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A B S T R A C T   

The depletion of the primary metal sources has prompted the exploration of alternative avenues 
for metal recovery. In the case of titanium and iron, the ferrovanadium residue produced through 
roast-leach processing of titanomagnetite presents a viable option for accessing these metals. 
Titanomagnetite resources, which contain valuable elements, such as iron, vanadium, and tita-
nium, possess significant valuable potential. Titanomagnetite deposits are normally treated via 
smelting for vanadium or vanadium and iron recovery; titanium is not commercially recoverable. 
Titanomagnetites have recently been processed through the roast-leach method for vanadium 
primary production, and iron and titanium are typically part of the waste stream in this process. 
This study proposes a novel approach to determine the characteristic mineralogy and to study the 
phase transformation sequence of the roasted-leached ferrovanadium residue during the pre- 
oxidation process. Leaching was also done to evaluate the extraction potential of Fe, V and Ti 
on the pre-oxidized residue in comparison to the raw residue The roasted-leached ferrovanadium 
residue was sampled using the cone and quartering method and then, dried in an oven at tem-
peratures of between 30 and 40 ◦C, for an hour after which, the remaining moisture content was 
determined. The bond milling method was employed to reduce the sample size, while the particle 
size distribution (PSD) was verified by using the standard laboratory Tyler series. Thereafter, the 
roasted-leached ferrovanadium residue was characterized with XRD, SEM, ICP-OES, and XRF. The 
samples were pre-oxidized at temperatures ranging from 300 ◦C to 1000 ◦C with an aim of 
improving the grades of iron, vanadium, and titanium-bearing minerals prior leaching. The re-
sults revealed the moisture content to be ~5.07%. The bond work index of typical slags was 
estimated to be 10.2 kwh/t, with a determined d80 value of 200 μm. According to the XRF 
analysis, the predominant compounds present are hematite, Fe2O3 (75.55%), titanium dioxide, 
TiO₂ (12.79%), silicon dioxide, SiO2 (3.03%), and alumina, Aℓ2O3 (2.62%), along with minor 
compounds. XRD patterns exhibited the presence of FeTiO3 and VO2 in the as-received samples, 
while pre-oxidation induced the evolution of new phases such as hematite, rutile, anatase, and 
pseudobrookite.   
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1. Introduction 

Vanadiferous titaniferous magnetite deposits also known as titanomagnetites deposits with vanadium occurring in the magnetite 
are located in the Bushveld Complex of South Africa [1,2]. Titanomagnetite resources which contain valuable elements such as: iron, 
vanadium, and titanium, possess significant valuable potentials [3–5]. Consequently, the exploitation of titanomagnetite has attracted 
considerable attention [6–8]. Vanadium is contained in titanomagnetite to a significant extent (between 1.2 and 2.2% V2O5), and it has 
been historically mined by various companies. Titanomagnetites also contain iron ore in the form of magnetite and titanium with 
concentrations ranging between 50 and 75% of FeO to between 12 and 21% of TiO2. Titaniferous ores have traditionally been dis-
missed as a source of iron and titanium; this is due to the known difficulties of using iron ore with high titania content in a blast furnace 
operation [9]. 

Titanomagnetite serves as a primary source of vanadium, with approximately 88% of the world’s vanadium being extracted from 
this mineral [9,10]. Traditionally, the blast furnace and basic oxygen furnace processes have been employed for vanadium and iron 
recovery in titanomagnetite utilization. However, these processes exhibit relatively low recovery ratios for iron (in pig iron), vanadium 
(in vanadium slag), and titanium (in ilmenite). Moreover, a significant amount of high-titanium slag is discarded resulting in the 
resource wastage and the associated environmental pollution [11]. Various alternative processes including chemical extraction, direct 
reduction, and electric arc furnace (EAF) smelting procedures have been proposed and studied. However, most of these processes have 
not demonstrated commercial viability due to poor selectivity, low recovery rates, and limited economic efficiency [12,13]. Moreover, 
due to their low grades, fine grain size, and complex mineralogy, titanomagnetite ores pose challenges in their treatment [1,2]. 

