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Introduction

Tungsten has been classified as a critical metal by the European Union for its economic importance and high supply risk [START_REF]Critical raw materials for the EU: Report of the Ad-hoc Working Group on defining critical raw materials[END_REF]. The main sources of tungsten are wolframite [(Fe,Mn)WO 4 ] and scheelite (CaWO 4 ). Scheelite is mostly encountered in skarn ores, in which fluorite, apatite, and calcite constitute common gangue minerals. The froth flotation technique is widely used for scheelite beneficiation [START_REF] Deng | Investigation on the selectivity of N-((hydroxyamino)-alkyl) alkylamide surfactants for scheelite/calcite flotation separation[END_REF][START_REF] Wu | Experimental Study on Floatation of Scheelite Ore of Jiangxi[END_REF][START_REF] Gao | Selective flotation of scheelite from calcite and fluorite using a collector mixture[END_REF]. Fatty acids, particularly sodium oleate, are the main collectors for scheelite flotation, due to their high efficiency and low cost [5][START_REF] Yongxin | Selective flotation of scheelite from calcium minerals with sodium oleate as a collector and phosphates as modifiers. I. Selective flotation of scheelite[END_REF][START_REF] Miller | The Hydrophobic Character of Semisoluble Salt Minerals with Oleate as Collector[END_REF][START_REF] Pugh | Solution chemistry studies and flotation behaviour of apatite, calcite and fluorite minerals with sodium oleate collector[END_REF][9].

Separation of calcium minerals by flotation is very difficult because they exhibit the same surface properties [START_REF] Pugh | Solution chemistry studies and flotation behaviour of apatite, calcite and fluorite minerals with sodium oleate collector[END_REF][START_REF] Marinakis | The mechanism of fatty acid adsorption in the presence of fluorite, calcite and barite[END_REF]. This is due to the presence of Ca 2+ cations on both surface as well as very similar anions, WO 4 2-, CO 3 2-, and PO 4 3-[10,11]. Fatty acids are known to chemisorb onto the surface Ca 2+

ions [START_REF] Atademir | The surface chemistry and flotation of scheelite, II. Flotation "collectors[END_REF][START_REF] Marinakis | The surface chemical properties of scheelite (CaWO4) II. Collector adsorption and recovery of fine scheelite particles at the iso-octane/water interface[END_REF][START_REF] Foucaud | Molecular Insight into Fatty Acid Adsorption on Bare and Hydrated (111) Fluorite Surface[END_REF]. Thus, they display a lack of selectivity, inducing global flotation of the calcium minerals. However, the efficient flotation of scheelite from other calcium-bearing minerals has been reached using specific depressants [START_REF] Yongxin | Selective flotation of scheelite from calcium minerals with sodium oleate as a collector and phosphates as modifiers. I. Selective flotation of scheelite[END_REF]9,[START_REF] Ozcan | Electrokinetic, infrared and flotation studies of scheelite and calcite with oxine, alkyl oxine, oleoyl sarcosine and quebracho[END_REF][START_REF] Liu | Removing Fluorite and Calcite from Scheelite During Floatation Separation Process with Calcium-and Sodium-containing Reagents[END_REF][START_REF] Gao | Selective Flotation of Calcite from Fluorite: A Novel Reagent Schedule[END_REF][START_REF] Liu | Effect of depressants in the selective flotation of scheelite and calcite using oxidized paraffin soap as collector[END_REF].

