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        Abstract



        
          

          Introduction


          The study aims to develop an effective method for selective reduction of iron from high-phosphorus oolitic ore, enabling the subsequent separation of low-phosphorus metallic iron and high-phosphorus slag. The approach involves fluxing the ore with calcium oxide (CaO) to stabilize phosphorus and facilitate its removal.

        


        
          

          Methods


          The oolitic iron ore was fluxed with CaO to achieve a basicity of 2.0, then subjected to oxidative roasting at 1200 °C in a Nabertherm muffle furnace to convert iron phosphates into stable calcium phosphates. Solid-phase reduction was performed in a laboratory Tamman furnace at 1000 °C under a CO atmosphere. Final smelting was conducted at 1600 °C in a vertical Nabertherm furnace to achieve liquid-phase separation of metal and slag. X-ray diffraction and micro-X-ray spectral analysis were used for phase characterization.

        


        
          

          Results


          CO selectively reduced iron to metallic form in both fluxed and non-fluxed samples, while phosphorus remained in the oxide phase. In fluxed samples, phosphorus was primarily present as calcium and aluminum phosphates, and iron was fully metallized. In non-fluxed samples, partial iron reduction occurred with residual phosphorus in iron, calcium, and aluminum phosphates. Upon smelting, non-fluxed ore formed a single melt with 0.1 wt.% phosphorus, whereas fluxed samples yielded separate metal and slag phases, with 0.3 wt.% phosphorus retained in the slag.

        


        
          

          Discussion


          The results confirm that fluxing promotes the formation of stable calcium phosphates, preventing phosphorus reduction and enabling efficient Fe–P separation. The selective reduction of iron by CO was kinetically controlled and did not reduce phosphorus compounds. Compared to non-fluxed treatment, fluxing significantly improves the separation of phosphorus into slag during smelting.

        


        
          

          Conclusion


          This study demonstrates a two-stage process for effective dephosphorization of high-phosphorus oolitic iron ores. Key contributions include the identification of phosphorus stabilization mechanisms via CaO fluxing, successful selective reduction of iron by CO, and development of a method for producing low-phosphorous metal and high-phosphorous slag. The approach offers a promising route for processing refractory iron ores.
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      1. INTRODUCTION


      The high demand for high-quality ore and the rapid depletion of its reserves necessitate the development and implementation of technological processes for the efficient treatment of complex, difficult-to-process ores and producing high-quality metal [1-4]. Such ores include high-phosphorus iron ores, which are widespread throughout the world [5]. The main regions rich in high-phosphorus oolitic hematite include Lorraine in France [6], Western Australia [7], and the Ningxiang and Xuanlong provinces in China [8]. Besides, such deposits are found in the Agbaja region of Nigeria [9], Moncorvo mines in Portugal [10], and Dilband mine in Pakistan [11].


      Most ores of this type have an oolitic microstructure. In oolitic ores, iron oxides and phosphates are tightly bound to dead rock, which makes them difficult to separate. Therefore, the main challenge in the treatment of high-phosphorus oolitic ores is to reduce the phosphorus content and extract iron [12, 13]. When high-phosphorus ores are used in a blast furnace, almost all phosphorus is converted into cast iron, which requires additional dephosphorization at subsequent steel production stages. This leads to an increase in the volume of waste, energy losses, and an increase in production costs [14].


      High-phosphorus oolitic iron ores account for over 10% of the world’s explored iron ore reserves [5], yet their industrial utilization remains below 1%. This is mainly due to the difficulty of phosphorus removal, as up to 90% of phosphorus transfers into hot metal during blast furnace smelting [14], requiring energy-intensive secondary dephosphorization. Such low utilization leads to inefficient resource use, increased production costs, and a higher environmental burden on metallurgical operations.


      There are several main approaches to the dephosphorization of high-phosphorus oolitic ores, including hydrometallurgical [13, 15, 16], pyrometallur- gical [17-19], microbiological [20, 21], and combined methods [22-24]. Despite the large number of proposed solutions, all of them have certain weaknesses and have not found practical application. There is no effective and economically feasible method for the dephosphorization of oolitic iron ores. To this end, the search for new or improvement of the existing methods aimed at the effective and safe reduction of the phosphorus content in iron ore raw materials remains relevant.


      To achieve effective dephosphorization, oolitic iron ore of the Ayat deposit was used as the feedstock. The explored reserves of this deposit exceed 1.7 billion tons. The chemical composition of this ore is presented in Table 1. The main feature of this ore is the high content of phosphorus of up to 0.3% and sulfur of up to 0.8%.


      
        Table 1 Chemical composition of the base oolitic ore, mass %.


