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Abstract:



A solid reduction process is described whereby chromite is reduced with the help of calcium chloride to produce ferrochrome alloy powders with high metal recovery. The process involves segregation reduction of chromite using graphite as the reductant and calcium chloride as the segregation catalyst. Experiments were performed in the temperature range of 1200–1400 °C to evaluate the influences of various design parameters using both a thermogravimetric analyzer and an electric tube furnace with continuous off-gas analysis. The reduced products were characterized by scanning electron microscopy, X-ray powder diffraction, synchrotron X-ray absorption spectroscopy, and were subjected to wet chemical analysis. It was concluded that the addition of calcium chloride not only accelerated the carbothermic reduction of chromite but also promoted the formation and growth of individual ferrochrome alloy particles. The alloy formation within chromite particles was minimized, enabling the effective separation of ferrochrome alloy particles from the unwanted gangue without the need for fine grinding. Majority of the calcium chloride remained in a recoverable form, with a small percentage (<10 wt %) consumed by reacting with the siliceous gangue forming wadalite. Pure ferrochrome alloy powders were successfully produced with high metal recovery using elutriating separation.
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1. Introduction


Ferrochromium, which is a critical alloy in the production of stainless steel and high-alloying ferritic steel [1], has been produced worldwide by carbothermic smelting reduction of chromite in submerged electric arc furnaces (SAF) for almost a century [2,3]. More than 90% of the high carbon ferrochrome produced, with a typical composition range of 60–70 wt % Cr, 6–8 wt % C and <5 wt % Si [1], is used for stainless steel production. The SAF process for ferrochrome production is extremely electric energy-intensive [3], with the specific energy consumption (SEC) in the range of 2.4–4.8 MWh per ton of ferrochrome produced [4]. Among the various SAF smelting technologies, pre-reduction of chromite before SAF smelting generally results in a lower SEC, because significant amounts of energy that are required for both heating the feed material and for enabling the endothermic reduction reactions are supplied by burning fuels in the pre-reduction stage, which is generally carried out in rotary kilns [5]. The premus process operates at a pre-reduction degree of ~50% Cr metallization, achieving a low SEC of 2.4 MWh/t [6].



As the most significant mineral source of Cr, chromite can be represented by the general formula (Mg,Fe2+)(Cr,Al,Fe3+)2O4 [7]. Reduction of chromite is relatively difficult due to its refractory nature, reflected partly by the strong oxygen bonding of the constituent cations. Unreduced cations (Mg2+ and Al3+) can form a refractory product layer in the form of MgAl2O4 around unreduced or partially-reduced residual chromite, inhibiting further reduction [8]. In an effort to improve the carbothermic reduction kinetics of chromite, various fluxes were used as additives, such as CaO [9], SiO2 [10,11,12,13,14], CaF2 [15], combinations of NaF–CaF2, fluorspar–feldspar–silica, and fluorspar–granite [16], etc. Many kinetic studies on the carbothermic reduction of chromite with/without the addition of fluxes [9,10,17,18,19] revealed that the ionic diffusion through the solid product layer could limit the reduction rate, due mainly to the presence of the unreducible oxides. Addition of some of the fluxes can accelerate the reduction rate by dissolving the solid refractory oxide layer forming molten slags.



Although significant research efforts have been made on the carbothermic solid reduction of chromite on the aspect of improving reduction kinetics, little attention was paid to alloy growth during solid reduction. The significance of alloy growth lies in the fact that it could potentially enable the direct production of pure ferrochrome by separation without the need of a SAF or a melting furnace for separating the alloy from the unwanted gangue/slag. Elimination of the SAF smelting or a melting operation means a much higher energy efficiency because the process will operate at the solid-state reduction regime of a much lower temperature. It can also remove the heavy reliance of the ferrochrome production on electric energy. Both of the two aspects bear much significance from the economic point of view.



From the perspectives of alloy growth during reduction and its subsequent separation, challenges arise due to the complexity of the carbothermic solid reduction mechanism. Metallic product inevitably formed in various regions of the reduction system, both inside or on the surface of the chromite phase [20], evidenced by the formation of significant amounts of fine alloy particles from both within chromite particles and on the surface [8,10,12,13,21]. A complex spatial relationship between the fine alloy particles and the unwanted materials in the reduced product means excessive grinding/milling is essential to physically liberate the alloy particles before separation (e.g., magnetic and gravitational separation). Excessive grinding of the reduced product not only consumes much electricity, but also likely produces powders too fine to be separable by conventional separation techniques. Therefore, the particle size of the ferrochrome alloys formed during reduction should be large enough to allow subsequent easy liberation and separation.



