralogical structure of iron–manganese ores in Kazakhstan is complex and 

characterized by high concentrations of iron and silicon, which makes traditional blast furnace or 

electric furnace processing inefficient (Yerbolat et al., 2024; Pavlov et al., 2012). Such methods lead 

to increased energy consumption, higher manganese losses, and additional environmental 

pollution (Suleimen & Salikhov, 2022; Kosdauletov et al., 2021). Although physical and 

physicochemical beneficiation methods can partially separate mineral phases based on density 

or magnetic properties, the heterogeneous structure of the ore limits their effectiveness (Baisanov 

et al., 2021; Tastanova et al., 2023). 

Carbon-based reduction also has well-known drawbacks, including high CO₂ emissions 

and incomplete recovery of manganese, which negatively affect metallurgical performance 

(Kosdauletov & Roshchin, 2020; Kosdauletov et al., 2022). Previously proposed two-stage 

pyrometallurgical schemes—initial reduction of iron and phosphorus followed by melting of the 

product—have environmental and technological limitations, since the use of CO as a reductant 

causes persistent environmental harm (Roshchin et al., 2023). In this context, the transition to 

hydrogen is considered a more environmentally friendly and efficient approach to processing 

iron–manganese ores. 

 

MATERIALS AND METHODS 

For the experiments, iron–manganese ore from the “Keregetas” deposit in Kazakhstan was 

used. Prior to testing, the ore was ground in an IDA-175 mill to a particle size of −1 mm to ensure 

homogeneity of its chemical composition. The ground material was then moistened, placed in a 

mold, and dried at 150 °C for 1 hour to completely remove moisture. 

The reduction process was carried out in an RB Automazione MM 6000 laboratory vertical 

furnace designed for testing iron-bearing materials (Figure 1). Samples weighing up to 30 g were 

placed in a reaction tube made of heat-resistant AISI 310 steel with a diameter of 75 mm. The 

temperature was controlled by a system consisting of five independent heating zones equipped 

with silicon carbide heaters, ensuring uniformity of the thermal field. 

Reduction was performed in the temperature range of 700–1100 °C with a holding time of 

60 minutes. High-purity hydrogen (99.99%), compliant with GOST 3022-80, was used as the 

reducing agent. It was supplied at a flow rate of 0.5 L/min and monitored using a digital mass 

flow controller. High-grade argon (99.993%), compliant with GOST 10157-2016, was used as the 

inert gas. 
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The furnace was equipped with an automated control system that allowed programming 

of the temperature profile, real-time monitoring of process parameters, and continuous recording 

of sample mass changes during the experiment. 

 

 
Figure 1. Schematic diagram of the reactor setup for the experiment: 1 – multimeter; 2 – hydrogen 

gas supply system; 3 – corundum balls for uniform gas distribution; 4 – samples; 5 – 

thermocouple; 6 – exhaust system for outlet (residual) gases 

Note – prepared by the authors 

 

The microstructure and elemental composition were investigated using a JEOL JSM-7001F 

scanning electron microscope equipped with an OXFORD X-Max 80 energy-dispersive detector. 

The analysis was performed at an accelerating voltage of 30 kV with magnification up to 1.2 nm. 

Composition was determined in both point and area analysis modes, and data processing was 

carried out using the microscope’s proprietary software. 

X-ray diffraction analysis (XRD) was conducted on a Rigaku Ultima IV diffractometer with 

a CuKα X-ray tube (λ = 1.5406 Å). Measurements were performed at 40 kV and 30 mA. 

Diffractograms were recorded over the range 2θ = 5–90° at a scanning rate of 5°/min. Powder 

samples (< 0.063 mm fraction) were placed in flat sample holders for analysis. Phase identification 

was carried out using the Match software (Crystal Impact, Germany) with the PDF2 (2009) 

database, which enabled the detection of newly formed oxide and silicate phases resulting from 

the reduction process. 

Ores from the “Keregetas” deposit are characterized by a complex mineralogical 

composition and heterogeneous structure. They contain iron, manganese, silicon, barium, 

potassium, and aluminum. The presence of phosphorus and arsenic impurities complicates their 

metallurgical processing. 