The main depressant used in the selective separation of scheelite from gangue minerals is sodium silicate [START_REF] Marinakis | The surface chemical properties of scheelite (CaWO4) II. Collector adsorption and recovery of fine scheelite particles at the iso-octane/water interface[END_REF][START_REF] Liu | Effect of depressants in the selective flotation of scheelite and calcite using oxidized paraffin soap as collector[END_REF][START_REF] Qi | Mechanism of action of sodium silicate in the flotation of apatite from hematite[END_REF][START_REF] Marinakis | Influence of sodium silicate addition on the adsorption of oleic acid by fluorite, calcite and barite[END_REF]. This depressant exhibits better efficiency when it is used in conjunction with sodium carbonate [5,[START_REF] Liu | Removing Fluorite and Calcite from Scheelite During Floatation Separation Process with Calcium-and Sodium-containing Reagents[END_REF][START_REF] Oliveira | Development studies for the recovery of Brazilian scheelite fines by froth flotation[END_REF][START_REF] Lu | A Review on Flotation Process of Scheelite[END_REF][START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF]. Studies have demonstrated that the addition of metallic cations, such as Fe 3+ , Al 3+ , and Pb 2+ in the flotation process enhances the selectivity of the separation [START_REF] Oliveira | Development studies for the recovery of Brazilian scheelite fines by froth flotation[END_REF][START_REF] Abeidu | Selective depression of calcite from fluorite[END_REF][25][START_REF] Detienne | Valorisation par flottation d'un minerai de scheelite finement exprimée[END_REF][START_REF] Patil | Selective flotation of scheelite and calcite[END_REF][START_REF] Schubert | Further development of fluorite flotation from ores containing higher calcite contents with oleoylsarcosine as collector[END_REF][START_REF] Raatz | THE INFLUENCE OF MULTIVALENT CATIONS ON THE FLOATABILITY OF SCHEELITE[END_REF][START_REF] Feng | The combined effect of lead ion and sodium silicate in the flotation separation of scheelite from calcite[END_REF].

Moreover, organic polymers such as tannins and starch [START_REF] Ozcan | Electrokinetic, infrared and flotation studies of scheelite and calcite with oxine, alkyl oxine, oleoyl sarcosine and quebracho[END_REF][START_REF] Liu | Effect of depressants in the selective flotation of scheelite and calcite using oxidized paraffin soap as collector[END_REF]31], as well as chelating agents, e.g.

citric acid [START_REF] Gao | Selective Flotation of Calcite from Fluorite: A Novel Reagent Schedule[END_REF][START_REF] Bulatovic | Handbook of flotation reagents: chemistry, theory and practice[END_REF] and 1-Hydroxyethylidene -1,1-diphosphonic acid (HEDP) [START_REF] Wang | Reverse Flotation Separation of Fluorite from Calcite: A Novel Reagent Scheme[END_REF], are known to depress calcium-bearing minerals in some cases. Phosphate derivatives as sodium hexametaphosphate [(NaPO 3 ) 6 ], sodium phosphate (Na 3 PO 4 ), and sodium pyrophosphate (Na 4 P 2 O 7 ) are also widely used inorganic depressants for scheelite flotation from calcite and fluorite, known to chelate Ca 2+ ions in solution leading to a surface depletion in terms of calcium ions [START_REF] Yongxin | Selective flotation of scheelite from calcium minerals with sodium oleate as a collector and phosphates as modifiers. I. Selective flotation of scheelite[END_REF][START_REF] Liu | Effect of depressants in the selective flotation of scheelite and calcite using oxidized paraffin soap as collector[END_REF][START_REF] Bulatovic | Handbook of flotation reagents: chemistry, theory and practice[END_REF][START_REF] Bel'kova | Intensification of beneficiation of scheelite ores by flotation[END_REF]. However, to the best of our knowledge, the behaviour of depressants in systems in which sparingly soluble salts are mixed with calcium-bearing silicates has not been studied to date.

In this study, several depressants were tested to enhance the separation contrast between the scheelite and gangue minerals (apatite, fluorite, and silicates). Tests were performed on an ore composed of scheelite, fluorite, apatite, vesuvianite (a calcium silicate), and feldspars acquired from a Portuguese deposit. Metallic cations (Fe 2+ , Al 3+ , and Zn 2+ ), organic molecules (starch, lignin sulfonate, citric acid, tannin, and carboxymethyl cellulose), and a sodium silicate/sodium carbonate combination were tested in the flotation process. The latter system showed the best efficiency through high positive synergistic effects, as demonstrated in previous studies [5,[START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF]. Hence, this work studied the effects of this combination in deeper detail. The study uses the design of experiments (DOE) to model the effect of each reagent and their interactions. The results are discussed in terms of mechanisms and the models are used to optimize the flotation conditions as well as to predict the response of the system.