Recently, titanomagnetites are also processed through the roast-leach process for vanadium primary production. However, in this 
process, iron and titanium generally form part of the waste stream [14]. The conventional roast-leach process involves roasting 
vanadium-bearing titanomagnetite in the presence of a sodium reagent (e.g., salt (NaCI), sodium sulphate (Na2SO4), and soda ash 
(Na2CO3) as common sodium sources), followed by controlled pH leaching with water as the lixiviant. This method effectively rejects 
impurities, yielding sodium metavanadate (NaVO3) [15]. The aim of the roasting stage is to convert vanadium species in titano-
magnetite into leachable phases [16]. The roast-leach process is deemed superior to the smelting process in terms of cumulative 
vanadium recovery [17]. 

The processing of ferrovanadium through the roast-leach process results in the generation of significant quantities of waste slag 
stockpiles derived from titanomagnetite. These stockpiles typically, consist of titanium (in the form of rutile) and highly magnetic iron 
hence, rendering them unusable. However, the comprehensive utilization of these tailings has gained increasing importance due to the 
stricter environmental regulations, cleaner production standards, and the scarcity of valuable resources [18,19]. 

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of thermal analysis in which the mass of a sample is 
measured over time as the temperature changes. TGA aids in the identification of phase transformations prior pre-oxidation. Pre- 
oxidation, also referred to as calcination, involves subjecting the sample to heat in the presence of oxygen in order to observe the 
sequence of phase transformations during this process [20]. Ramakokovhu et al. [20] examined the characteristics of the pre-oxidized 
metastable ilmenite phases by using the electrochemical techniques to acquire thermodynamic data. The thermodynamic data indi-
cated the specific temperatures at which phase transformation occurs by using the enthalpy heat of fusion characterization technique. 
This phase quantification of the thermodynamic data enables an opportunity to target the optimum temperature and obtain the desired 
phases prior to subsequent purification process. The results revealed that at 816 ◦C, ilmenite decomposed to form a new solid-solid 
intermediate metastable phase, Fe3Ti2O7 (pseudorutile), which is amenable to leaching. 

This study seeks to determine the characteristic mineralogy of the roast-leach ferrovanadium residue and investigates the phase 
transformation sequence experienced during pre-oxidation. An acid-leaching process was also utilized to determine the extraction 
potential of iron, vanadium, and titanium from both the raw residue and the pre-oxidized residue. The roast-leach ferrovanadium 
residue was subjected to mineralogical characterization by using the integrated instrumental techniques to obtain detailed information 
on the phases and phase transformation, morphology and chemical composition of the as-received and pre-oxidized roast-leach fer-
rovanadium residue. The intention is to comprehensively utilize the roast-leach ferrovanadium residue by recovering Fe, V, and Ti and 
the resulting residue will be environmentally benign and suitable for use as construction materials [12,13]. This could be the potential 
solution for reducing environmental pollution and improving the economic sustainability of minerals [21]. 

2. Methodology 

2.1. Sample sourcing and preparation 

The residue used in this study was obtained from the Main Magnetite Layer (MML) of the Bushveld Complex in South Africa, 
following the roast-leach processing to produce ferrovanadium and waste residue. The sample was prepared by an initial sampling 
procedure using cone and quartering method and then dried in an oven at a temperature between 30 and 40 ◦C for 1 h to remove 
moisture. The as-received roast-leach ferrovanadium residue went through size reduction using a ball mill and a pulverizer to achieve 
80% of the pulverized sample passing through a 75-μm sieve. To determine the appropriate number of balls for the ball mill, a ratio of 
1:4 was employed, where one represented the mass of the ball and four represented the mass of the sample. Accordingly, the necessary 
weight of the balls was recorded, and milling was conducted for a duration of 1 h. After milling, a rotary splitter was utilized to obtain a 
representative sample. Sample bags, laboratory scale, and a sample scoop were employed in the preparation and collection of the 
required samples. As part of sample preparation, the moisture content of the residue was determined. The particle size distribution of 
the sample was determined through sieve analysis, a technique involving the sifting of the sample through a stack of wire mesh sieves 
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to separate it into distinct size ranges. To facilitate this process, a sieve shaker was utilized to vibrate the sieve stack for a specific 
duration of 30 min. The vibration facilitated the re-orientation of particles with irregular shapes as they passed through the sieves. The 
resulting particle size distribution was then determined and verified by using the standard laboratory Tyler series sieves, as both 
methods provided information on the cut size. 