For the first time, we utilized the approach of segregation reduction of chromite with the use of CaCl2 to prevent the alloy formation from within chromite particles while producing individual ferrochrome particles that are amenable for subsequent physical separation. Segregation phenomenon was accidentally discovered in the year 1923 when a particular Chilean copper ore was roasted with a solid fuel at 700 °C with the exclusion of oxygen [22]. Outward migration of the copper from finely-divided ore particles was observed. Further investigation revealed the key role of sodium chloride that was naturally present in the ore [22]. Subsequent extensive development lead to the invention of the TORCO (Treatment of Refractory Copper Ores) process [23]. This segregation process incorporates four main steps [23]: (1) formation of HCl from the hydrolyzation of the salt by moisture in the presence of Si-bearing minerals; (2) formation of volatile cuprous chloride from the reaction between HCl and copper oxide; (3) generation of H2 from reduction of water vapor by carbon; (4) reduction of cuprous chloride vapor in the vicinity of carbon particles by H2, forming metallic copper and regenerating HCl. Segregation roasting has subsequently been studied to treat lateritic nickel ores [24,25,26] and iron ores [27,28].



The reasons for the choice of CaCl2 as the segregation catalyst for chromite direct reduction include the following. First, CaCl2 is readily available in large quantities because it is produced as a by-product of industrial processes [29,30]. Second, it is relatively cheap (300–400 USD/ton) [31]. Third, the boiling point of CaCl2 is 1935 °C [32], indicating its potential for a low evaporation rate during chromite reduction at temperatures higher than 1200 °C. In comparison, the boiling point of NaCl is 1465 °C [32], meaning that significant evaporation would take place when using NaCl as the additive for chromite reduction.




2. Materials and Methods


2.1. Materials


The chromite ore from the Ring of Fire area of Northern Ontario was sieved to produce four size fractions used for the experiments. The average formula of chromite can be represented as (Mg0.5Fe0.5)(Cr1.4Fe0.1Al0.5)O4 [8]. Table 1 lists the compositions of the four size fractions of chromite. As shown, the finer size fractions contain higher amounts of the gangue minerals, evidenced by the lower Cr2O3 and higher SiO2 concentrations. XRD (Rigaku D/MAX 2500, Rigaku Ltd., Tokyo, Japan) analysis of the 37–75 µm size fraction (Figure 1) indicates that the main gangue minerals are clinochlore (Mg,Fe)5Al(Si3Al)O10(OH)8, magnesite (MgCO3), and phlogopite KMg3(Si3Al)O10(OH)2. Chromite size fraction of 180–300 µm has much less gangue, with only clinochlore identified by XRD (Figure 1). Flake-shaped graphite powders (99.9995% metal basis) were used as the reductant. Anhydrous calcium chloride (CaCl2) was ground quickly in a mortar and pestle to a fine powder form before use, while minimizing moisture absorption.


Figure 1. XRD patterns of the chromite ore of four size fractions.
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Table 1. Chemical composition of the chromite of four size fractions.







	
Particle Size (µm)

	
Cr2O3

	
FeO *

	
MgO

	
Al2O3

	
SiO2

	
TiO2

	
V2O5

	
NiO

	
K2O

	
CaO






	
37–75

	
35.32

	
15.92

	
18.51

	
10.42

	
9.79

	
0.21

	
0.18

	
0.29

	
0.44

	
0.17




	
75–105

	
44.36

	
19.71

	
14.07

	
10.84

	
4.54

	
0.27

	
0.20

	
0.17

	
0.21

	
0.09




	
105–180

	
46.42

	
20.50

	
12.85

	
11.16

	
3.35

	
0.28

	
0.19

	
0.12

	
0.10

	
0.06




	
180–300

	
47.36

	
20.92

	
12.71

	
11.61

	
2.95

	
0.28

	
0.22

	
0.10

	
0.06

	
0.04








* FeO: recast as total iron including a small fraction of Fe2O3.









2.2. Thermogravimetric Analysis


NETZSCH STA 449C Simultaneous Thermal Analyzer (Netzsch Gerätebau GmbH, Selb, Germany) coupled with a NETZSCH QMS 403 C Aeolos Mass Spectrometer was used for the thermogravimetric analysis (TG-DSC-MS). For each test, the ore sample, graphite and CaCl2 with pre-determined mass proportions were homogenized before a pellet measuring 3 mm in diameter and approximately 70 mg in weight was prepared using a 3 mm die set. The pellet was placed in an alumina crucible (outer diameter 6.8 mm), and covered with an alumina lid (with one pin hole). The crucible was placed along with a reference crucible on the sample carrier before the measurement. A vacuum was applied to remove any residual air inside the TG-DSC chamber before a continuous flow of 100 mL/min Ar (5 N) was introduced. The sample was heated in the Ar flow at 20 °C/min to the target temperature, and dwell for 3 h before cooling down to room temperature.




