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1. The production of high-purity tungsten oxide (WO₃) from low-grade scheelite concentrates is a key challenge in hydrometallurgy due to the presence of impurities such as Si, P, and As. In this study, sodium tungstate solutions obtained by soda leaching of scheelite were purified using aluminum and magnesium salts under controlled conditions (85–90 °C, pH 8.0–9.5). The results showed that aluminum salts effectively removed silicon, while magnesium salts improved arsenic removal. The effectiveness of the proposed purification approach was verified by XRD and SEM–EDS analyses, which confirmed the preservation of the crystalline WO₃ phase and a significant reduction of impurity phases. The results demonstrate that the proposed purification approach enables efficient processing of low-grade scheelite concentrates and the production of high-purity WO₃ under relatively mild conditions.
2. Introduction

The production of high-purity tungsten oxide (WO₃) from scheelite concentrates remains an important challenge in hydrometallurgy due to its wide industrial applications. Tungsten exhibits high thermal stability, strength, and corrosion resistance, making it a strategic material for advanced technologies (Lassner and Schubert, 1999; Shedd, 2010). Scheelite (CaWO₄) is commonly processed by alkaline leaching to produce sodium tungstate (Na₂WO₄) solutions (Gupta and Krishnamurthy, 1992). The efficiency of this process strongly depends on the mineralogical composition of the raw material (Kumar et al., 2019). The presence of impurities such as silicon, phosphorus, and arsenic in these solutions significantly complicates purification and reduces the quality of the final product (Wang et al., 2014; Rao et al., 2017). Silicon can exist in both colloidal and dissolved forms, which makes its removal difficult (Filippov et al., 2014). Phosphorus and arsenic form stable aqueous species that limit the efficiency of conventional separation methods (Sun et al., 2019; Habashi, 1997). Similar challenges in impurity removal have been reported in tungsten hydrometallurgical systems (Zhang et al., 2015). Coagulation and precipitation are widely used for the purification of sodium tungstate solutions. Aluminum-based reagents effectively remove silicon through the formation of hydroaluminosilicate phases (Li et al., 2017). Magnesium salts show higher selectivity toward arsenic removal (Chen et al., 2019). The combined use of reagents improves overall purification efficiency by targeting multiple impurities simultaneously (Petrov et al., 2018). Process parameters, particularly pH and reagent dosage, play a key role in determining purification performance (Yang et al., 2020). The influence of precipitation conditions on impurity removal has also been widely discussed (Liu et al., 2016). Improved purification has been shown to increase the crystallinity and quality of WO₃ products (Zhou et al., 2018). The relationship between purification degree and product morphology has also been reported (Liu et al., 2020). Despite these advances, the efficient processing of low-grade scheelite concentrates remains a challenge due to variable impurity content. Therefore, this study aims to develop an effective purification strategy for sodium tungstate solutions derived from low-grade scheelite concentrates using combined aluminum and magnesium reagents. The work also evaluates the structural evolution of WO₃ using XRD and SEM–EDS analyses.2. Materials and Methods
Sodium tungstate (Na2WO4) solutions obtained from the processing of low-grade scheelite concentrates in soda solutions were used in this study. 
2.1 Raw materials
The concentrates were dissolved under hydrothermal conditions in an alkaline medium, allowing tungsten to be transferred into the solution in the form of sodium tungstate. The initial sodium tungstate solution contained 18.0 g/L WO₃, 0.54 g/L SiO₂, 0.020 g/L As, and 0.008 g/L P. These impurities originated from the mineralogical composition of the raw materials and were considered the main limiting factors for obtaining high-purity WO₃ during subsequent purification stages. 
2.2 Reagents
The following reagents were used in the purification process:

aluminum nitrate — Al(NO3)3
magnesium nitrate — Mg(NO3)2
Aluminum salts were used to precipitate silicon compounds in the form of hydroaluminosilicates. Magnesium salts were applied for the removal of arsenic from the solution.

Working solutions of the reagents were prepared in advance and used at the required concentrations. Based on preliminary optimization experiments, aluminum nitrate and magnesium nitrate were applied at dosages corresponding to 0.18 g/L Al³⁺ and 0.66 g/L Mg²⁺, respectively. 
2.3 Purification procedure
The purification of sodium tungstate solutions was carried out in a stepwise manner. Each purification experiment was performed using 1 L of sodium tungstate solution. First, aluminum nitrate was added to the solution to precipitate silicon-containing compounds. In the subsequent stage, magnesium nitrate was introduced to remove arsenic and partially phosphorus. The reagents were added sequentially under continuous mechanical stirring, and the purification process was conducted for 90 min under the specified temperature and pH conditions. After each purification stage, the resulting precipitate was separated by vacuum filtration prior to chemical analysis.
2.4 Experimental conditions
The experiments were carried out under the following conditions:

temperature: 85–90 °C 

pH: 8.0–9.5 

reagent dosage: 2.8–4.1 g/L 

mixing: continuous mechanical stirring 

During the process, the pH of the solution was monitored and adjusted when necessary.

2.5 Analytical methods
The chemical composition of the initial and purified solutions was determined using X-ray fluorescence (XRF) and conventional chemical analysis methods. These compositional data were used to evaluate the efficiency of the purification process.
The purification products were characterized by X-ray diffraction (XRD) for phase identification and by scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM–EDS) for morphological and elemental analyses. These methods were used to assess impurity removal, phase evolution, and tungsten retention during purification.
All purification experiments were performed in triplicate, and each sample was analysed three times. The reported values represent the mean of three independent experiments. The analytical uncertainty of the measurements did not exceed ±0.5%.
2.6 Process evaluation
The process performance was evaluated based on the following parameters:

- degree of reduction of Si, As, and P concentrations; 

- tungsten losses;

- purity of the final WO₃ product.
3. Results and Discussion

The following dependencies were studied.
3.1 Dependence of SiO₂ concentration on time
Figure 1 shows the variation of SiO₂ concentration during the processing of six scheelite concentrate batches with different mineralogical and chemical compositions. The differences between curves 1–6 indicate that the amount of silicon transferred into the solution depends on the initial composition and mineralogical characteristics of the concentrate.