The TGA was employed to investigate the behaviour of phase changes in both the as-received roast-leach residue and the raw 
ilmenite. This measurement provides information about various physical phenomena, such as phase transitions, absorption, adsorp-
tion, and desorption, as well as possible chemical phenomena like chemisorption, thermal decomposition and solid-gas reactions (e.g., 
oxidation or reduction). The TGA played a crucial role in identifying the phase transformations that occurred prior to pre-oxidation 
procedure. 

2.2. Pre-oxidation of the roast-leach ferrovanadium residue 

The pre-oxidation process of the roast-leach ferrovanadium residue was conducted in a muffle furnace at temperatures ranging 
from 300◦ to 1000 ◦C for durations of between 30 min and 3 h. An electrical-resistance-heated muffle furnace was utilized, with 
crucibles serving as heating vessels within the furnace. The furnace ramping speed rate was set at 10 ◦C per minute. At every 30 min 
interval, the pre-oxidized roast-leach ferrovanadium residue was taken out of the furnace and the mineralogical characteristics of the 
pre-oxidized roast-leach ferrovanadium residue was determined. The phase transformations that occurred during pre-oxidation pro-
cess are outlined in equations (1)–(3) below: 

4FeTiO3(s) +O2(g) → 2Fe2O3(s) + 4TiO2(s) (1)  

4FeTiO3(s) +O2(g) → 2Fe2TiO5(s) + 2TiO2(s) (2)  

TiO2(s) +Fe2O3(s)→Fe2TiO5(s) (3)  

2.3. Mineralogical analysis 

The roast-leach ferrovanadium residue and the pre-oxidized residue went through a comprehensive characterization process uti-
lizing integrated instrumental techniques to obtain detailed information as outlined by Samal et al., [22]. After milling and sizing of the 
residue, wet and dry chemical analyses were conducted. The phase identification studies of the samples were conducted using XRD 
technique. The samples were examined by using a PANalytical X’Pert Pro powder diffractometer, equipped with an X’Celerator de-
tector and variable divergence and receiving slits with Fe-filtered Co-Kα radiation. The X’Pert High score plus software was used to 
identify the phases. The chemical composition of the samples was determined by using ZSX Primus II XRF machine. The morphological 
structure of the samples was examined using the JEOL, JSM-7600F. The machine was operated with a 20 KV voltage and a working 
distance of 15 mm was set between the specimen and the detector. The solutions obtained after the aqua regia digestion, were analyzed 
by using the ICP-OES to perform the compositional analysis. The Fe, V, and Ti concentrations were determined by using a Spectro 
ARCOS® ICP-OES. 

3. Results and discussions 

3.1. Characterization of the as-received roast-leach ferrovanadium residue 

3.1.1. Physical properties and size reduction results 
The moisture content of the as-received roast-leach ferrovanadium residue was determined to be 5.07%, falling within an 

Fig. 1. Particle size distribution curve of as-received roast-leach ferrovanadium residue (A) before milling and (B) after milling.  
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acceptable range that does not require extensive drying. This moisture level enables easy handling during PSD analysis, as excessive 
moisture content can potentially result in sample agglomeration. The bond work index for typical slags was estimated at 10.2 kWh/t by 
Michaud [23] resulting in a calculated work/energy input of 7.35 kWh/t. A higher bond work index value indicates increased difficulty 
in grinding the material. According to Michaud [23] and Mkurazhizha [24], residue (slag) is classified as having medium hardness 
based on the work index. Minerals are categorized by their work index into extremely hard (19.81–30.99), hard (13.37–16.76), 
medium (8.01–10.33), and soft (4.73–6.22). With a bond work index falling within the medium hardness range, grinding this material 
should not present significant challenges. 