2.3. Electric Tube Furnace Tests


The ore sample weighing 10 g was mixed with a pre-determined amount of graphite and CaCl2 before pellets were prepared using a 13 mm die set. Each cylindrical pellet was approximately 2.5 g in weight, 13 mm in diameter, and about 15 mm in height. All pellets were placed in an alumina crucible (inner diameter 4 cm) before being placed inside the chamber of the vertical tube furnace. The samples were heated in an Ar flow of 500 mL/min at a rate of 6.25 °C/min to the target temperature for reduction. Samples were cooled as quickly as possible to room temperatures after 2 h dwell. The offgas was continuously measured for its CO and CO2 concentrations by a gas analyzer (ABB EL3020, ABB, Cary, NC, USA).




2.4. Separation of Ferrochrome by Elutriating Tube


An elutriating tube similar to the one described by Frost [33] was used for the separation of ferrochrome from other unwanted materials in the reduced product, based on the density difference under a counter flow of water. A water pump with precise control of flowrate was used to continuously feed the water from the bottom of the elutriating tube. At a constant water flow after reaching steady state, denser particles were suspended in the lower and narrower section of the tube, while less dense particles were suspended in the upper and wider section. Separation was achieved by gradually lowering the water flowrate, causing only the alloy particles to settle to the bottom of the tube. The alloy particles were collected by discharging from the bottom into a receiver flask. The unwanted materials were also collected by stopping the water flow and discharging from the bottom of the tube.




2.5. Analytical Methods


As water-soluble CaCl2 was present during reduction of chromite, quantification of the water-soluble species present in the reduced product was performed by water leaching of 1 g sample for 1 h, followed by filtration. The leachate was analyzed by inductively coupled plasma atomic emission spectrometry (ICP-AES, Varian VISTA RL, Varian, Palo Alto, CA, USA). Quantitative chemical analysis of solid samples was performed by completely dissolving the sample into aqueous solution using Na2O2 fusion technique, followed by analyzing the solution with ICP-AES. Polished sections of the reduced samples were prepared and examined by scanning electron microscopy (Hitachi S-3200N, Hitachi Corporation, Tokyo, Japan), which is coupled with an energy dispersive spectrometer (Quantax EDS, Bruker, Karlsruhe, Germany), with an accelerating voltage of 20 kV. Surface morphology of the reduced sample powders was also examined by firstly removing water-soluble chlorides with water leach, followed by filtration, and drying to remove moisture. The dried powders were then spread onto a double-sided carbon tape as a mono-layer, before SEM-EDS analysis. XRD analysis was performed using a Rigaku D/MAX 2500 (Rigaku Ltd., Tokyo, Japan) rotating-anode powder diffractometer with Cu Kα radiation at 40 kV, 200 mA.



X-ray absorption spectroscopy experiments were performed at the 9 BM and 20 BM beamlines of the Advanced Photon Source. Measurements were made on finely ground samples, spread onto tapes as monolayers. X-ray absorption spectra were collected by scanning the Si (111) monochromator in the 5780–6850 eV range (Cr K-edge) and 6911–7964 eV energy range (Fe K-edge). Samples were scanned four to five times in transmission and fluorescence modes using beam sizes of 1 mm × 1 mm and 1 mm × 2 mm. Chromium and iron foils were used for monitoring and calibrating energy shifts. Data reduction and analysis were made by ATHENA [34].





3. Results and Discussions


3.1. Effect of the Amount of CaCl2


A series of isothermal TG-DSC-MS tests was firstly performed at 1300 °C using a mixture of chromite (75–105 µm), graphite (25–37 µm, 25 wt % of ore), and varying amount of CaCl2 (0–30 wt % of ore). For each test, a 3 mm pellet was prepared from the mixture with a hydraulic press by employing a pressure of 200 MPa. The temperature profile, mass change (TG), heat flow (DSC), and gas analysis (MS) results are plotted in Figure 2. In order to allow direct comparison among the tests, each mass change curve (mg) was normalized to represent the test in which the starting sample contained exactly 50 mg chromite, 12.5 mg graphite, and varying amounts of CaCl2. As seen, the first thermal event took place at approximately 170 °C, represented by the sharp endotherm peak (DSC), H2O peak, and the corresponding mass loss. Mass loss was absent in the test without CaCl2 addition. This thermal event represents the evaporation of moisture which was initially absorbed by anhydrous CaCl2 during preparation of the pellet. A second mass loss took place at approximately 570 °C, corresponding to the second H2O peak. This was identified as the thermal dehydration of clinochlore. Detailed discussion on this thermal event can be found in our previous investigation [8]. A small endotherm at 761 °C resulted from the melting of CaCl2. The significant mass loss when the temperature reached 1300 °C was due to the carbothermic reduction of chromite, corresponding to an endotherm and the CO peaks. This can be represented by the much-simplified reaction Equation (1). A steeper mass loss and sharper CO peak can be observed at a higher CaCl2 addition, indicating that the carbothermic reduction of chromite can be greatly accelerated in the presence of CaCl2.