To obtain an averaged chemical composition, the raw ore was melted in a Nabertherm 

resistance furnace at 1650 °C in a corundum crucible. The melt was then rapidly cooled in a metal 

mold. The resulting quenched material was analyzed using a JEOL JSM-7001F scanning electron 

microscope equipped with an OXFORD X-Max 80 energy-dispersive detector. The study was 

conducted at accelerating voltages of 0.5–30 kV over a sample area magnified up to 600 µm, 

enabling high-precision determination of the elemental composition. 

The average chemical composition of the ore after melting and quenching is presented in 

Table 1. 
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Table 1. Elemental composition of the ore 
 

Analysis of the sample area O Al Si K Ca Mn Fe As Ba 

at.% (atomic percent) 66,6 4,5 9,9 0,9 0,5 11,8 5,4 0,4 0,1 

wt.% (weight percent) 42,5 4,8 11,1 1,5 0,7 25,8 12,0 1,1 0,5 

Note – prepared by the authors 

 

Figure 2 presents the results of X-ray diffraction (XRD) analysis of the initial iron–

manganese ore. The analysis was performed using a Rigaku Ultima IV diffractometer with Match 

software. Based on the results, the main mineral phases of the ore were identified as goethite 

FeO(OH), hematite Fe₂O₃, manganese dioxide MnO₂, a combined iron–manganese oxide phase 

FeMnO₃, and silicon dioxide SiO₂. 

Due to the relatively low peak intensities of other compounds, accurate identification of 

phases containing potassium (K), aluminum (Al), arsenic (As), and barium (Ba) was difficult. 

 

 
Figure 2. X-ray diffraction pattern of the initial iron–manganese ore 

Note – prepared by the authors 

 

To investigate the changes occurring in iron–manganese ores during heating in an air 

atmosphere, homogeneous lump samples from the “Keregetas” deposit were placed in a 

corundum crucible and heated in a Nabertherm muffle furnace. The heating rate was 200 °C/h, 

the target temperature was 1000 °C, and the holding time at this temperature was 2 hours. 

 

RESULTS AND DISCUSSION 

According to the X-ray diffraction data (Figure 3), the following phases were identified in 

the samples after calcination in an air atmosphere: Fe₂O₃, Mn₂O₃, Mn₃O₄, FeMnO₃, and Mn₇SiO₁₂. 

During oxidative heating, oxygen is released from the crystal lattice of manganese dioxide 

(MnO₂), resulting in its partial reduction to lower oxides (Mn₃O₄ and Mn₂O₃). In addition, 

goethite FeO(OH) loses structural water and transforms into hematite (Fe₂O₃). 

As a result of calcination in an air atmosphere, the total mass loss amounted to 13.24%, 

which is associated with dehydration and partial reduction of manganese oxides. 
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X-ray diffraction analysis, elemental distribution maps, and microstructural studies of the 

initial iron–manganese ore from the “Keregetas” deposit (Figures 1, 2, and 3) confirm its complex 

mineralogical composition and the predominance of iron and manganese in oxide forms. Such 

an ore structure can create certain technological difficulties in the production of manganese alloys 

from this raw material. 

Therefore, experiments on the selective reduction of iron using hydrogen as a reducing 

agent were carried out. Reductive roasting was performed at temperatures of 700, 800, 900, 1000, 

and 1100 °C with a holding time of 60 minutes. 

 

 
Figure 3. X-ray diffraction pattern of iron–manganese ore after oxidative calcination 

Note – prepared by the authors 

 

Figure 4 shows the dependence of sample mass loss on reduction temperature. At 700 °C, 

the mass loss was 18.41%, while increasing the temperature to 1000 °C led to a mass loss of 22.1%, 

which is associated with active reduction of iron and release of oxygen from oxides. However, 

when the temperature was further increased to 1100 °C, sintering of ore particles was observed, 

which reduced the interaction between hydrogen and the particle surfaces and hindered metal 

reduction, resulting in a decrease in mass loss to 19.8%. 