        
          
            
              	CaO

              	MgO

              	Al2O3

              	Fetot

              	SiO2

              	C

              	S

              	P
            

          

          
            
              	4.3

              	1.0

              	10.3

              	39.3

              	21.7

              	1.1

              	0.8

              	0.3
            

          
        


      


      X-ray phase analysis was carried out using a Rigaku Ultima IV unit to establish that the main phases of the base ore are goethite FeO(OH), magnetite Fe3O4, and quartz SiO2 (Fig. 1). Besides, calcium and magnesium carbonates are found in the ore. The base ore contains phosphorus in the form of iron FePO4·2H2O and calcium CaHPO4·2H2О hydrophosphates, as well as aluminum phosphate AlPO4 [25].


      The thermodynamic modeling of the oolitic ore and carbon system allowed concluding that the selective reduction of iron is possible even at high temperatures (up to 1405K), although with a predetermined composition of the gas phase (CO/CO2 ratio) [26].


      The results of experiments carried out in a closed Tamman furnace with a graphite heater are consistent with the results of thermodynamic modeling. During the reduction of oolitic ore iron in contact with solid carbon at 1000°C and held for five hours, the phosphorus content in the metallic phase reaches 1.5 at.%. When reduced with carbon monoxide, the phosphorus content in the metal does not exceed 0.1 at. % According to the results of X-ray phase analysis, phosphorus in the metallized sample is in the form of Ca3(PO4)2, FePO4, and AlPO4 compounds after being reduced with carbon monoxide. In the samples that have been in contact with solid carbon, phosphorus remains only in the AlPO4 phase, since phosphorus is reduced from calcium and iron phosphates under such conditions and is converted into metal [27].


      [image: ]
Fig. (1)


      Diffraction pattern of the base oolitic ore.


      However, the results of the micro-X-ray spectral analysis of metal and slag samples show that the liquid-phase separation of metallization products obtained in a CO atmosphere results in the conversion of phosphorus into metal, despite that phosphorus was not detected in the metal of metallized samples. We believe that phosphorus is converted into metal due to the extraction of phosphorus by metallic iron at the experimental temperature.


      The purpose of this paper is the selective reduction of iron in high-phosphorus oolitic ores with subsequent pyrometallurgical separation into low-phosphorus metal and high-phosphorus slag.

    


    
      

      2. RESEARCH METHODOLOGY


      The base oolitic iron ore of the Ayat deposit, with a CaO/SiO2 basicity of 0.2, was first ground to a fine powder of less than 0.4mm in size. The ground ore and CaO were simultaneously mixed to bring the CaO/SiO2 basicity to 2.0. The resulting furnace batch was roasted in a Nabertherm muffle furnace in an air atmosphere at 1200°C and held for an hour. The X-ray phase analysis of the base ore was performed without and with the addition of lime after roasting in an air atmosphere.


      The solid-phase reduction experiment was conducted similarly to the previous experiments in a closed Tamman furnace with a graphite heater, which ensured the reducing atmosphere in the furnace volume [10, 11]. The equilibrium composition of the gas phase at 1000 K and 1 atm in the working space of the furnace with a graphite heater consists of 28.06% CO, 4.03% CO2, and 67.91% N2. As the temperature increases, the CO content rises and reaches 34.58% at 1273 K, while the CO2 and N2 contents decrease to 0.07% and 65.35%, respectively [27]. Two corundum crucibles with samples were installed in the working space of the resistance furnace (Fig. 2). Oolitic ore roasted with the addition of lime was placed in the first crucible, and oolitic ore roasted without the addition of lime was placed in the second crucible. Both crucibles were placed side by side in the furnace with the graphite heater, the furnace was closed with a lid, and the crucibles were heated to 1000°C and held for three hours. Heating to 1000 °C was carried out over 1.5 hours, corresponding to an average heating rate of approximately 11 °C/min.


      The temperature and holding time were selected based on the conditions of the previous experiments on the solid-phase selective reduction of iron. After holding, the furnace was switched off, and the samples were cooled together with the furnace to room temperature. Some samples were filled with epoxy resin and subjected to micro-X-ray spectral and X-ray structural phase analysis; others were subjected to liquid-phase separation.


      A vertical resistance furnace was used for the liquid-phase separation of the metallization products. The furnace was preheated to 1600°C. A corundum crucible with the pre-metallized samples was placed in the heated furnace. Then, the material was heated and smelted. The smelt was thoroughly mixed, held for five minutes, and then poured onto a metal plate for crystallization. The composition of the resulting metal and slag was studied by micro-X-ray spectral analysis on JOEL’s JSM-6460LV scanning electron microscope fitted with an energy-dispersive analyzer manufactured by Oxford Instruments. According to the equipment specifications and standard practice, the typical measurement error for major elements in EDS analysis is ±0.3 wt.%.


      [image: ]
Fig. (2)


      Layout of the working area of ​​the Tamman furnace.

