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Abstract

:

The high content of iron in ilmenite ore poses a great challenge, particularly in the synthesis of titanium-containing products due to high susceptibility of iron (Fe) to corrosion. Direct leaching of ilmenite ore in hydrochloric acid (HCl) encouraging Fe dissolution was investigated. The influence of variable parameters, the use of additives, and the addition of metallic iron powder were studied to establish the optimum leaching parameters. The results showed that ilmenite with the particle size distribution of +150 µm yielded better efficiencies when leaching was performed with an acid concentration of 7.5 M and a solid-to-acid ratio of 1:10 at 90 °C. An agitation speed of 450 rpm yielded a superior Fe extraction of about 92.32% and a 2.40% titanium (Ti) loss. The addition of both metallic Fe and the MgSO4 additive significantly enhanced Fe dissolution and decreased Ti recovery in a leach solution. It was found that leaching under optimum conditions produced a solid residue with 1.37% Fe impurity while 98.63% was extracted. The leached residue was comprised of 91.4% TiO2 rutile phase and contained a high content of the ilmenite FeTiO3 (4.37%) and SiO2 (2.23%) impurities, while Al2O3, MgO, MnO2, CaO, V2O5, MnO2, and Cr2O3 were below 0.13%. The high TiO2 content in the leached residue makes it suitable for use as feed in the production of synthetic rutile. The leaching kinetics of Fe dissolution was found to conform to the shrinking core model, where diffusion through the product layer is rate controlling. The calculated activation energy according to the Arrhenius equation was 19.13 kJ/mol.
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1. Introduction


The vast applications of TiO2 in numerous fields such as the manufacture of pigments in paints, coatings, plastics [1], pharmaceuticals [2], photovoltaic cells [3], the anode material of lithium-ion batteries [4], roofing granules, and the production of titanium alloys for the aerospace industry [5], as well as other industries, has led to the depletion of natural rutile (90%–95% TiO2). The ever-increasing demand for TiO2 in various industrial applications has prompted researchers to explore other sources of TiO2. Although the literature has extensively expounded on the chemical synthesis of TiO2, it has been proven to be expensive compared to the synthesis from ore deposits, particularly ilmenite [6]. Ilmenite deposits are typically found in beach sands and the major global reserves are in Australia (eastern and western coast), South Africa (Richards Bay), America (eastern coast), India (Kerala), and Brazil (eastern and southern coast) [6]. Apart from being abundant globally, ilmenite has the important advantage of being relatively cheap and beneficial in the manufacturing of Ti- and Fe-based products. The ilmenite composition varies depending on the location it is found, but it mainly contains both non-metallic compounds and traces of metals [7,8,9]. The presence of impurities in the ilmenite has been reported to be beneficial in enhancing the activity of Ti-based photocatalysts [6], while others have said it depreciates the market value of ilmenite [10,11]. Previously, hydrometallurgical and pyrometallurgical processes have been employed in the recovery of TiO2 from ilmenite [12,13,14,15]. However, pyrometallurgical processes proved to be commercially expensive due to the high energy requirements (up to 1650 °C) [16,17,18]. In contrast, hydrometallurgical processing is considerably cheaper, as it can be carried out under a normal atmosphere or pressure [19]. The extraction with acid is deemed beneficial, as it allows for the precise control of the particle shape, size distribution, and crystallinity of the final product through the manipulation of the reaction parameters such as temperature, time, solvent, and surfactant type [17,20]. Above all, the hydrochloric acid leaching process is preferred to other acids, owing to its exceptional ability to efficiently remove impurities, producing high-quality rutile (up to 96%), accelerated leaching, and acid-regeneration technology [21]. Likewise, metal ion recovery in hydrochloric acid solutions is noticeably easier than in the sulphuric acid solutions [22,23,24]. For example, Sasikumar et al. [24] observed a 96% and 84% Fe recovery in 9.2 M HCl and H2SO4, respectively, at 120 °C after 4 h. Mackay et al. [25] illustrated that ilmenite modification caused by weathering can bring about variation in the reactivity of ilmenite towards hydrochloric acid. This is supported by the fact that ilmenite deposits are mainly found as a mixture of both unaltered and altered, with variation in the composition even if it is found in the same location. Hence, the current study investigates direct acid leaching of South African ilmenite in HCl.



To attain high titanium recovery (98.0%) from ilmenite in hydrochloric acid (4 M), processes such as mechanical activation (ball milling for 90 h) and carbothermic reduction (using activated carbon as reducing agent and annealing temperature of 1000 °C) have been developed [26,27]. Mechanical activation enhances the dissolution rate through surface modification and the generated structural defects and strain [28,29,30,31]. On the other hand, carbothermic reduction is mainly employed to reduce iron to allow the easy removal of Fe. However, it was discovered that the oxidation performed before reduction at a high temperature yields hematite. The produced ferric iron after oxidation is rather difficult to dissolve. Mahmoud et al. [9] explored a different approach to reducing iron by adding metallic Fe powder to the HCl solution. The study revealed that, indeed, the added metallic Fe acted as a reducing agent and was it suitable, as it did not introduce impurities in the system. Apart from reducing Fe, it was found that introducing additives such as phosphates, fluorides, chlorides, etc., enhanced the leaching of ilmenite. For example, Das et al. [32] carried out ilmenite leaching with hydrochloric acid in the presence of various chloride salts and found CaCl2 to be more effective due to its higher solubility. Gireesh et al. [33] reported the catalytic effect of sulphate ion. Habib et al. [34] illustrated that a small addition of methanol enhanced the dissolution of ilmenite in HCl. Hence, the current study seeks to explore the effect of fluorides, phosphates, and sulphate ions in Fe dissolution and the viability of the process for industrial application.