Figure 4 presents the results of reductive roasting of iron–manganese ore samples from the 

“Keregetas” deposit in a hydrogen atmosphere at 700–1000 °C for 60 minutes at a hydrogen flow 

rate of 0.5 L/min. 

Thermodynamic background (Fe–O–H and Mn–O–H systems) 

The direction of metal reduction processes in a hydrogen atmosphere primarily depends 

on the equilibrium in metal–oxygen systems and the H₂/H₂O ratio in the gas phase. In general, 

the reduction of iron oxides by hydrogen proceeds through the following stages: 

Fe₂O₃ → Fe₃O₄ → FeO → Fe, 

with the formation of water vapor (H₂O) as a reaction product. In the temperature range of 700–

1000 °C, hydrogen effectively binds oxygen from iron oxides, enabling deep and intensive 

reduction to metallic iron. This is consistent with the increase in mass loss shown in Figure 4 and 

the formation of metallic Fe phase confirmed by XRD analysis (Figure 6). 

For manganese oxides, reduction is thermodynamically more complex. Although MnO₂ 

and Mn₂O₃ can be relatively easily reduced to lower oxides (Mn₃O₄ and MnO), further reduction 

of MnO to metallic manganese requires a higher reducing potential in the gas phase (higher 

H₂/H₂O ratio) and higher temperatures. Therefore, at 700–800 °C, manganese remains 
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predominantly in oxide phases, whereas at temperatures above 900 °C, metallic manganese 

begins to appear (Table 2). This confirms the mechanism of selective reduction: iron is reduced 

first, followed by partial reduction of manganese at higher temperatures. 

At 1100 °C, sintering of ore particles reduces gas–solid contact and increases diffusion 

resistance, which can slow down the reduction rate. In addition, at high temperatures, the 

formation of difficult-to-reduce complex silicate phases in the Fe–Mn–Si–O system (such as 

FeMnSiO₄ and Mn₂SiO₄) becomes more likely, which limits further metal reduction and may 

explain the observed decrease in mass loss at 1100 °C. 

The general trend is consistent for all temperature regimes: as temperature increases, 

reduction processes in the ore become more intensive and deeper. After reduction, the formation 

of a metallic phase is observed both on the surface and inside the samples, with iron and arsenic 

being the main metallic components. 

 

 
Figure 4. Mass loss of samples after reductive roasting in a hydrogen  

atmosphere (hydrogen flow rate 0.5 L/min) 

Note – prepared by the authors 

 

As the reduction temperature increases, a small amount of manganese appears in the metallic 

phase, indicating that its reduction begins at temperatures above 900 °C (Figure 5, Table 2). 

In the micrographs shown in Figure 5, two main structural regions are observed: (i) light-

colored metallic inclusions and (ii) a dark-colored oxide–silicate matrix. According to the micro-

X-ray spectral analysis results presented in Table 2, at temperatures of 700–800 °C the metallic 

inclusions consist mainly of Fe (98.7–99.5 at.%) and As (0.5–1.3 at.%), indicating that hydrogen 

selectively reduces iron to the metallic state in this temperature range and promotes the 

accumulation of arsenic in the metallic phase. 

In contrast, the dark matrix region exhibits high contents of O and Mn (approximately O ≈ 

38–42 at.% and Mn ≈ 52–58 at.%), while the Fe content remains low. This suggests that the matrix 

is predominantly composed of manganese oxides and silicate phases, and that manganese largely 

remains in the oxide form at these temperatures. 

At 900–1000 °C, the appearance of 2.8–4.4 at.% Mn in the metallic inclusions indicates the 

onset of partial reduction of manganese. Thus, the experimental results confirm that iron is 

predominantly reduced in the range of 700–900 °C, whereas manganese reduction becomes 

significant only at higher temperatures, demonstrating the selective nature of the process. 
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After roasting, the remaining oxide phase, regardless of temperature, mainly consists of 

manganese oxides and gangue silicate minerals, indicating that the ore material was partially, 

but not completely, reduced. 