Fig. 1(A) presents the particle size distribution of the as-received roast-leach ferrovanadium residue, determined by the laboratory 
Tyler series. The results indicate that the particle size of 500 μm had a 50% passing rate, denoted as d50. However, the particle size 
corresponding to the 80% passing rate, known as d80, could not be detected in this experimental procedure. This absence of d80 
suggests that the material is quite coarse, necessitating milling to achieve sample liberation. Fig. 1(B) also shows the particle size 
distribution of the roast-leach ferrovanadium residue after milling. The results indicate that the majority of the particle sizes (d80) were 
found within a range of − 200 μm and +106 μm, signifying some degree of liberation during milling. Thus, in this study, a pulverizer 
was used for further size reduction to achieve the 80% passing of 75 μm. 

3.1.2. Mineralogical analysis of the as-received roast-leach ferrovanadium residue 
The chemical composition of the raw roast-leach ferrovanadium residue, analyzed by using the XRF, is presented in Table 1. 

Hematite (Fe2O3) is the dominant mineral, comprising 75.55% of the residue’s weight. Titanium dioxide (TiO2) at 12.79% is the next 
significant component. Titanium dioxide is commonly associated with minerals, such as ilmenite, rutile, and anatase [25]. Addi-
tionally, the residue contains 3.03% silica (SiO2) and 2.62% alumina. These findings highlight the presence of some undesirable 
compounds in the residue that will require removal during the reclamation process. 

Table 2 presents the average concentrations of iron, titanium, and vanadium in the residue, as determined by ICP-OES. Each value 
in Table 2, represents the average of three trials. The highest concentrations of Fe and Ti were observed to be 63,789.00 mg/ℓ and 
5339.00 mg/ℓ, respectively, at a particle size of 75 μm. Similarly, the highest concentration of vanadium was found to be 63.74 mg/ℓ 
at the same particle size. This indicates the fact that by reducing the particle size to 75 μm, is necessary to achieve the liberation of Fe, 
Ti, and V. These specific particle sizes represent the effective liberation sizes for each of the elements. 

The X-ray diffraction (XRD) analysis of the residue particles at various sizes, ranging from 600 μm to − 38 μm, and the raw sample, 
as shown in Fig. 2, reveals the presence of FeTiO3 (ilmenite) and VO2 (vanadium oxide). Ilmenite is the dominant crystalline phase, 
followed by vanadium oxide, indicating the typical composition found in metallurgical slags [3,26]. The presence of these valuable 
components in the residue, emphasizes the importance of reclaiming and recycling them to prevent environmental challenges. It is 
crucial for the metallurgical industry to explore methods of transforming these waste materials into valuable resources, and hence, 
promoting a zero-waste approach through recycling and reuse. 

Fig. 3 (A, B) shows the SEM micrographs of the as-received roast-leach ferrovanadium residue. The results show that the micro-
structures contain particles of different shapes and sizes, small to medium and large particles with different shades and textures. The 
results show that ilmenite is associated with a light grey shade that is dominant, followed by a blackish or dark shade, associated with 
vanadium dioxide. The light grey shade has a considerable smoother texture than the blackish darker shade, which has a rough texture 
[27]. The variation in shades from light to dark grey, confirmed the association of titanomagnetite with other minerals [28]. 

3.1.3. Thermogravimetric analysis of the as-received roast-leach ferrovanadium residue versus ilmenite 
The thermogravimetric properties of the as-received roast-leach ferrovanadium residue was compared with ilmenite, a metal oxide 