In this study, the direct leaching of ilmenite in hydrochloric acid was investigated to establish the dissolution of Fe. The optimization of the leaching conditions was established by studying the leaching parameters, such as particle size distribution, acid concentration, leaching time, agitation, temperature, and solid–liquid ratio. The influence of the reducing agent (iron metallic powder) and use of additives on the leachability of Fe was explored. Moreover, the leaching efficiency of Fe was investigated using magnesium sulphate (MgSO4), sodium fluoride (NaF), and trisodium phosphate fertilizer (Na3PO4) to the demonstrate the catalytic the effect of monovalent (Na) and divalent (Mg) metal ions. Thereafter, the mechanism of leaching kinetics under various conditions was determined.




2. Materials and Methods


2.1. Materials


The ilmenite beach placer sands ore was provided by Richards Bay Minerals in South Africa. The as-received ilmenite was homogenously mixed and split before attaining a representative sample for analyses. Thereafter, the ilmenite ore was sieved with standard laboratory Tyler series sieves with different screen sizes to obtain −75, +106, and +150 µm, and particle size distribution was confirmed by the Malvern particle size analyzer (Malvern Panalytical (Pty) Ltd., Johannesburg, South Africa). After sieving, 10 g from each size fraction was subjected to elemental analysis to give the composition of the bulk ore.




2.2. Characterization


Phase identification of the ilmenite ore was carried out using the X-ray diffractometry (PANalytical X’Pert Pro powder diffractometer, Almelo, The Netherlands) with Cu- Kα radiation (λ = 1.5406 A) recorded from 5° to 90° with a step size of 0.02°. Chemical composition was determined by X-ray fluorescence (Thermo Fisher ARL Perform X., XRF spectrometer, Thermo Fisher Scientific Inc., Madison, WI, USA) at 4 KV, using IQ+ “standard less analysis”. The ore was digested in an aqua regia solution consisting of different ratio amounts of HNO3 and HCl to examine elemental composition with ICP-OES (inductively coupled plasma–optical emission spectrometry, V710, Varian Inc, Yarnton, UK). Grain morphology of the concentrate was studied with scanning electron microscopy (SEM) (model JSM 7600F, JEOL, Akishima, Japan) and the elemental distribution was investigated with energy dispersive spectrometry (EDS model JSM 7600F, JEOL, Akishima, Japan).




2.3. Leaching Experiments


Direct leaching of ilmenite concentrate was performed in a 250 mL glass reactor fitted with a mechanical stirrer. The reactor was heated using a hot plate while the slurry was agitated with a mechanical stirrer. The pH meter with a temperature gauge was used to measure both temperature and the pH. Analytical high-grade HCl and deionized water were used to prepare the solutions. The prepared acid solutions with the required concentrations were preheated to the desired temperature. Thereafter, 70 g of ilmenite concentrate was transferred into the reactor and the agitation was switched on immediately. The leaching experiment was carried out over a period of 60 min. During this time, 15 mL of pregnant leach solution was extracted from the reactor using a syringe at 15 min intervals until the leaching cycle was complete. The extracted pregnant leach solution diluted with deionized water was characterized using ICP-OES (inductively coupled plasma–optical emission spectrometry) to determine the leaching efficiency based on the amount of iron removed from the ilmenite. The leaching efficiency was calculated using Equation (1): where R (%) is the recovery of Fe and M is mass in grams.


  R    %  =      M  F e     r e m o v e d    M  F e         i n   i l m e n i t e     ×   100  



(1)







Metallic iron powder (4.5–6.5 g) was used as a reducing agent while MgSO4 (10–40 g), Na3PO4 (30 g), and NaF (30 g) were added as additives to induce the catalytic effect and reduce the quantity of the of free acid and fines produced in a leach solution. Various parameters, such as temperature, acid concentration, agitation, solid-to-liquid ratio, and retention time, were studied to optimize the leaching conditions. The mechanism of leaching kinetics was proposed based on the optimized conditions. The leaching conditions are shown below in Table 1.





3. Results and Discussion


3.1. Mineralogical Analysis


The particle size distribution (PSD) of the as-received ilmenite ore was measured with Malvern, and the results are shown in Figure 1. The particle size ranged from 75 to 300 μm. The ilmenite ore consists of particles with a d50 of around 129 μm, while the d10 and d90 is 98 μm and 150 μm, respectively.



Compositional analysis of the raw ilmenite was conducted on various fraction sizes. The X-ray fluorescence results are shown in Table 2 below. The obtained results depict that iron and titanium in the ilmenite ore are present as the hematite and rutile, respectively. The ore contains a high amount of Fe2O3 of about 48.23% and 42.93% of TiO2. The formation of the hematite phase indicates gradual weathering. The ore contains high Al2O3, SiO2, and MnO impurities compared to others, which are available in less than 1%, indicating alteration in the ore. However, it is noticed that the ore with a particle size of −75 µm and +150 µm have a high SiO2 content of about 4.63% and 5.61%, respectively, suggesting that they may be resistant to leaching in HCl [35].



After sieving the ilmenite ore into various fraction sizes, morphological analysis was carried out on the powdered samples (+75 μm and +106 μm) mounted on the aluminium stub using conductive two-sided tape. The obtained SEM images are presented in Figure 2. Morphology examination of the concentrate shows a mixture of elongated, semi rhombohedral, and subrounded grains (Figure 2a). The sphericity of the particles ranges from low to medium. Zooming into the particle surface formation of cracks and pits (Figure 2b) is evident, which may be beneficial in the fast penetration of the acid solution into the material. The formed cracks could be due to repeated particle collision during transportation, while it is suspected that the brittle fracture may have induced physical deformation resulting in the diversity in the grain morphology. Ramakokovhu et al. [36] suggested that pits could be due to the migration of atoms from crystalline structures, causing alteration in the mineral. Apart from Ti and Fe, traces of impurities such as Al, Si, P, Ca, and Mn (Figure 2c) are detected by EDS. Similarly, Mojisola et al. [37] observed the same impurities on the ilmenite structure. However, variation in the impurities may arise due to the weathering process which occurs over time. The formation of Al and Si impurities indicates the occurrence of post-depositional weathering in the sedimentary and laterites. Additionally, Al and Si impurities are detected on the grain surface (Figure 2d) compared to P, Ca, and Mn, which were not detected. This suggests that P, Ca, and Mn impurities could be trapped in between the FeTiO3 grains. Klepka et al. [38] and Nayl and Aly [39] reported that, if impurities are trapped in FeTiO3 grains, their oxide is attached to the boundaries of the large grains.