FeCr2O4 + 4C = Cr2Fe(alloy) + 4CO



(1)






Figure 2. Isothermal thermogravimetric analysis (TG-DSC-MS) tests at 1300 °C, varying the amounts of CaCl2 addition.
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Figure 3 illustrates the cross sections of the reduced products. XRD patterns are shown in Figure 4 for comparison. In the absence of CaCl2 (Figure 3a), each chromite particle was partially reduced, with a Cr-rich chromite core (light grey) and an outermost refractory spinel (MgAl2O4) layer (dark grey). The representative composition of the Cr-rich chromite core can be expressed as (Mg0.95Fe0.05)(Cr1.5Al0.5)O4 based on semi-quantitative EDS microanalysis. Significant amounts of ferrochrome alloy particles were finely disseminated in each chromite particle, making it impossible to recover by grinding for liberation followed by physical separation. The presence of residual chromite and appreciable amounts of graphite identified by XRD analysis (Figure 4) confirmed the incomplete chromite reduction in the absence of CaCl2. With the addition of 10 wt % CaCl2 (Figure 3b), a much higher degree of reduction has taken place, evidenced by the absence of Cr-rich chromite cores. Most ferrochrome alloys formed outside of the original chromite particles due to the chloride segregation effect. Some small particles of Fe-rich ferrochrome alloy can still be observed inside the original chromite particles (e.g., the enlarged particle in Figure 3b). In the product resulted from 30 wt % CaCl2 addition (Figure 3c), the completely reduced chromite particles are mainly composed of MgAl2O4 and MgO, and are nearly free of ferrochrome inclusions. Based on EDS analysis, the reduced chromite particles contain on average 1.1 wt % Cr and 0.1 wt % Fe, which translates to estimated metallization degrees of 98.9 wt % Cr and 99.8 wt % Fe. The individual ferrochrome alloy particles formed outside of the reduced chromite are mainly the M7C3 type carbide (M = Cr, Fe), with the Cr:Fe ratio determined by that of the starting chromite composition. In addition to carbide, MgAl2O4, and MgO, XRD analysis (Figure 4) also identified wadalite (Ca6Al5Si2O16Cl3) that resulted from the reaction of CaCl2 with the silicate gangue (e.g., clinochlore) present in the ore, with the possible involvement of chromite.


Figure 3. Backscattered electron micrographs of the reduced products from the tests with (a) no additive, (b) 10 wt %, and (c) 30 wt % CaCl2 addition.
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Figure 4. XRD patterns of the reduced products from the tests with no additive and 30 wt % CaCl2 addition.
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3.2. Effect of the Amount of Reductant


In theory, no less than the stoichiometric amount of carbonaceous reductant should be used in order to allow the complete the reduction of chromite. For example, the stoichiometric amount of carbon required for the complete reduction of the 75–105 µm chromite fraction, forming gaseous CO and M7C3-type ferrochrome carbide is approximately 19 wt % of ore. In order to evaluate the influence of excessive carbon on the reduction of chromite, electric tube furnace tests at 1300 °C were performed using 13 mm pellets, prepared at a pressure of 200 MPa from mixtures of chromite (75–105 µm), graphite (25–37 µm, 22 or 28 wt % of ore), and ground anhydrous CaCl2 (30 wt % of ore). It was later found by examining the reduced product that certain amounts of ferrochrome alloys were attached to the reduced chromite particles, due to the high pressure used in preparing the pellets. This created difficulties during the subsequent physical separation of ferrochrome alloys from the unwanted materials. A third test was therefore performed using the pellets containing 19 wt % graphite (i.e., stoichiometric amount), prepared with a much smaller pressure of approximately 0.7 MPa. All the 13 mm pellets used in the subsequent tests were prepared at a pressure of 0.7 MPa. The results from off-gas analysis with the temperature profiles are plotted in Figure 5 for comparison. As seen, the CO profiles for 22 and 28 wt % C are nearly identical, indicating that excessive graphite has little influence on the reduction rate. Comparatively, the pellets for the test using 19 wt % graphite were relatively loosely packed, because of a much smaller pressure used for pellet preparation. This would mean that larger gaps existed between the chromite and graphite particles. As a result, the reduction rate appeared slightly slower based on its CO profile. Cross sections of the products from reduction with 19 and 22 wt % graphite are illustrated in Figure 6. The residual chromite particles (grey) in Figure 6a contain on average 1.4 wt % Cr, and 0.1 wt % Fe based on the EDS microanalyses, translating to metallization degrees of 98.6 wt % Cr and 99.8 wt % Fe. The presence of residual graphite cores (black) in ferrochrome alloy particles (white) can be seen in Figure 6b, because of the excessive amount of graphite used. In comparison, reduction by the stoichiometric amount of carbon resulted in the formation of clean ferrochrome alloy particles that are free from inclusions of residual carbon, as seen in Figure 6a.