mineral that primarily consists of iron and titanium oxide (FeTiO3). The rationale behind this comparison stems from the ilmenite’s 
historical use as a key source of titanium metal. It was anticipated that the thermogravimetric analysis of the as-received roast-leach 
ferrovanadium residue used in this study, would exhibit a similar pattern to that of ilmenite. Hence, this comparison was undertaken to 
explore any resemblances or correlations between the two materials. Their phase transitions were examined under oxygen at tem-
peratures ranging from 100 ◦C to 1000 ◦C. Fig. 4 illustrates the TGA results for ilmenite, while Fig. 5 presents the TGA results for the as- 
received roast-leach ferrovanadium residue. Both graphs display similar trends. In the TGA analysis of ilmenite, a phase change was 
observed at ~350 ◦C, followed by a prominent peak at ~816 ◦C, indicating significant phase transitions. Similarly, the TGA analysis of 
the as-received roast-leach ferrovanadium residue, showed a comparable pattern with a phase change occurring at ~350 ◦C and a 
significant peak observed at 816 ◦C. These findings highlight the similarity in the thermal behaviour of the two samples, during their 
TGA analyses. These findings align with the research conducted by Ramakokovhu et al. [29], which demonstrated that at 816 ◦C, 
ilmenite decomposed to form a new intermediate metastable phase known as a heterostructure of Fe2O3⋅2TiO2. The TGA analysis tally 
with the phase transformation interpretation from the XRD, XRF, and SEM analyses of the pre-oxidized roast-leach ferrovanadium 
residue. A similar pattern is observed with weight loss at 300 ◦C. The calculated weight loss was 0.39% for ilmenite and 0.43% for the 
roast leach residue. This indicates that the roast leach residue had a slightly higher weight loss compared to ilmenite. 

Table 1 
Chemical composition of the raw roast-leach ferrovanadium residue determined by XRF analysis.  

Components (wt.%) 

Na2O MgO Al2O3 SiO2 CaO TiO2 Cr2O3 Fe2O3 

1.85 0.22 2.62 3.03 0.59 12.79 0.11 75.55  
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3.2. Mineralogical analysis of the pre-oxidized roast-leach ferrovanadium residue 

3.2.1. XRD analysis of pre-oxidized roast-leach ferrovanadium residue 
XRD analysis was conducted to study the phase transformation of the residue during pre-oxidation. The residue underwent 

calcination in a furnace, utilizing the temperature parameters specified in the literature [29]. The temperature range spanned from 
300 ◦C to 1000 ◦C, and samples were extracted at 30-min intervals over a total duration of 3 h. During the pre-oxidation process, 
notable changes were observed in the XRD patterns as exhibited in Fig. 6 (A-C), indicating the emergence of new peaks at various 
temperatures and durations of the pre-oxidation process. These findings suggest the presence of compounds other than ilmenite and 
vanadium dioxide [30] aligning with the schematized reactions in section 2.2 (equations (1)–(3)). Specifically, the peaks corre-
sponding to ilmenite and hematite were detected at the diffraction peaks of 25◦, 34◦, and 36◦ [31]. These phases were detected as 
dominant phases in the raw slag as evident in Fig. 6(A). Subsequently, the crystalline phases of hematite, pseudobrookite, rutile, and 
anatase emerged [17] as observed at 500 ◦C, for 2 h. Similarly, at 600 ◦C for 3 h and 700 ◦C for 2½ hours, the same phases were present, 
with an increased occurrence of rutile and hematite at 700–800 ◦C and pseudobrookite at above 900 ◦C, as also observed in the XRD 
quantitative analysis in Table 3. Distortions in the crystal lattice were observed at temperatures of between 900 ◦C and 1000 ◦C, 
accompanied by diminishing hematite, rutile and ilmenite phases. According to Equation (2), the transformation of ilmenite into 
pseudobrookite accounts for the reduction in ilmenite phases observed after reaching 900 ◦C. Simultaneously, as per Equation (3), 
hematite and rutile undergo consumption, leading to their decline beyond 900 ◦C. These observations are further validated by the 
quantitative XRD analysis presented in Table 3. However, studies on the pre-oxidation of ilmenite, have confirmed the formation of 
another phase, Fe3Ti3O9 (pseudorutile), at a temperature of ~814 ◦C [32]. This pseudorutile phase is known to be amenable to 
leaching. This phase was not detected in the pre-oxidized residue samples examined in this study. 

Table 2 
Results of ICP-OES the raw roast-leach ferrovanadium residue after aqua regia digestion.  