The ICP analysis was performed to quantify the elemental composition of the ilmenite ore. Digestion of the concentrate (10 g) was carried out in an aqua regia solution (100 mL) at a temperature of 110 °C for 2 h. The dissolution behaviour of the ilmenite was investigated with an aqua regia solution consisting of various concentrations. The dissolved amounts of metal ions are shown in Figure S1, and the elemental percentages of the major elements are illustrated in Table 3. As shown in Figure S1, the dissolution behaviour of both major and trace elements improves with an increase in the aqua regia concentration, resulting in high amounts of dissolved metal ions. Moreover, it is observed that Fe dissolution significantly increased from 130 mg/L (Figure S1a) to 40.55 mg/L (Figure S1c), corresponding to 53.3% and 79.9% (Table 3), respectively. This suggests that the high acid concentration may be effective in achieving a high Fe dissolution. However, Ti recovery is low compared to Fe, contradicting the stochiometric ratio of Fe and Ti shown by XRF (Table 2). Similarly, Haverkamp et al. [40] observed low Ti recovery in HCl between 85 and 90 °C. The decrease in Ti digestion was attributed to hydrolysis and the precipitation of the TiO(OH)2. The TiO(OH)2 precipitates tend to coat the ilmenite surface or block the pores, preventing further digestion. Vilakazi et al. [41] observed a similar trend in HCl, HNO3, and aqua regia solutions. Therefore, it is anticipated that the Ti recovery will be low in the leach solution. According to the results illustrated in Table 3, Fe, Ni, S, Cu, Al, and C are the major detected elements while Si, Zn, and Th are considered minor elements, as they are available in minute percentages. The presence of La and Co elements is related to the formation of the pseudorutile phase [42].



The crystal structure of the raw ilmenite was investigated by X-ray diffraction analysis. The X-ray diffraction pattern is shown in Figure 3. According to the obtained results, ilmenite FeTiO3 (PCPDFWIN#:00-071-1140), rutile TiO2 (00-075-1757), pseudorutile Fe2Ti3O9 (00-41-1777), and silica SiO2 (00-082-0511) are the detected phases. The ilmenite (FeTiO3) appears to be the most prominent phase, which is consistent with the high amounts of Fe2O3 detected by XRF (Table 2). However, the observed TiO2 phase contradicts the XRF measurements (Table 2), which exhibited close to 50-50 split of Fe and Ti. This could be attributed to the presence of Al2O3 and SiO2, which enable impurity inclusions within the structure post-deposition [36]. In addition, the presence of the pseudorutile phase accounts for the inconsistent Ti amounts. The diffraction peaks of the −75 µm and +150 µm are broad and have low intensity compared to +75 µm and +106 µm, indicating low crystallinity. Moreover, SiO2 impurity was not detected in the other samples, except on the concentrate with a high particle size range of +106 µm. Since the Cr, V, Al, and Ca impurities were not detected by XRD, it implies that the impurities may have substituted Fe atoms in the crystal structure of FeTiO3 and are trapped as small grains in-between the ilmenite phases. Hugo et al. [43] elaborated that variation in the chemical composition of ilmenite typically occurs as Mg2+, Mn2+, and Fe3+ substitute the Fe2+ in the crystal structure. According to the XRD and XRF results, different Fe phases were detected; therefore, it can be assumed that cation substitution may have taken place. The formation of the Fe2Ti3O9 phase is associated with the presence of La and Co elements in the ore, which was confirmed by ICP measurements (Figure S1) [42].




3.2. The Effect of Particle Size Distribution


The leaching behaviour of the ilmenite ore with various fraction sizes was investigated using the acid-to-ilmenite ratio of 10:1 with 7.5 M HCl at 90 °C for 60 min. The agitation speed was kept at 350 rpm during the entire duration of the leaching process. The extraction of Fe from the samples as a function of time is illustrated in Figure 4. The overall reaction for the dissolution of ilmenite in hydrochloric acid occurs according to reaction (2), while hematite dissolution follows reaction (3).


FeTiO3 + 4HCl → TiOCl2 + FeCl2 + 2H2O



(2)






Fe2O3 + 6HCl → 2FeCl3 + 3H2O



(3)







As the reaction (1) progresses, hydrolysis takes place, generating HCl, as described by reaction (4).


TiOCl2 + 2H2O → TiO2 + 2HCl



(4)







The dissolution of Fe in HCl is particle-size-dependent, as it increases with an increasing particle size. The highest Fe removal of 74% was achieved with a fraction size of +150 µm, while both +75 µm and +106 µm showed an efficiency of less than 70%. This contradicts the findings of Olanipekun et al. [44], who reported that finer particles (20–37 µm) exhibited the highest Fe dissolution in 7.2 M HCl at 70 °C. Furthermore, numerous studies have shown that particle size reduction induced via mechanical milling tends to enhance the dissolution rate due to the increased surface area and crystal structure deformation [24,45]. The crystal structure deformation weakens the bonds, leading to a rapid reaction rate. In the current study, the decreased dissolution rate observed with small-sized particles could be attributed to their high susceptibility to weathering, resulting in high silicate and alumina impurities (Table 2), which tends to reduce the Fe: Ti ratio in the feed. Similarly, Jabit et al. [46] observed a low dissolution rate with altered ilmenite with small-sized particles. The low dissolution rate of Fe was ascribed to the formation of the pseudorutile (Fe2Ti3O9) phase, which slowed down the reaction due to the stability of the Ti-O bond. Moreover, the pseudorutile (Fe2Ti3O9) is made up of 1:5 mole ratio of Ti:Fe, which is known to have a lower reactivity than unaltered ilmenite. Therefore, since the Fe2Ti3O9 phase is detected, it cannot be ruled out that the Fe2+ substitution in the lattice structure may have occurred with elements such as Ca2+, Mn2+, and Fe3+ [47]. Moreover, manganese in the range of 0.6%–1% is favourable to the weathering transformation phase (pseudorutile) [32]. Since the high efficiency was obtained with +150 µm, it will be taken as the optimum particle size range for this study.