Figure 5. Temperature profiles and off-gas CO concentrations for the tests with the variation of graphite addition.
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Figure 6. Backscattered electron micrographs of the products from reduction with (a) 19 wt % graphite and (b) 22 wt % graphite.
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3.3. Effect of Reduction Temperature


Growth of ferrochrome alloy particles during the CaCl2-assisted segregation reduction can be controlled by two main mechanisms. Firstly, the alloy particle size can be controlled by that of the graphite powders used for reduction because metallization takes place on graphite particles. Secondly, sintering/coalescence of nearby alloy particles contributes further to the alloy growth, which can be promoted at a higher temperature. Therefore, a larger graphite particle size range was used in this study for the promotion of alloy growth.



Electric tube furnace reduction tests were performed on the 13 mm pellets composed of 10 g chromite (75–105 µm), graphite (75–105 µm, 22 wt % of ore), and anhydrous CaCl2 powder (30 wt % of ore) to evaluate the influence of reduction temperature in the range of 1200–1400 °C (Figure 7). As the main gaseous reduction product at temperatures higher than 1000 °C, CO concentration in the off-gas state directly relates to the reduction rate. As seen, the overall reduction was considerably slower at 1200 °C. The reduction rate was comparably fast for 1300 and 1400 °C, with near-complete reduction that took place within the first hour for both reduction temperatures. Figure 8 illustrates the cross sections and surface morphologies of the reduced product at 1200 °C and 1400 °C. It should be noted that the samples for surface morphology observations were water-leached to remove chlorides, as indicated in the Section 2.5. As shown in Figure 8a, each chromite particle consists of an unreacted chromite core (light grey) surrounded by a partially reduced Cr-rich chromite rim (dark grey), based on EDS microanalysis. The presence of siliceous gangue minerals caused partial sintering among some chromite particles (e.g., the enlarged particles in Figure 8a). The chloride segregation effect resulted in the formation of ferrochrome metallic phase on the graphite particles, which appear as stripe-shaped white particles with unreacted graphite (black) core (Figure 8a), and as flake-shaped white particles (Figure 8b), which resemble the original shapes of the starting graphite particles. The ferrochrome alloy particles have an average Cr:Fe weight ratio of about 1.4:1, which is lower than that of the starting chromite (i.e., 2.0:1), indicating incomplete reduction of Cr. In comparison, carbothermic reduction at 1400 °C was complete and the high temperature resulted in substantial sintering among the ferrochrome alloy particles, contributing to the alloy growth (Figure 8c,d).


Figure 7. Temperature profiles and off-gas CO concentrations for the tests at different temperatures.
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Figure 8. Backscattered electron micrographs of the products formed at 1200 °C (a,b), and 1400 °C (c,d). Photomicrographs (a,c) represent polished section surfaces while (b,d) show surface morphologies of the reduced products.
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X-ray absorption spectra collected at the Fe K-edge indicate a significant reduction of Fe species at all the temperature ranges studied. The least-squares fitting of the measured spectra by a series of model compounds indicates metallization degrees of about 91.6% for the product formed at 1200 °C and 100% for the sample representing 1300 °C (Table 2). The simulated spectrum of 1200 °C sample does not adequately capture the measured oscillations at the extended range around 7185–7230 eV (Figure 9a), suggesting that the chromite and ferrochrome models are not representative of the Fe compounds present in the sample. It is likely that chromite is not present in the sample and that the degree of metallization is likely to be near 100% because the observed spectrum (especially the edge region) resembles both ferrochrome models shown (Figure 9a). The least squares fitting of the Cr K-edge X-ray absorption near edge structure (XANES) indicated that the samples are binary mixtures dominated by ferrochrome and lesser amounts of residual chromite (Table 2). The proportion of ferrochrome alloy indicates the degree of Cr metallization ranging from about 58.6% for the product formed at 1200 °C to 100% for the 1400 °C sample.


Figure 9. (a) Normalized Fe K-edge spectra of the products formed at 1200 and 1300 °C. Vertical dotted lines show the fitting range (i.e., 7092–7142 eV). Reference spectra used in least-squares fitting are shown for chromite (ore) and two Ring of Fire ferrochrome samples (FeCr-1 and FeCr-2); (b) Normalized Cr K-edge spectra of the products formed at 1200, 1300 and 1400 °C. The fitting range of 5970–6020 eV is marked by vertical dotted lines. Also shown are the spectra of the relevant model or reference compounds (chromite represents the starting ore material; FeCr-3 represents Cr3C2).
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Table 2. Elemental distribution of Fe and Cr in the ferrochrome alloy and the residual chromite phases, produced from least-square fitting of the X-ray absorption spectra as shown in Figure 9.







	
Temperature (°C)

	
Elements

	
Ferrochrome (%)

	
Chromite (%)

	
χ2 *






	
1200

	
Fe

	
91.6

	
8.4

	
0.014




	
Cr

	
58.6

	
41.4

	
0.045




	
1300

	
Fe

	
100.0

	
0.0

	
0.067




	
Cr

	
94.2

	
5.8

	
0.010




	
1400

	
Cr

	
100.0

	
0.0

	
0.211








* Chi square goodness of fit.