Name of element symbol Average quantity (mg/l) at different particle sizes 

38 μm 75 μm 105 μm 250 μm 

Iron Fe 62,362.00 63,789.00 62,312.00 62,311.00 
Titanium Ti 5230.00 5339.00 5225.00 5013.00 
Vanadium V 62.57 63.74 62.54 61.99  

Fig. 2. XRD after milling at different particle sizes ranging from − 38 to 850 μm.  
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3.2.2. XRF analysis of pre-oxidized roast-leach ferrovanadium residue 
The results from the XRF in Table 4, show the chemical composition of the pre-oxidized roast-leach ferrovanadium residue at 

700 ◦C, 800 ◦C and 900 ◦C. At 800 ◦C, minimal variations were observed, with a slightly higher rutile formation of 14.01% and Fe2O3 
content of 77.52% when compared to the residue that were pre-oxidized at 700 ◦C and 900 ◦C. These findings align with the XRD 
results, indicating an increased formation of the rutile phase and Fe2O3 at 800 ◦C and confirming the occurrence of phase trans-
formation during pre-oxidation. At 900 ◦C, there was a minimal rutile formation of ~13.56% and Fe2O3 content of ~76.91%. These 
results align with a study by Ramakokovhu et al. [29], suggesting that at temperatures above 900 ◦C, the rutile hematite and rutile 
phases forms another phase, known as pseudobrookite. 

The significant iron (Fe) content is attributed to the abundant presence of ilmenite, as evidenced from the XRD results. On the other 
hand, the presence of silicon (Si) is attributed to the occurrence of the quartz phases. It was observed that vanadium oxide or any 
vanadium compound was not detected and this phenomenon was caused by spectral interferences, because the content of vanadium 
was very low; to a level where the XRF could not detect the phase, which was likely due to spectral interferences and the low vanadium 
content. The vanadium concentration was at such a low level that it fell below the detection limit of the XRF spectroscopy. This 
observation is further supported by the ICP-OES results presented in Table 2, where vanadium exhibited the lowest concentration 

Fig. 3. SEM microstructure image of the as-received roast-leach ferrovanadium residue under different magnifications (A) 100 μm and (B) 20 μm.  

Fig. 4. Thermogravimetric analysis of ilmenite.  
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Fig. 5. Thermogravimetric analysis of as-received roast-leach ferrovanadium residue.  

Fig. 6. XRD patterns for the pre-oxidation residue at temperatures ranging from (A) room temperature to 400 ◦C, (B) 500 ◦C–700 ◦C and 
(C) 800 ◦C–1000 ◦C. 
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amongst the other elements, viz: Fe, Ti, and V. Additionally, Fig. 6 in the XRD analysis, displays ilmenite, as the dominant phase across 
all particle sizes, providing further confirmation of the low vanadium content within the residue. 

3.2.3. SEM analysis of pre-oxidized roast-leach ferrovanadium residue 
Figs. 7–10 present the SEM micrographs and EDS data of the raw and the pre-oxidized roast-leach ferrovanadium residue, processed 

for a duration of 2 h at temperatures of 700 ◦C, 800 ◦C, and 900 ◦C. These specific temperatures and duration were selected based on 
the XRD analysis, which confirmed the significant formation of hematite and slight increase of rutile at these conditions. The raw 
residue is depicted in Fig. 7, revealing a rough texture, indicating the fact that the morphology remained unaltered. Additionally, the 
Energy Dispersive X-ray (EDS) elemental mapping micrograph in Fig. 7, showcases different shades of grey colour and textures, 
representing various compounds. The dominant light grey colour with a smoother texture, corresponds to ilmenite. In contrast, a 
blackish or darker shade, less smooth than ilmenite, exhibits high intensities for vanadium, titanium, as well as the presence of im-
purities, such as alumina (Aℓ) and silica (Si). These impurities are inter-deposited within the ilmenite grains, forming pits. The SEM 
results depicted in Figs. 8–10, focussed on the pre-oxidized residue, processed for a duration of 2 h at temperatures: 700 ◦C, 800 ◦C, and 
900 ◦C, revealing significant changes in morphology. The presence of pores is evident, indicating the fact that these pores did expand 
during the heating process. This observation aligns with the occurrence of a phase transformation, as confirmed by the XRD results. 