      1 – graphite heater; 2 – crucibles with samples; 3 – thermocouple; 4 – graphite stand.

    


    
      

      3. RESULTS AND DISCUSSIONS


      Based on the obtained data, we constructed a graph of changes in the mass of oolitic ore at 1200°C and a holding time of one hour (Fig. 3). Four characteristic sections can be distinguished in the graph of changes in mass from temperature: from 0 to 200°C, from 200°C to 400°C, from 400 to 600°C, and 600 to 1200°C. The total loss of ore mass during roasting was 23.8%, with the maximum mass loss in the temperature range of 200–600°C.


      According to the results of X-ray phase analysis, when the base ore is roasted without the addition of CaO in an air atmosphere, goethite FeO(OH) loses water and turns into hematite Fe2O3, while calcium and magnesium carbonates decompose. Phosphorus in the roasting product is present in the form of Ca3(PO4)2, FePO4, and AlPO4 compounds. After the calcination of the mixture consisting of crushed ore (0.4mm) and lime in an amount that ensures the basicity of the smelting slag equal to 2, FePO4 dissociates with the formation of Ca4P2O9 and Ca2P2O7 compounds (Fig. 4).


      A study of the polished sections of ores roasted with carbon monoxide revealed the formation of a metallic iron phase, both on the surface and inside the ore particles (Fig. 5).


      [image: ]
Fig. (3)


      Change in the mass of the base ore without ([image: ]) and with ([image: ]) CaO during roasting in an air atmosphere.


      [image: ]
Fig. (4)


      Diffraction patterns of oolitic ore samples without ([image: ]) and with ([image: ]) CaO after roasting in an air atmosphere.


      The boundary between the small metallic particles of iron and the large fragments of dead rock is clearly visible in the non-fluxed samples (Fig. 5a). The reduction of fluxed ores containing CaO led to the formation of larger metallic and fine oxide phases (Fig. 5b). The results of the point scanning in spectra 1 and 3 do not show any signs of phosphorus in metallic iron. This indicates that phosphorus is not reduced by carbon monoxide and remains in the oxide phase, as can be seen in spectra 2 and 4. The residual iron content in the samples with the addition of lime is significantly lower than in the lime-free samples (4.3 at. % and 46.1 at. %, respectively (Table 2, spectra 4 and 2, respectively)).


      Fig. (6) shows the results of the XRD of the samples after reduction roasting. As a result of reduction with carbon monoxide, phosphorus in fluxed roasted ore is contained in the form of aluminum and calcium phosphate, and iron is mainly reduced to metal. In the lime-free ore, iron is partially reduced to metal or present in the form of magnetite and fayalite, and phosphorus is contained in the form of iron phosphate. The addition of lime increases the degree of iron reduction and leads to the formation of stronger calcium phosphides.


      During the liquid-phase separation of metallized samples with lime-free pre-roasting, individual metal ‘beads’ were not formed, but a whole smelt consisting of a slag phase was obtained. A temperature of 1600°C was apparently relatively low for liquid-phase separation. Fig. (7) shows the structure of the obtained smelt. We can see that the metal did not separate from the slag in this smelt and is present in the slag as individual phases (white spots).


      Based on the results of the micro-X-ray spectral analysis, the metal phase in the smelt contains 99.9% iron and 0.1 wt.% phosphorus (Table 3, spectrum 1). The slag consists mainly of aluminum, silicon, and iron oxides. The content of iron in the slag varies from 33.6% to 56.8% (Table 3, spectrum 2, 3), since it was present in the form of fayalite in the metallized sample.


      [image: ]
Fig. (5)


      Metallic and oxide particles in ore samples without (a) and with (b) the addition of CaO after reduction roasting with carbon monoxide at 1000°C and a holding time of three hours


      [image: ]
Fig. (6)


      Diffraction patterns of ore samples without (a) and with (b) CaO after reduction roasting with carbon monoxide at 1000°C and a holding time of three hours.


      [image: ]
Fig. (7)


      Analysis points and composition of the metal and oxide phase of the smelt after smelting of the non-fluxed product metallized with carbon monoxide.


      
        Table 2 The content of elements based on the results of the sample analysis after reduction roasting with carbon monoxide at 1000°C and a holding time of three hours, at. %.


        
          
            
              	Spectrum

              	O

              	Mg

              	Al

              	Si

              	P

              	S

              	Ca

              	Mn

              	Fe
            

          

          
            
              	Spectrum 1

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	100.0
            


            
              	Spectrum 2

              	12.8

              	1.1

              	10.3

              	15.1

              	1.8

              	0.9

              	9.7

              	2.0

              	46.1
            


            
              	Spectrum 3

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	100.0
            


            
              	Spectrum 4

              	37.9

              	0.0

              	17.4

              	10.7

              	3.0

              	0.1

              	26.6

              	0.2

              	4.3
            

          
        


      


      
        Table 3 Composition of metal and slag (wt.%) after the top-and-bottom smelting of the non-fluxed metallized product in CO.