3.3. Influence of HCl Acid Concentration


Since the acid concentration is considered chemical activation in the decomposition of ilmenite, the influence of the acid concentration on iron dissolution was undertaken by varying the concentration between 2.5 M and 7.5 M using ilmenite particles with a fraction size of +150 µm. The solid–liquid ratio was 1:10, while the agitation speed was kept at 350 rpm at a temperature of 80 °C (below the boiling point of HCl 84 °C) for the duration of 60 min. According to the dissolution curves in Figure 5, the Fe extraction from the ore increased consistently with an increase in the acid concentration. For example, at a low concentration of 2.5 M, the maximum Fe leachability is 59%, which increased to 68% by doubling the concentration. The Fe efficiency reaches 76% after 60 min of leaching with 7.5 M HCl. The increase in efficiency is due to the enormous effect of the high acid concentration on the hydrolysis reaction [8]. The high Fe dissolution with 7.5 M HCl was accompanied by a 1.56% of titanium loss, which is fairly negligible. Therefore, 7.5 M is the optimum concentration that will be employed for further studies.




3.4. Effect of Temperature


The dependence of temperature on the dissolution rate of Fe and TiO2 was first noticed by Jackson and Wadsworth [48]. The study showed that the increased leaching temperature resulted in the rapid dissolution of ilmenite. However, it was observed that a high acid-to-ilmenite (692:1.) mole ratio favoured both iron and titanium dissolution into the solution, while Sinha et al. [49] observed mainly iron with a mole ratio of 1:1. For example, Jackson and Wadsworth [48] extracted 100% Fe and Ti at 90 °C after 100 min, while Sinha et al. [49] reported a 95% Fe extraction at 108 °C after 4 h. In a like manner, the influence of temperature on leaching behaviour of Fe was explored. The leaching temperature was varied in the range of 70–90 °C for 60 min, while the acid concentration was kept at 7.5 M, with the slurry consisting of +150 µm ilmenite particles agitated at 350 rpm. The obtained results presented in Figure 6 indicate that the dissolution of Fe from the ore is greatly dependent on the leaching temperature. This could be due to an increase in kinetic energy within the molecule, which tends to promote the breaking of bonds followed by the formation of new bonds. At a moderately low temperature of 70 °C, the maximum leachability of Fe reached 63% after 60 min, which is low compared to the 71% obtained at 80 °C. A further increase in temperature to 90 °C yielded the maximum Fe extraction of 78% after 60 min. The obtained Fe extraction at 90 °C is low compared to Tao et al. [50], who observed an efficiency higher than 80% and demonstrated that longer leaching times are necessary to obtain higher efficiencies. Therefore, there is an opportunity to obtain a high Fe extraction through the optimization of the leaching time. Moreover, the observed results signify that, at high temperatures and high acid concentrations, Fe-O-Ti bonds are weakened, promoting the dissolution of Fe. This process occurs concurrently with a slight dissolution of TiO2 due to hydrolysis, which can increase drastically at higher temperatures (>90 °C). Again at higher temperatures, the evaporation of HCl tends to occur, resulting in a volatile loss of acid [26]. Based on the achieved results, 90 °C is taken as the optimum leaching temperature for the current study.




3.5. Effect of Agitation Speed


The agitation rate in the ilmenite leaching process is significant, as it ensures that no material settles at the bottom of the leaching vessels, and it increases contact between the solid–liquid phase. The agitation speed was varied between 350 and 550 rpm, while the other parameters were fixed at 90 °C temperature, the solid–liquid ratio of 1:10, and the HCl concentration of 7.5 M with a +150 µm fraction size for the duration of 60 min. Table 4 shows the recovery percentages of Ti and Fe taken at 15 min intervals under various agitation speeds. Generally, it is observed that the recovery percentage increases with the increasing agitation rate, signifying the diffusion of the acid into the surface of the particles [8]. It is observed that there is a heightened recovery of Fe over time, while Ti recovery varies depending on time and speed. Compared to Fe, less Ti is recovered in the solution, indicating that the present leaching process will be beneficial in the rutile synthesis. At a low speed (350 rpm), 40.04% Fe and 2.45% Ti was recovered, which increased to 52.03% and 3.45%, respectively, at 550 rpm. Extending the leaching duration to 60 min significantly improved the Fe dissolution, with the highest recovery of 92.49% recorded at an agitation speed of 550 rpm. Moreover, it is observed that at 550 rpm, there is a high recovery of Ti of 8.35%, which could be ascribed to excessive formation of TiO2 fines at a high stirring speed [49]. On the other hand, an agitation speed of 450 rpm shows a comparable Fe recovery of 92.32% with a Ti recovery of 2.40%, which is relatively low compared to the 8.35% observed at 550 rpm. Similarly, Ramadan et al. [8] observed high Fe leachability and high TiO2 precipitates at 400 rpm. Therefore, based on the obtained results, the optimum agitation speed is 450 rpm.