Fig. 7 shows the EDS analysis on spectrum 1 of the raw residue. There are many elements in traces, strongly suggesting the fact that 
the residue contained magnetite and possibly hematite. The presence of Ca, Si, Aℓ, O, means that the raw residue, contained: ilmenite, 
sphene, plagioclase, quartz, hematite, rutile, and anatase. Fig. 8 shows the EDS analysis on spectrum 1 of the pre-oxidized residue at 
700 ◦C, while Fig. 9, spectrum 2 of pre-oxidized residue at 800 ◦C and Fig. 10 shows pre-oxidized residue at 900 ◦C. Carbon was 
eliminated from the results because the presence of C can be attributed to the double-sided carbon tape, used to stick the samples for 
SEM analysis. The presence of Fe, Ti and V in all spectra of the EDS analyses, as evidenced in Figs. 7–9 and 10, confirmed the XRD, and 
XRF results and the assertion by Geldenhuys [5] that there exist, the opportunities to optimally extract iron, vanadium and titanium by 
optimising the titanomagnetite slag operating conditions. 

3.2.4. ICP-OES analysis of pre-oxidized residue and raw residue 
The pre-oxidation process involved heating the slag from 300 ◦C to 1000 ◦C, with specific temperatures ranging from 700 ◦C to 

900 ◦C selected as they represented the optimal conditions for rutile formation. This selection was based on the XRD results presented 
in Fig. 6, as well as findings from a previous study by Ramakokovhu et al. [29]. At these chosen temperatures (700 ◦C–900 ◦C), aqua 
regia was utilized to digest the slag, enabling the quantification of iron, titanium, and vanadium extraction using the ICP-OES 
instrumental technique. 

Fig. 11 (A) illustrates the quantities of iron and titanium, while Fig. 11 (B) shows vanadium extraction for the different residue 
samples. The highest extraction quantities were observed in the raw residue samples at 69,900.00 mg/L, 5710.00 mg/L and 67.90 mg/ 
L, for Fe, Ti, and V, respectively. Conversely, the lowest extraction for Fe, Ti, and V was observed in the pre-oxidized residue samples 
compared to the raw residue. This disparity was attributed to the formation of non-amenable phases, such as pseudobrookite, which 
began to emerge at 500 ◦C and became more dominant above 900 ◦C, as observed in the XRD analysis (section 3.2.1). This observation 
suggests that the conventional pre-oxidation of complex phases into simpler leachable phases may not be suitable for the roast-leach 
ferrovanadium residue, as evidenced by the ICP results showing higher recovery of Fe, Ti, and V in the raw residue rather than in the 
pre-oxidized residue. 

Table 3 
Mineralogical quantification of the pre-oxidized residue at different temperatures and raw residue determined by XRD analysis.   

Weight (%) 

1000 ◦C 900 ◦C 800 ◦C 700 ◦C 600 ◦C 500 ◦C 400 ◦C 300 ◦C Raw 

Hematite 31.1 42.8 48.7 49.8 49.2 28.7 42.4 42.1 42.9 
Rutile  1.5 1.7 1.8 1.7  1.5 1.5 1.5 
Ilmenite 31.5 46.2 49.1 48.4 49.0 28.2 43.4 43.3 42.4 
Anatase  13.1    8.7 12.7 13.1 13.2 
Vanadium 0.3  0.5       
Pseudobrookite 37.2     34.4     

Table 4 
Chemical composition of the pre-oxidized roast-leach ferrovanadium residue determined by XRF analysis.   