 

  
700°С 800°С 

  

900°С 1000°С 
 

Figure 5. Microstructural appearance of phases in iron–manganese  

ore after reductive roasting 

Note – prepared by the authors 

 

Table 2. Results of micro-X-ray spectral analysis of the samples (Figure 5) 
 

Sample 
Element content, at.% 

Analysis point О Al Si Mn Fe As 

700°С 
1 0,0 0,0 0,0 0,0 98,7 1,3 

2 39,5 0,0 2,4 52,1 6,1 0,0 

800°С 

1 0,0 0,0 0,0 0,0 99,5 0,5 

2 0,0 0,0 0,0 0,0 98,9 1,1 

3 42,0 2,0 0,7 53,0 2,2 0,0 

900°С 
1 0,0 0,0 0,0 2,8 95,3 1,9 

2 38,5 0,0 1,3 57,9 2,4 0,0 

1000°С 
1 0,0 0,0 0,0 4,4 93,6 2,0 

2 39,8 0,0 1,9 55,6 2,7 0,0 

Note – prepared by the authors 
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Figure 6 shows the diffractograms of iron–manganese ore samples after reductive roasting 

in a hydrogen atmosphere at temperatures of 700, 800, 900, 1000, and 1100 °C with a holding time 

of 60 minutes. 

 

 

Figure 6. Diffractograms of samples after reductive roasting in a hydrogen atmosphere with a 

holding time of 60 minutes. Phases: 1 – SiO₂, 2 – Fe, 3 – MnO, 4 – FeMnSiO₄, 5 – Mn₂SiO₄. 

Note – prepared by the authors 

 

According to the X-ray diffraction data, reduction in a hydrogen atmosphere leads to the 

formation of metallic iron (Fe), manganese oxide (MnO), and quartz (SiO₂) phases in the samples. 

This indicates effective reduction of iron and partial reduction of manganese oxides at 

temperatures up to 1000 °C. 

When the temperature is further increased to 1100 °C with the same holding time of 60 

minutes, new complex phases such as FeMnSiO₄ and Mn₂SiO₄ appear in the ore. 

Thus, it can be concluded that at 1100 °C the reduced components of iron, manganese, and 

silicon begin to interact, leading to the formation of difficult-to-reduce silicate compounds, which 

reduces the further efficiency of metal reduction. 

 

CONCLUSIONS 

Micro-X-ray spectral analysis of the iron–manganese ore from the “Keregetas” deposit 

revealed the presence of major elements such as Fe, Mn, Al, Si, Ba, and O. According to X-ray 

diffraction data, the initial ore contains the following phases: goethite (FeO(OH)), hematite 

(Fe₂O₃), manganese dioxide (MnO₂), a combined iron–manganese oxide phase (FeMnO₃), and 

silicon dioxide (SiO₂). 

During oxidative calcination in an air atmosphere, dissociation of oxygen occurs from the 

crystal lattice of MnO₂, which reduces the oxidation state of manganese and leads to the formation 

of lower oxides such as Mn₃O₄ and Mn₂O₃. At the same time, goethite (FeO(OH)) undergoes 

dehydration and transforms into hematite (Fe₂O₃). 

Reductive roasting of the ore in a hydrogen atmosphere at 700–900 °C with a holding time 

of 60 minutes makes it possible to obtain a soft oxide concentrate enriched in iron and manganese, 

which can subsequently be effectively separated by smelting or magnetic separation. 



 

- 61 - 

 

 

 
 
Vol. 1, Issue 1, March 2026. 

However, increasing the temperature to 1000 °C leads to partial reduction of manganese 

and its loss of up to 4.4 at.%, while further heating to 1100 °C causes sintering of ore particles, 

which worsens metal reduction and decreases overall mass loss. 

Thus, the conducted experiments demonstrate that replacing carbon-containing reducing 

agents (C, CO) with hydrogen provides the following advantages: 

• significant reduction of carbon dioxide emissions; 

• improved environmental safety of metallurgical processes; 

• selective reduction of iron without substantial loss of manganese; 

• creation of prerequisites for developing low-carbon technologies for processing iron–

manganese ores. 

The development of hydrogen technologies and the decreasing cost of electricity from 

renewable sources open real opportunities for an economically viable transition to hydrogen use 

in Kazakhstan’s metallurgy and for producing environmentally friendly ferroalloy concentrates. 
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