3.6. Effect of Solid–Liquid Ratio


The effect of solid and the liquid ratio was also studied, as it determines whether both Fe and Ti get passed into the solution. The solid–liquid ratios varied between 1:10 and 3:20, and the other parameters were fixed. The dissolution curves in Figure 7 show that, as the solid–liquid ratio increases, the iron dissolution is reduced. According to van Dyk et al. [51], at high acid-to-ilmenite mole ratios, the polymerization reaction tends to slow down, leading to the formation of TiOCl2 in the leach solution. The formed TiOCl2 fines precipitate in the pores of the particles, hindering acid diffusion into the particle surface. Based on the obtained results in Figure 7, it is observed that, when the solid-to-liquid ratio is 1:10 and 1:20, almost 92.3% of the Fe is leached out. This indicates that, at a low solid–acid ratio and high temperature, the polymerization reaction occurs rapidly, favouring a high iron dissolution. Furthermore, it has been reported that a low solid–acid ratio can cause a reduction in the hydrogen ion concentration [8,51]. The reduction of hydrogen ion yields TiO2.H2O precipitates as a result of reduced acid concentration and an increased pH, which determine the rate-limiting step according to the diffusion of hydrogen ions to the reaction interface [51]. Although both 1:10 and 1:20 solid–acid ratios showed the highest leaching efficiency, the lowest Ti dissolution of 2.24% was obtained with 1:20, thus making it the optimum ratio.




3.7. Effect of Metallic Fe Powder Addition


According to the literature reports, the rate of iron leaching in ilmenite is generally improved by the reduction of ferric iron to ferrous iron [9,52]. As reported by Mahmoud et al. [9], iron metal is the best-suited reductant compared to the carbothermic reduction, as it introduces no foreign ions in the reaction medium. During leaching, Fe powder was added to evaluate its influence on Fe extraction. The introduction of Fe into the reaction medium initiates the reaction between HCl and Fe, forming ferrous chloride according to the reaction (5).


Fe(s) + 2H+(aq) + 2Cl−(aq) → Fe2+(aq) + 2Cl− + H2(g)



(5)







The generated H2 gas will further react with FeCl3 produced from reaction (5) to reduce Fe3+ to Fe2+, as shown in reaction (6), or Fe reduction can occur via reaction (7).


2Fe3+(aq) + 6Cl−(aq) + H2(g) → 2Fe2+(aq) + 4Cl−(aq) + 2HCl(l)



(6)






2Fe3+(aq) + 6Cl−(aq) + Fe(s) → 3Fe2+(aq) + 6Cl−(aq)



(7)







The dependence of Fe extraction on the dosage of the Fe powder is observed in Figure 8. To obtain the correct representative amount of Fe present in the solution, the metallic Fe added was subtracted from the total Fe dissolved. Based on the obtained results, it is observed that the Fe extraction continually increased with an increasing dosage of Fe powder. When leaching was carried out with 6.5 g of the metallic iron dosage, an Fe extraction of 93.39% was achieved after 60 min compared to 76% observed with a minimum dosage of 4.5 g. This could be attributed to a collective effect of the reduction process and the hydronation reaction resulting from the high acid concentration. Based on the achieved results, the Fe dosage of 6.5 g will be used in the optimization of the other parameters.




3.8. Effect of Additives


Earlier, Reid and Sinha [53] reported the effect of soluble chlorides of FeCl2, MnCl2, MgCl2, NiCl2, CaCl2, and NH4Cl2 on the leaching performance and kinetics. Das et al. [32] illustrated that the addition of CaCl2 in ilmenite dissolution in hydrochloric acid was more effective compared to MgCl2 and NaCl. The improvement in the leaching efficiency was due to the high solubility of CaCl2 and the increased chloride (Cl) concentration. Recently, Gireesh et al. [33] investigated the effect of sulphate ions on the leaching of ilmenite with hydrochloric acid. It was observed that sulphates of divalent metal (Ca and Mg) were superior compared to the sulphates of monovalent metal (Na and K), which showed the lowest dissolution rate. Furthermore, the catalytic effect of sulphate ion lowered the activation energy of the chemical reaction while simultaneously lowering the free-acid content and fine generation. Herein, the extraction of Fe from ilmenite in hydrochloric acid with MgSO4, Na3PO4, and NaF additives combined with metallic Fe was investigated. During this time the optimum parameters utilized were 7.5 M HCl, the temperature of 90 °C, a solid–liquid ratio of 1:20, the particle size of +150 µm, and an agitation rate of 450 rpm for the duration of 60 min. The maximum iron dissolution of 94.8% was achieved with MgSO4 (Figure 9a), which could be due to accelerated iron dissolution through the reduction of ferric iron in the HCl acid solution. The accelerated iron dissolution was achieved by the catalytic action of sulphate ions through the reduction of the energy gap of the chemical reaction [33]. Moreover, the achieved efficiency of 94.8% in the present study is higher than the value reported by Gireesh et al. [33], which was below 94%, but it is close to 95% efficiency, which was achieved with the addition of CaSO4, thus proving the efficiency of the currently established leaching conditions. Furthermore, the high efficiency with MgSO4 was expected, as it has previously been shown that the divalent metal sulphates tend to show superiority in Fe removal compared to monovalent metal sulphates. In comparison to Na3PO4, NaF showed better efficiency, coming second to MgSO4. This could be due to high affinity of fluorides for iron and titanium oxide. Dubenko et al. [54] observed that adding NaF in H2SO4 leaching of ilmenite formed gaseous HF bubbles yielding holes and recesses on the sample surface. This permits the interface reaction between the ilmenite and bubbles to be controlled by the rate of reaction and diffusion rate of the reagent. The lowest efficiency was obtained with Na3PO4 due to low solubility of phosphates ions compared to the rest. The observed result is in agreement with the findings of Duncan and Metson [28], who reported that the addition of bisulphate and fluoride into the leach solutions showed the high dissolution rate of both iron and titanium, while the addition of phosphoric acid drastically decreased the dissolution rate.



Since the high Fe dissolution rate was achieved with MgSO4, it was taken as the best-performing additive. Upon varying the dosage of MgSO4 (Figure 9b) from 30 g to 40 g, the dissolution efficiency of Fe increased from 94.8% to 96.02%, while low dosages of 10 g and 20 g yielded an efficiency below 90%. A similar trend was observed by Gireesh et al. [33].