For all investigated batches, the SiO₂ concentration increases rapidly during the initial stage and then gradually approaches a more stable level. The observed differences demonstrate the heterogeneous behaviour of silicon-containing components in different scheelite batches and indicate that the initial raw-material composition should be considered when selecting conditions for the subsequent purification of sodium tungstate solutions.
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Figure 1. Changes in SiO₂ concentration with processing time for six scheelite concentrate batches of different mineralogical and chemical compositions (curves 1–6).
3.2 XRD analysis results

The results of X-ray diffraction analysis (Fig. 2) clearly demonstrate the progressive improvement of the sample structure during the purification stages. The reflections observed in the diffractograms confirm the formation of a highly ordered crystalline phase. Although peaks at 2θ ≈ 23–25° and around 33° are present in all samples, their intensity and sharpness increase significantly in the sequence A-0 → A-1 → A-2. These changes are accompanied by a decrease in background intensity, indicating a reduction in amorphous components.
Comparative analysis shows that increasing purification results in more intense and better-defined diffraction peaks. These observations indicate progressive improvement in the crystallinity and structural ordering of the WO₃ phase during purification. The reduction in background intensity is consistent with the progressive removal of amorphous impurities.
Such evolutionary processes can be explained by speciation and polycondensation in the aqueous system: under decreasing pH conditions, tungsten species undergo hydrolysis, forming polynuclear clusters that subsequently condense into a solid WO₃ phase. Thus, the purification process is characterized not by a phase transition, but by an improvement in the crystalline structure. 
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Figure 2: XRD patterns of purified and unpurified WO₃ samples: (A-0) initial sample, (A-1) purified once, (A-2) purified twice.

3.3 SEM–EDS analysis results
SEM and EDS analyses (Fig. 3 and Fig. 4) were performed to evaluate the morphological evolution and elemental composition of the samples during the purification process.
The initial sample (scheelite concentrate, Fig. 3) exhibits irregular, heterogeneous, and agglomerated particles, reflecting the presence of mineral and technogenic impurities. The corresponding EDS analysis confirms the presence of impurity elements, including Fe, Zn, and S, indicating that the raw material contains significant non-tungsten mineral phases.
After the first purification stage (sample A-1), the particle morphology becomes more homogeneous, accompanied by a noticeable increase in tungsten content (≈80 wt.%). These observations indicate the progressive removal of impurity phases and the formation of a WO₃-rich solid product.
Following the second purification stage (sample A-2), the particles exhibit a fine crystalline morphology with a more uniform and compact structure. EDS analysis shows W ≈ 81.4 wt.% and O ≈ 18.6 wt.%, which are consistent with the stoichiometric composition of WO₃. The absence of significant impurity elements in the EDS spectrum further confirms the effectiveness of the purification process.
Comparison of the SEM–EDS results demonstrates a gradual transformation of the solid product from heterogeneous agglomerates to a more homogeneous crystalline material. This structural evolution is consistent with the XRD results and confirms that the sequential purification process effectively removes impurity phases while improving the structural quality of the WO₃ product.
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Figure 3: SEM analysis of initial scheelite concentrate (raw sample).
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Figure 4: SEM analysis of WO₃ after second purification stage (A-2).

3.4 General discussion
The obtained results demonstrate that the sequential application of aluminum and magnesium reagents provides an effective approach for the purification of sodium tungstate solutions. Aluminum nitrate efficiently removes silicon-containing impurities through precipitation, whereas magnesium nitrate promotes the removal of arsenic and partially phosphorus. The complementary action of these reagents results in higher purification efficiency while minimizing tungsten losses.
Compared with previously reported purification methods, which mainly focused on the selective removal of individual impurities using single reagents (Li et al., 2017; Chen et al., 2019), the proposed sequential treatment enables the simultaneous reduction of several major impurities under relatively mild operating conditions. The importance of selective sequential precipitation for the separation of multiple components from complex aqueous systems has also been demonstrated by Macingova and Luptakova (2012), who showed that controlled sequential precipitation can improve the selectivity of metal removal. The obtained results are also consistent with previous studies demonstrating the influence of precipitation conditions on impurity removal and the structural quality of WO₃ (Yang et al., 2020; Zhao et al., 2021).
The combined chemical analyses together with the XRD and SEM–EDS results consistently confirm that the proposed purification procedure effectively removes impurity phases while preserving the crystalline WO₃ structure. The improvement in phase purity and microstructural characteristics demonstrates the applicability of the proposed approach for producing high-purity tungsten oxide suitable for further technological processing.
4. Conclusions
A sequential purification process based on the combined application of aluminum and magnesium reagents was developed for sodium tungstate solutions obtained from low-grade scheelite concentrates. The proposed approach effectively removed silicon, arsenic, and phosphorus impurities under relatively mild operating conditions while preserving the crystalline WO₃ phase. The combined results of chemical analysis, XRD, and SEM–EDS consistently confirmed the effectiveness of the purification process and the production of high-purity tungsten oxide. The proposed purification strategy provides a scientific basis for improving the processing of low-grade scheelite concentrates and shows potential for further application in industrial hydrometallurgical production of tungsten compounds.
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