3.4. Effect of Chromite Particle Size


The influence of chromite particle size was evaluated with electric tube furnace reduction tests using 13 mm pellets prepared by mixing 10 g ore in the particle size ranges of 37–75 µm, 105–180 µm and 180–300 µm) with 2.2 g graphite (105–150 µm), and ground 3 g anhydrous CaCl2. The mixtures were subjected to reduction at 1300 °C for 2 h (Figure 10). Strictly speaking, these reduction tests were influenced by a combination of both the chromite particle size and the amount of gangue minerals present in the starting ore because the ore with a smaller size fraction contained a higher proportion of the gangue minerals (as seen from Table 1 and Figure 1). To further assess the influence of the presence of gangue minerals, the reduced products were analyzed for their elemental compositions and were also leached with water to quantify the water-soluble species (Figure 11). The percentage of water-soluble species M was calculated based on Equation (2). As seen from Figure 10, a strong CO2 peak appeared after about 20 min (500 °C) when the ore sample in the 37–75 µm size fraction was reduced. This was caused by the thermal decomposition of magnesite present in the chromite ore, which can be represented by Equation (3). The corresponding CO2 peak was insignificant for both the other two tests, as the chromite size fractions of 105–180 µm and 180–300 µm contained much less magnesite (Figure 1). The massive CO peaks appeared after 100 min were due to the carbothermic reduction of chromite. The CO profile for the 37–75 µm ore started at a lower temperature of approximately 1000 °C, compared with the other two CO profiles. This was likely due to the presence of a much higher amount of siliceous gangue (e.g., clinochlore) in the 37–75 µm ore (Figure 1). Reaction between the molten CaCl2 and the siliceous-gangue took place in the presence of residual moisture, leading to the formation of wadalite and gaseous HCl. With the presence of a relatively high partial pressure of HCl, chloride segregation and its induced carbothermic reduction of chromite became more effective at temperatures as low as 1000 °C. Because of this, near-complete reduction of 37–75 µm chromite took place within the first hour at 1300 °C according to its CO profile. Another important promoting effect was the fact that a finer chromite particle size range was used in this test. Generally speaking, the reduction rate is less likely limited by the mass transfer within the chromite particles when finer chromite particles are used, in addition to the fact that greater specific surface areas are available for reduction.


[image: ]



(2)






MgCO3 = MgO + CO2



(3)






Figure 10. Temperature profiles, off-gas CO, and CO2 concentrations for the tests with the variation of chromite particle size.
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Figure 11. Elemental composition of the pellets reduced at 1300 °C, and the percentages of each element that are water-soluble (calculated based on Equation (2), and plotted as an inset).
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In comparison, no appreciable reduction took place below 1200 °C when using 105–180 µm and 180–300 µm sized ore samples, because of much less siliceous-gangue present in both chromite fractions. The reduction also took longer time (~2 h) to reach near-complete reduction. The limited effect from the change of chromite particle size can be observed by comparing the two CO profiles for the 105–180 µm and 180–300 µm size fractions because a slightly higher CO peak can be seen from the use of 105–180 µm size fractions. Based on the analysis of the reduced products using synchrotron X-ray spectroscopy, Cr metallization of 100% was achieved for the test using 37–75 µm chromite fraction, while it was 98.9% for the 105–180 µm chromite fraction, and 75.8% for the 180–300 µm chromite fraction.



The results presented in Figure 11 confirmed the presence of higher amounts of gangue during the reduction of the 37–75 µm sample, as indicated by the higher concentrations of Si and Mg, and lower concentrations of Cr and Fe in the reduced product. Approximately 86.5 wt % Ca in this reduced product was water-soluble, presumably in the form of chloride. The remainder (13.5 wt %) was fixated as water-insoluble components (primarily as wadalite) from the reactions between CaCl2 and the siliceous gangue. The percentage of water-soluble Ca became higher when the ore sample with the highest amount of chromite was used. For example, as much as ~98 wt % Ca in the reduced product was water-soluble when the sample with the highest amount of chromite (i.e., 180–300 µm) was reduced. It also should be noted that appreciable percentages of Si also became water-soluble, ranging from 8–28 wt %. This is because the silicate gangue was partially chloridized during reduction at high temperatures, leading to the formation of silicon chloride (SiCl4), which existed possibly as both vapor and in dissolved form in the molten CaCl2.



Figure 12 presents the cross sections in the reduced products, which clearly demonstrates the effective segregation in all three tests, forming discrete ferrochrome alloy particles. Due to the presence of higher amounts of gangue in the 37–75 µm size fraction, sintering among the chromite particles took place, evidenced by the irregular grey particles present in Figure 12a. A small fraction of the reduced chromite particles (dark grey) can be found to enclose a residual chromite core (light grey) in Figure 12c. One of the two such particles present in Figure 12c is shown in Figure 13, along with the EDS point microanalyses along the white arrow across the particle. A clear Fe concentration gradient can be seen inside the chromite core, indicating the outward diffusion of Fe towards the oxide layer (the rim). Significant fluctuation of the elemental composition across the rim is due to the presence of finely-mixed multi-components (i.e., mono-oxide MgO, spinel, and chloride). It can also be observed that tiny Fe-rich alloy beads (white) were scattered in a confined zone surrounding the residual chromite core.