3.9. Effect of Retention Time


After the optimization of the leaching parameters, the leaching period was extended from 60 to 120 min. The effect of the retention time was studied under various conditions, identified as the HCl condition (normal), Fe-HCl (iron conditions), and Fe-MgSO4-HCl (additives condition). From the dissolution curves shown in Figure 10, it is noticed that the retention time played a significant role in the dissolution of iron. Under normal conditions, an iron dissolution (Figure 10a) of 76.02% was achieved after leaching for 60 min, which ultimately reached 87.05% after 120 min. The addition of metallic Fe powder escalated Fe extraction to 93.39% and 97.45% after 60 and 90 min, respectively. The continued rapid leaching after 60 min can be ascribed to the occurrence of a hydrolysis reaction in which active HCl is released [49]. A significant improvement is observed with the addition of MgSO4, resulting in the iron dissolution of 97.42% after 90 min and 98.63% after 120 min. Ti leaching (Figure 10b) decreased with an increase in the retention time. Under normal and additives conditions, Ti extraction increased rapidly until 60 min, whereafter it decreased drastically. On the contrary, the lowest Ti (1.28%) was recovered after 60 min under Fe conditions. At 120 min, the lowest (2.56%) and the highest (6.27%) Ti were leached under additives and normal conditions, respectively. The final product had 97.3% Ti recovery and only 1.37% iron impurities, which is acceptable in the marketplace. Therefore, the selected optimum retention time was 120 min under additive conditions, amounting to a 98.63% leaching efficiency.




3.10. Leaching Kinetics


Various kinetics models have been reported in the literature to describe the leaching kinetics of the ilmenite ore [8,44]. In the current study, an attempt was made to describe the leaching kinetics of ilmenite via the shrinking core model, in which it is assumed that the ore is a homogeneous spherical solid phase [55]. The Fe dissolution kinetics were investigated using both the product layer diffusion control mechanism and the interfacial chemical reaction mechanism described by Equations (8) and (9), respectively, where x is the fraction of Fe reacted at time t (min) and k1 (m.min−1) and k2 (m.min−1) are the overall rate constants.


  1 + 2   1 − x   − 3     1 − x      2 3    =  k 1  t  



(8)






  1 −     1 − x      1 3    =  k 2  t  



(9)







The kinetic Equations (8) and (9) were plotted as a function of reaction time to determine the kinetic parameters under various reaction conditions. The plots of both product layer diffusion control and surface chemical reaction models are shown in Figure 11. The correlation coefficients (R2) were obtained from the linear straight line, while the rate constants were determined from the slopes of the straight line. The experimental kinetic data obtained according to Equation (8) show high R2 values compared to Equation (9). Based on the plots obtained from Equation (8) shown below (Figure 11), it is observed that the R2 varies from 0.993 to 0.936, corresponding to the additive (Fe-MgSO4-HCl) and normal (HCl) conditions, respectively. This signifies that the predominant dissolution mechanism of ilmenite is controlled by the product layer diffusion, and therefore it is the rate-determining step. Olanipekun et al. [44] demonstrated that, at the temperature range of 70–90 °C, there are two competing diffusion processes. The Ti 4+ and Fe2+ produced by the surface chemical reaction of the unreacted core compete with the H+ from HCl. The existence of Ti 4+ as polynuclear species such as [(TiO)8(OH)12]4+ produces a rather large titanium ion species in the solution compared to H+, thus exhibiting a sluggish diffusion [44]. Therefore, the diffusion of Ti 4+ and Fe2+ is considered the rate-controlling step in the dissolution reaction.



The relation between the overall rate constant, k1, obtained from Figure 11 at various temperatures, is described by the Arrhenius Equation (10):


   k 1  = A e x p       −  E a    R T      



(10)




where k1 is the overall rate constant (m.min−1), A is the frequency factor (min−1), Ea is the activation energy (J.mol−1), R is the universal gas constant (8.314 J.K−1 mol−1), and T is the reaction temperature (K). Plotting the values of lnk1 obtained at different temperatures against 1/T gave a straight line with a correlation coefficient of 0.897 (Figure 12). The calculated activation energy Ea from the slope is 19.13 kJ/mol, which is within the range of the product layer diffusion control reaction model. It has previously been reported that the activation energy of the diffusion controlled reactions is below 20 kJ/ mol, while for chemical-controlled reactions is above 40 kJ/mol [42,56]. The calculated Ea value in the current study is comparable to the 17.60 kJ/mol reported by Ramadan et al. [8]. The reported activation energy of 17.60 kJ/mol was achieved with the size fraction of −63 μm. Therefore, addition of both metallic Fe and MgSO4 significantly enhanced the Fe dissolution rate, yielding the similar effect comparable to small-sized particles. Contrary to the obtained Ea value in current study, higher Ea values (>20 kJ/mol) have been reported for the product layer diffusion model. For example, Sasikumar et al. [24] reported the activation energy of 64 kJ/mol for the Fe dissolution, while Olanipekun [44] and Jabit [57] obtained 62.4 kJ/mol and 90 kJ/mol, respectively. The discrepancy in the Ea value has led to some researchers to conclude that it is better to predict the rate controlling mechanism of the heterogenous dissolution reactions from kinetic equations.




3.11. Characterization of the Leach Residue


The undissolved residue produced at the optimum leaching conditions was separated and dried at 120 °C and the morphological analysis was performed. Compared to the as-received ilmenite (Figure 2), the morphology of the leached sample consists of a mixture of irregular-shaped large- and small-sized particles (Figure 13). At higher magnification (Figure 13b,c), it is observed that the small-sized particles form agglomerates on the particle surface. The deposits of solid particles on the surface depicts that the complete Fe dissolution was inhibited, and hence the recovery was below 100%. In addition, this validates that the reaction kinetics of ilmenite is controlled by the product layer diffusion, which is consistent with the results in Figure 11. Further analysis was carried out with EDS to determine elemental composition of the leached residue. EDS results corresponding to the different regions shown in SEM images in Figure 13 are presented in Figure 14. The EDS spectrum (Figure 14) of the overall sample (Figure 13a) illustrate that the leached residue is high in Ti compared to Fe. This verifies that most of the Fe was leached out while the Ti remained undissolved. However, the EDS spectra of regions 1–3 (shown in Figure 13b–d as spectrum 1–3) indicates impurities such as Al, Si, Mg, and Mn, which remained undissolved during the leaching process.