        
          
            
              	Spectrum

              	O

              	Mg

              	Al

              	Si

              	P

              	S

              	Ca

              	Mn

              	Fe
            

          

          
            
              	Spectrum 1

              	0.0

              	0.0

              	0.0

              	0.0

              	0.1

              	0.0

              	0.0

              	0.0

              	99.9
            


            
              	Spectrum 2

              	14.6

              	1.7

              	3.8

              	18.8

              	0.4

              	0.1

              	2.5

              	1.1

              	56.8
            


            
              	Spectrum 3

              	17.1

              	0.0

              	14.7

              	22.5

              	0.9

              	1.3

              	9.0

              	0.8

              	33.6
            

          
        


      


      A piece of metal and separate slag were obtained during the liquid-phase separation of metallized samples with pre-roasting with the addition of lime (Fig. 8).


      Table 4 shows the composition of metal and slag after the liquid-phase separation of the reduced oolitic ore samples roasted with the addition of lime. It shows that phosphorus-free metal (iron) and slag with a phosphorus content (0.3 wt.%) were obtained after the separation of the reduction roasting products. The mechanism of phosphorus stabilization with CaO addition is consistent with thermodynamic calculations reported in the literature. In particular, the study shows that an increase in slag basicity promotes the formation of stable calcium phosphates (Ca3(PO4)2), reduces phosphorus activity, and suppresses its reduction into the metallic phase [28]. This thermodynamic behavior is in good agreement with the experimental results obtained in the present study.


      The 750-fold magnification of the metal on an electron microscope (Fig. 9) can be used to observe inclusions in the form of iron sulfides (spectrum 1) and a separate phase of iron without phosphorus and sulfur (spectrum 2). The quantitative analysis of these phases is presented in Table 5.


      [image: ]
Fig. (8)


      Analysis area and composition of metal (a) and slag (b) after smelting of the fluxed product metallized with carbon monoxide.


      
        Table 4 Metal and slag composition (wt.%) after the top-and-bottom smelting of the fluxed product metallized with carbon monoxide.


        
          
            
              	Section

              	O

              	Mg

              	Al

              	Si

              	P

              	S

              	Ca

              	Mn

              	Fe
            

          

          
            
              	Metal (а)

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.9

              	0.0

              	0.0

              	99.1
            


            
              	Slag (b)

              	16.7

              	0.9

              	11.6

              	15.2

              	0.3

              	0.7

              	26.4

              	1.0

              	27.2
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Fig. (9)


      Metal after smelting the fluxed product metallized with carbon monoxide.


      
        Table 5 Metal composition (wt.%) after the top-and-bottom smelting of the fluxed product metallized with carbon monoxide.


        
          
            
              	Spectrum

              	O

              	Mg

              	Al

              	Si

              	P

              	S

              	Ca

              	Mn

              	Fe
            

          

          
            
              	Spectrum 1

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	32.6

              	0.0

              	0.0

              	67.4
            


            
              	Spectrum 2

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	0.0

              	100.0
            

          
        


      

    


    
      

      CONCLUSION


      Thus, we demonstrated the possibility of the dephosphorization of high-phosphorous iron ore by preliminary addition of CaO and oxidative roasting with the subsequent solid-phase reduction and liquid-phase separation of the metallization product to obtain low-phosphorus metal and high-phosphorus slag. The following conclusions can be drawn from the results of the experiments:


      
        	The oxidative roasting of the base oolitic ore with the addition of CaO, which brings the basicity to 2.0, leads to the decomposition of iron phosphate Fe2PO5 and the formation of new calcium phosphates Ca4P2O9 and Ca2P2O7.


        	An increase in basicity prevents the formation of fayalite Fe2SiO4, which complicates the reduction of iron in the solid phase. After reduction with carbon monoxide at a basicity of 2.0, the degree of iron reduction increases, while phosphorus is not reduced and remains in the oxide phase in the form of aluminum and calcium phosphates.


        	During the liquid-phase separation of fluxed metallized samples, we can prevent the conversion of phosphorus into metal and obtain low-phosphorus metal and high-phosphorus slag.


        	Further research is needed for scale-up and optimization of process parameters.

      

    


    
      

      LIMITATIONS OF THE STUDY


      This study was conducted at the laboratory scale, and the results may not fully reflect the behavior of industrial-scale processing of high-phosphorus ores. Thermodynamic modeling (e.g., using FactSage) was not performed; conclusions on phase transformations were based on XRD data and published literature. EDS analysis was limited to point measurements and does not provide complete information on phase homogeneity. Parameters such as reduction time, CO concentration, and pressure were not systematically varied and require further investigation.
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