Figure 12. Backscattered electron micrographs of the reduced products resulted from the ore samples with particle size ranges of (a) 37–75 µm, (b) 105–180 µm, and (c) 180–300 µm.



[image: Metals 08 00069 g012]





Figure 13. Cross section of a partially reduced chromite particle (180–300 µm) showing the residual chromite core (left); and the EDS elemental scan along the white arrow (right).
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3.5. Influence of Pelletization


Agglomeration (e.g., pelletization, briquetting) of the powder feed is a common industrial practice in pyrometallurgical plants for various reasons, and requires some capital and operational costs. It was, therefore, reasonable to study the feasibility of directly treating the powder sample without agglomeration. Both 13 mm pellets and powders prepared from mixing chromite (37–75 µm), graphite (105–150 µm, 22 wt % of ore), and ground anhydrous CaCl2 (30 wt % of ore), were subjected to reduction at 1300 °C for 2 h (Figure 14). As seen, the CO2 peaks that appeared at about 40 min (500 °C) were from the decomposition of magnesite as discussed earlier (Equation (3)). A comparatively lower and wider CO peak for the reduction of the powder sample revealed a slightly slower yet comparable reduction rate. This difference was mainly due to the loosely packed nature of the powder sample, meaning comparatively wider gaps existed between the chromite and the graphite particles. Segregation reduction involves transfer of reducible Cr and Fe as ionic species in the form of short polymeric species (i.e., monomers, dimers or trimers of Cr and Fe coordinated to O and/or Cl) from chromite to the surface of graphite where metallization takes place. The slower reduction rate when heating the powder sample implies that the reduction rate was determined or at least partially limited by the mass transfer between chromite and graphite particles. In addition to the reduction of chromite directly by solid carbon (Equation (1)), chromite can also be reduced by gaseous CO forming CO2 (Equation (4)), resulting in the evolution of minor amounts of CO2 at approximately 150 min when pellets were heated (Figure 14). The CO2 can be further consumed by the Boudouard reaction, i.e., Equation (5). The absence of this minor CO2 peak when the powder sample was used (Figure 14) strongly suggests that the Boudouard reaction was greatly promoted. Near-complete reduction was achieved for both tests, indicated by both the EDS analysis on the reduced products, and the low off-gas CO concentration (<0.5 vol %) at the end of the two-hour dwell at 1300 °C. Analysis by synchrotron X-ray spectroscopy also suggests that 100% Cr metallization was achieved for both tests.


FeCr2O4 + 4CO = Cr2Fe(alloy) + 4CO2



(4)






CO2 + C = 2CO



(5)






Figure 14. Temperature profiles, off-gas CO and CO2 concentrations for the tests using pellet and powder samples.
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Chemical analysis of the reduced products enabled mass balance calculations (Figure 15). This figure illustrates the redistribution of the four elements among the three components after reduction: (a) vaporized chlorides during reduction; (b) molten/condensed chlorides remaining in the reduced products, which is water-soluble; (c) gangue component, which is water-insoluble. It is obvious from this figure that the reduction of powder sample resulted in higher vapor losses in general, except for Al, which remained completely in the gangue. It is suggested that agglomeration (e.g., pelletization) is beneficial in terms of reducing the vapor loss, due to its closely-packed nature and lower porosity. As seen, approximately 9 wt % of the added CaCl2 was consumed by reacting with siliceous gangue forming water-insoluble species (e.g., wadalite), as discussed earlier. About 60 wt % remained in the reduced products as chloride (i.e., Soluble), and 30 wt % evaporated during reduction, both of which can possibly be recovered as chloride for re-use from a practical point of view.


Figure 15. Mass distribution of the elements among three forms, i.e., Vapor: vaporized during reduction; Soluble: water-soluble form in the reduced product; Gangue: water-insoluble form in the reduced product.
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3.6. Recovery of Ferrochrome


Approximately 170 g spherical pellets in the size range of 6.7–12.7 mm were produced using a laboratory disc pelletizer. These pellets were made from a mixture of chromite (75–105 µm), graphite (150–250 µm, 22 wt % of ore), and ground anhydrous CaCl2 (30 wt % of ore), and were heated in an electrical tube furnace at 1300 °C for 3 h.