The X-ray diffraction pattern of the dried residue in Figure 15 shows the surfacing of the rutile phase, which is indicative of the transformation of intermediate phases [36]. However, the ilmenite phase is still present in the leached sample, which is verified by presence of elemental Fe, as shown by EDS (Figure 14). In addition, the only impurity phase detected is SiO2, conflicting the EDS results (Figure 14). This suggests that other impurities are available in trace amounts, as they were not detected by XRD. Chemical composition (Table 5) confirmed that the leached residue was comprised of 91.4% rutile TiO2, which is comparable to the 90% reported by Mahmound et al. [9] on the calcined residue obtained at optimum leaching conditions (HCl stoichiometry: 1.2; HCl concentration: 20%; solid/liquid: 1/7.23 g/g; temperature: 110 °C; Fe addition time: 30 min; Fe stochiometry: 1:1). The dominant rutile phase illustrates that the leached residue can be used as a feed for synthetic rutile production. The additional phases in high content are ilmenite FeTiO3 (4.37%) and SiO2 (2.23%), while Al2O3, MgO, MnO2, CaO, V2O5, MnO2, and Cr2O3 were below 0.13%. However, the detected SiO2 impurity in the leached residue means that a purification process will be required to improve the quality of the synthetic rutile [9]. The low levels of V2O5, MnO2, and Cr2O3 indicate that the residue is suitable for use in the production of white pigments by chlorination [9]. The hydrometallurgical flowsheet describing Fe extraction from the ilmenite ore with HCl acid in the presence of metallic Fe and MgSO4 additive is presented in Figure 16.





4. Conclusions


This paper investigated the direct leaching of ilmenite ore in HCl to establish the dissolution of iron. The primary parameters, such as acid concentration, particle size distribution, temperature, ilmenite and acid ratio, agitation rate, and leaching time were studied to optimize the leaching conditions. From the experiments, the results can be summarized as follows:



Mineralogical analysis of the as-received ilmenite concentrate showed that the diverse grain morphology consisted mainly of an ilmenite and rutile phase with traces of impurities, as detected by EDS and XRF measurements. Ilmenite ore with large-sized particles of +150 µm exhibited high leaching efficiency compared to small-sized particles (−75 µm) when a high acid concentration of 7.5 M was utilized. Increasing the agitation speed from 350 to 450 rpm resulted in an Fe extraction of 92.32% accompanied by a 2.40% Ti loss in the solution. A high solid–acid ratio (3:20) yielded a slow polymerization reaction, yielding low efficiency. The addition of metallic Fe powder at low solid–acid ratios enhanced the leachability of the iron. The inclusion of MgSO4 was more effective in contrast to Na3PO4 and NaF additives, providing a superior catalytic effect. The Fe extraction of 98.63% was attained after 120 min under the Fe-MgSO4-HCl condition, indicating the significance of a prolonged leaching time. The Ti recovery on the leached residue was 97.3%. The XRF measurements confirmed that Ti remained undissolved during the leaching process, as a TiO2 content of about 91.4% was detected on the solid residue. Furthermore, this showed that the leached residue can be used as feed in the manufacturing of synthetic rutile. Moreover, a high content of impurities such as ilmenite FeTiO3 (4.37%) and SiO2 (2.23%) were observed along with traces of Al2O3, MgO, MnO2, CaO, V2O5, MnO2, and Cr2O3 impurities. However, to achieve a high-quality rutile product, a purification process will be required to decrease the SiO2 content. The leaching kinetics of the Fe dissolution in HCl was found to conform to the shrinking core model, where the product layer diffusion is rate-controlling, with an apparent activation energy of 19.13 kJ/mol.
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Figure 1. Particle size distribution of the as-received ilmenite ore. 
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Figure 2. SEM micrograph of ilmenite with particles sizes of (a) +75 μm and (b) +106 μm and EDS analysis of sizes (c) +75 μm and (d) +106 μm. 
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Figure 3. XRD patterns of the as-received ilmenite ore with various particle size distributions. 
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Figure 4. The effect of particle size distribution on leaching efficiency of Fe. Conditions: 7.5 M HCl; solid–liquid ratio, 1:10; agitation speed, 350 rpm; agitation time, 60 min; temperature, 90 °C. 
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Figure 5. The effect of acid concentration on leaching efficiency of Fe. Conditions: particle size, 150 µm; solid–liquid ratio, 1:10; agitation speed, 350 rpm; agitation time, 60 min; temperature, 80 °C. 
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Figure 6. The effect of temperature on the leaching efficiency of Fe. Conditions: particle size, 150 µm; acid concentration, 7.5 M; solid–liquid ratio, 1:10; agitation speed, 350 rpm; agitation time, 60 min. 
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Figure 7. The influence of solid–liquid ratio on Fe dissolution from ilmenite. Conditions: particle size, +150 µm; acid concentration, 7.5 M; solid–liquid ratio, 1:10, 1:20, and 3:20; agitation speed, 450 rpm; temperature, 90 °C; agitation time, 60 min. 
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Figure 8. Effect of iron powder addition on the dissolution of Fe. Conditions: particle size, +150 µm; acid concentration, 7.5 M; solid–liquid ratio, 1:20; agitation speed, 450 rpm; temperature, 90 °C; agitation time, 60 min. 
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Figure 9. The influence of (a) additives and (b) magnesium sulphate dosage on leaching efficiency of Fe. Conditions: particle size, +150 µm; acid concentration, 7.5 M; Fe powder, 6.5 g; solid–liquid ratio, 1:20; agitation speed, 450 rpm; temperature, 90 °C; agitation time, 60 min. 
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Figure 10. The influence of retention time on the (a) Fe and (b) Ti dissolution under HCl condition (normal), Fe-HCl (iron condition), and Fe-MgSO4-HCl (additives condition). Conditions: particle size, +150 µm; acid concentration, 7.5 M; solid–liquid ratio, 1:20; agitation speed, 450 rpm; temperature, 90 °C; agitation time, 120 min. 
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Figure 11. Plot of   1 + 2   1 − x   − 3     1 − x      2 3        vs. time (left) and   1 −     1 − x      1 3      vs. time (right) under different leaching conditions. 