Components (wt. %) 

Na2O MgO Aℓ2O3 SiO2 CaO TiO2 Cr2O3 Fe2O3 SO3 

Pre-oxidized slag at 700oC 1.89 0.16 2.15 2.79 0.73 13.66 0.13 76.70 0.76 
Pre-oxidized slag at 800oC 1.04 0.19 2.83 2.42 0.69 14.01 0.17 77.52 0.82 
Pre-oxidized slag at 900oC 1.66 0.17 2.43 2.95 0.61 13.56 0.14 76.91 0.78  
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4. Conclusion 

This study presents the characterization and the pre-oxidation findings of the roast-leach ferrovanadium residue, including the 
sequence of phase transformations during the pre-oxidation process. The extraction potential of the raw residue versus the pre- 
oxidized residue was also evaluated. PSD analysis showed a P80 of 200 μm after milling. The XRF analysis revealed the presence in 
the residue, for hematite (75.55%), titanium dioxide (12.79%), silica (3.03%), and alumina (2.62%). 

XRD analysis revealed the presence of ilmenite (FeTiO3) and vanadium dioxide (VO2) phases in the as-received samples, with 
Thermogravimetric analysis highlighting critical phase transformation temperatures at 350 ◦C and 816 ◦C. This data facilitated the 
precise targeting of optimal oxidation temperatures, crucial for obtaining desired phases prior to subsequent leaching processes. 
Furthermore, consistent results from XRD, XRF, and SEM analyses confirmed the formation of new phases such as hematite, rutile, 
anatase, and pseudobrookite. Notably, the dominance of pseudobrookite phases at temperatures exceeding 900 ◦C was evident from 
XRD analysis of the pre-oxidized residue. 

Despite the promising phase transformations observed, uncertainties arose about the feasibility of pre-oxidizing the complex roast- 
leach ferrovanadium residue to leachable phases. Analysis using ICP-OES revealed low extraction of Fe, V, and Ti quantities in the pre- 
oxidized residue compared to the raw residue. This is attributed to the formation of non-amenable phases, particularly pseudobrookite, 
which emerged at 500 ◦C and became more dominant above 900 ◦C. 

Fig. 7. SEM Micrograph and EDS of the raw roast-leach ferrovanadium residue.  

Fig. 8. SEM Micrograph and EDS of the pre-oxidized residue at 700 ◦C for 2 h.  
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[32] M. Guéguin, F. Cardarelli, Chemistry and mineralogy of titania-rick slags. Part 1-Hemo-Ilmenite, sulphate, and upgraded titania slags, Miner. Process. Extr. 
Metall. Rev. 28 (2007) 1–58, https://doi.org/10.1080/08827500600564242. 

M. Nevondo et al.                                                                                                                                                                                                      

http://refhub.elsevier.com/S2405-8440(24)04339-1/sref29
http://refhub.elsevier.com/S2405-8440(24)04339-1/sref29
http://refhub.elsevier.com/S2405-8440(24)04339-1/sref30
http://refhub.elsevier.com/S2405-8440(24)04339-1/sref30
https://doi.org/10.1007/s11661-010-0173-y
https://doi.org/10.1007/s11661-010-0173-y
https://doi.org/10.1080/08827500600564242

	Phase transformation sequence of pre-oxidized roast-leach ferrovanadium residue
	1 Introduction
	2 Methodology
	2.1 Sample sourcing and preparation
	2.2 Pre-oxidation of the roast-leach ferrovanadium residue
	2.3 Mineralogical analysis

	3 Results and discussions
	3.1 Characterization of the as-received roast-leach ferrovanadium residue
	3.1.1 Physical properties and size reduction results
	3.1.2 Mineralogical analysis of the as-received roast-leach ferrovanadium residue
	3.1.3 Thermogravimetric analysis of the as-received roast-leach ferrovanadium residue versus ilmenite

	3.2 Mineralogical analysis of the pre-oxidized roast-leach ferrovanadium residue
	3.2.1 XRD analysis of pre-oxidized roast-leach ferrovanadium residue
	3.2.2 XRF analysis of pre-oxidized roast-leach ferrovanadium residue
	3.2.3 SEM analysis of pre-oxidized roast-leach ferrovanadium residue
	3.2.4 ICP-OES analysis of pre-oxidized residue and raw residue


	4 Conclusion
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	References