The reduced pellets were crushed gently and leached with water for the recovery of chloride. Solid CaCl2 was successfully produced by boiling off water from the leachate. After drying in an oven, 10 g of the reduced powders was taken and subjected to sieving to produce five size fractions (Table 3). It was found that the size fraction of <105 µm was predominantly unwanted gangue with little-entrainment of alloy particles, and therefore can be rejected (as tailings in Table 3) without much metal loss. This was because the final alloy particle size was largely controlled by the starting graphite particle size (150–250 µm) due to the nature/mechanism of segregation reduction. As presented in Table 3, the other four size fractions were individually subjected to elutriating separation to produce (a) concentrate of alloy particles, (b) tailings composed largely of gangue particles, and (c) middlings which would require further processing. Figure 16 illustrates the surface morphologies of the three portions produced from elutriating separation of the 250–500 µm size fraction as an example. As seen, the concentrate fraction is composed essentially of ferrochrome alloy particles that are free of entrained gangue, whereas the tailings fraction contains little entrained alloy particles, demonstrating the effectiveness of the elutriating separation. Flake-shaped ferrochrome alloy particles (Figure 16a,b) resembling the original flake-shaped graphite powders used for the study further confirm the dominance of the segregation reduction mechanism in the presence of CaCl2. Therefore, to allow for reduction it is beneficial to use a larger particle size range of the graphite powders so that they are optimized for forming larger ferrochrome alloy particles allowing easier separation.


Figure 16. Backscattered electron micrographs of (a) concentrate, (b) middlings, and (c) tailings fractions produced from elutriating separation of the 250–500 µm size fraction of the reduced product. White or light grey particles are alloy whereas dark particles represent gangue.
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Table 3. Mass distribution (wt %) of the products in various size fractions following sieving-elutriating separation.







	
Size Fraction (µm)

	
Concentrate (wt %)

	
Middling (wt %)

	
Tailings (wt %)

	
Total (wt %)






	
>500

	
8.38

	
0

	
1.19

	
9.57




	
250–500

	
29.75

	
6.75

	
15.46

	
51.95




	
150–250

	
12.48

	
0.49

	
6.95

	
19.91




	
105–150

	
3.36

	
0

	
2.63

	
5.98




	
<105

	
0

	
0

	
12.58

	
12.58




	
Total

	
53.96

	
7.24

	
38.80

	
100










The elemental distribution of Cr, Fe, Mg, Al, and Si among the concentrate, middling, and tailings fractions is plotted in Figure 17, based on the chemical analysis. It should be noted that this concentrate fraction represents the combined concentrate produced from all size fractions. The same is true for the middling and tailings fractions. The concentrate fraction, representing 53.96 wt % of the total starting mass, contains impurities of 0.25 wt % Mg, 0.14 wt % Al, and 0.96 wt % Si in their oxide forms. This means the concentrate fraction has only 2.85 wt % oxides/silicates as the entrained gangue. As seen from Figure 17, metal recoveries of 83.5 wt % Cr and 90.6 wt % Fe were achieved in the concentrate fraction, while most of Mg, Al and Si reported to the Tailings fraction. The Middling fraction can be further processed to increase the metal recovery.


Figure 17. Elemental distribution (normalized to 100 wt % for each element) among the concentrate, middling, and tailings.
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4. Conclusions


Addition of CaCl2 was effective both in accelerating the carbothermic reduction of chromite and in promoting the formation of individual ferrochrome alloy particles from outside of the chromite particles via the chloride segregation mechanism. With the CaCl2 additive, formation of finely divided alloy particles within chromite was minimized, which enabled the subsequent separation of ferrochrome from the unwanted gangue without the need of physical liberation (e.g., milling). The particle size of the alloys, which was largely determined by the particle size of the starting carbonaceous reductant (i.e., graphite), was large enough to allow efficient separation using the elutriating separation technique.



CaCl2-assisted carbothermic reduction of chromite by graphite was thermally activated and was relatively fast at temperatures higher than 1200 °C. Near-complete metallization of both Cr and Fe at 1300 °C generally took place between 1 to 2 h. Compared to the powder sample, pelletization of the mixture of chromite, graphite and CaCl2 resulted in a slightly faster reduction. Pelletization minimized the evaporation of chloride during reduction because of its lower porosity. Only a stoichiometric amount of graphite was required for complete reduction. Excessive carbon addition resulted in the presence of residual carbon cores in the ferrochrome alloy particles. After segregation reduction, the residual chromite particles were highly porous and mainly composed of finely-divided monoxide (MgO) and spinel (MgAl2O4) phases. The presence of siliceous gangue (e.g., clinochlore) caused partial sintering among chromite particles during reduction, which also consumed CaCl2 forming wadalite (Ca6Al5Si2O16Cl3). The majority (~60%) of the CaCl2 remained in the reduced product in a water-soluble chloride form, and about 30% evaporated during reduction. Both forms representing >90% of the original CaCl2 can be recovered for re-use to minimize the material cost from a practical point of view. By taking advantage of the density difference between the ferrochrome and the unwanted gangue, pure ferrochrome alloy (with 2.85 wt % gangue) in its M7C3 powder form was successfully produced using elutriating separation, with total metal recoveries of 83.5% Cr and 90.6% Fe.
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