Figure 11. Plot of   1 + 2   1 − x   − 3     1 − x      2 3        vs. time (left) and   1 −     1 − x      1 3      vs. time (right) under different leaching conditions.
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Figure 12. Plot of lnk1 against 1/T for Fe leaching in additives conditions. 
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Figure 13. SEM images of the leached residue under additives conditions at (a) low magnification and (b–d) high magnification after 120 min. 
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Figure 14. EDS analysis of the solid residue at (a) low magnification and (b–d) high magnification. 
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Figure 15. XRD pattern of the leached residue under optimum leaching conditions. 
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Figure 16. Schematic flow diagram of Fe leaching from ilmenite by HCl acid in the presence of metallic Fe and MgSO4 additive. 
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Table 1. Experimental leaching conditions.






Table 1. Experimental leaching conditions.





	
Leaching Experiment

	
Material

	
Temperature (°C)

	
Concentration (M)

	
Additives (30 g)






	
Condition 1

	
70 g ilmenite

HCl

	
70

	
2.5

	




	
80

	
5

	




	
90

	
7.5

	




	
Condition 2

	
70 g ilmenite

HCl

	
90



	
7.5



	
Fe metallic powder

MgSO4

Na3PO4

NaF











[image: Table] 





Table 2. Chemical analysis of the ilmenite ore with various sizes.






Table 2. Chemical analysis of the ilmenite ore with various sizes.





	
Compounds

	
Percentage (wt.%)




	
Ilmenite

	
−75 µm

	
+75 µm

	
+106 µm

	
+150 µm






	
Fe2O3

TiO2

	
48.23

42.93

	
46.49

41.47

	
48.10

43.55

	
48.39

43.34

	
47.20

39.99




	
SiO2

	
2.94

	
4.63

	
2.49

	
2.51

	
5.61




	
Al2O3

	
1.71

	
2.17

	
1.63

	
1.65

	
2.21




	
MnO

	
1.11

	
1.04

	
0.99

	
1.06

	
1.36




	
MgO

	
0.80

	
1.08

	
0.84

	
0.81

	
0.90




	
V2O5

	
0.39

	
0.40

	
0.42

	
0.40

	
0.33




	
Cr2O3

	
0.17

	
0.35

	
0.24

	
0.14

	
0.40




	
ZrO2

	
0.16

	
0.34

	
0.22

	
0.12

	
0.09




	
CaO

	
0.13

	
0.43

	
0.12

	
0.11

	
0.24




	
Na2O

	
0.13

	
0.15

	
0.11

	
0.18

	
0.29




	
Nb2O5

	
0.19

	
0.14

	
0.09

	
0.1

	
0.59




	
P2O5

	
0.15

	
0.16

	
0.06

	
0.06

	
0.43




	
Co3O4

	
0.13

	
0.14

	
0.08

	
0.04

	
0.07




	
K2O

	
0.16

	
0.09

	
0.05

	
0.05

	
0.09




	
ZnO

	
0.14

	
0,07

	
0.09

	
0.07

	
0.05




	
Gd2O3

	
0.10

	
0.01

	
0.02

	
0.02

	
0.01




	
LOI

	
0.43

	
0.84

	
0.9

	
0.95

	
0.14




	
Total

	
100

	
100

	
100

	
100

	
100








LOI = loss on ignition.
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Table 3. Elemental analysis of the ilmenite ore by ICP-OES (wt%).






Table 3. Elemental analysis of the ilmenite ore by ICP-OES (wt%).





	
Elements

	
Concentration

10 mL HNO3 30 mL HCl

	
Concentration

20 mL HNO3 60 mL HCl




	
wt%

	
wt%






	
Al

	
9.1

	
6.4




	
Co

	
12.7

	
2.3




	
Cu

	
4.5

	
1.2




	
Fe

	
53.3

	
79.9




	
Ni

	
12.3

	
7.1




	
S

	
4.9

	
1.6




	
Si

	
0.8

	
0.4




	
* Zn

	
0.6

	
-




	
* Th

	
-

	
0.1




	
Ti

	
0.1

	
0.1




	
Other impurities

	
1.7

	
0.9








* wt.% included in other impurities.
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Table 4. Chemical analysis of the ilmenite ore with various sizes (350, 450 and 550 rpm).






Table 4. Chemical analysis of the ilmenite ore with various sizes (350, 450 and 550 rpm).





	
Time (min)

	
350 rpm Actual

Recovery

	
450 rpm Actual

Recovery

	
550 rpm Actual

Recovery




	
Fe %

	
Ti %

	
Fe %

	
Ti %

	
Fe %

	
Ti %






	
15

	
40.04

	
2.45

	
50.61

	
4.40

	
52.03

	
3.45




	
30

	
58.14

	
3.08

	
78.35

	
4.68

	
81.65

	
4.80




	
45

	
70.11

	
2.23

	
89.45

	
2.80

	
90.61

	
5.33




	
60

	
81.99

	
2.45

	
92.32

	
2.40

	
92.49

	
8.35
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Table 5. Chemical composition (wt.%) of the leached residue obtained by XRF.






Table 5. Chemical composition (wt.%) of the leached residue obtained by XRF.





	Chemical Composition
	wt.%





	TiO2
	91.4



	FeTiO3
	4.37



	SiO2
	2.23



	Al2O3
	0.09



	CaO
	0.01



	MnO2
	0.03



	MgO
	0.06



	Cr2O3
	0.01



	V2O5
	0.13



	LOI
	1.67







LOI = loss on ignition.
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