Material and methods

Characterisation of the ore

The ore used in this study was a tungsten skarn acquired from Tabuaço (Portugal). It comprised 85% silicates (mainly calcic: vesuvianite, zoisite, and grossular; also includes feldspars and quartz), fluorite (11%), apatite (3%), and scheelite (1%). The scheelite liberation mesh was 150-200 µm, estimated by optical microscopy.

Comminution for the flotation tests

The blocs were crushed in jaw crushers and a gyratory crusher to produce a -4 mm fraction. This product was sieved at 150 µm and the non-passing fraction was ground in a laboratory ball mill to reach the liberation mesh. A 50 mm hydrocyclone was used to deslime the ground ore to 10 µm. The flotation feed was constituted by the underflow (-150+10 µm fraction).

Flotation

Reagents

The same collector was used for all the flotation tests. This was RBD15 (MeadWestvaco), a commercial mixture of Tall Oil Fatty Acids (TOFA). The main fatty acids of this collector were oleic acid (36%) and linoleic acid (25%), with small quantities of palmitic and linolenic acids. The mixture was prepared as an aqueous solution at alkaline pH, attained via the addition of sodium hydroxide. All the pH modifiers (NaOH and Na 2 CO 3 ) and depressants [starch, carboxymethyl-cellulose (CMC), tannin, citric acid, lignin sulfonate, aluminium nitrate, iron sulphate, zinc sulphate, and sodium silicate] used were supplied by Sigma Aldrich and were of technical quality.

Tests

The flotation tests were realized in AGITAIR LA-500 rotor-stator apparatus with a 1.5 L cell fed with 500 g of -150+10 µm material. The rotational speed in the cell was set at 900 rpm during conditioning and flotation, with a solid-liquid ratio of 33%. The samples were conditioned in the cell with tap water at pH 9.5-10 for 1 min, with the depressant for 2-5 min, and with the collector for 3 min. The pH was adjusted to 9.5-10 by adding NaOH. The tests were carried out at room temperature (20-22°C).

During the flotation process, the airflow was set at 0.27 m 3 /h and the froth was recovered at 2 s intervals for 3 min.

All the tests were realized with 200 g/t RBD15. The depressant concentrations were adapted so that only the most significant results are presented in this paper. In tests involving the addition of metallic cations and sodium silicate, the cations were systematically added to the mixture prior to the sodium silicate.'

Chemical analyses

The flotation products were analysed by energy dispersive X-Ray fluorescence spectroscopy (ED-XRF) using a Thermo Scientific Niton™ Xl3t portable XRF analyser. The results were corrected using standards, the contents of which were measured by inductively coupled plasma atomic emission and In this work, the P 2 O 5 , F, and SiO 2 recoveries were used as indicators to estimate the efficiency of the apatite, fluorite, and silicate eliminations, respectively. To avoid the influence of the WO 3 feed grade variations, a WO 3 enrichment ratio, equivalent to the WO 3 grade of the concentrate divided by the WO 3 grade of the feed, was employed. The performance of the separation was also estimated via the WO 3 recovery data.

Experimental design

The DOE methodology was used to optimize the flotation separation performance. This method takes the influence of each parameter, including their interactions into account. A DOE is defined by the number of studied factors (k) and the number of levels set for each factor (l). When the number of levels is ≥3, this methodology can efficiently describe the non-linear phenomena as interactions between two flotation reagents [START_REF] Box | On the Experimental Attainment of Optimum Conditions[END_REF][START_REF] Goupy | Introduction to design of experiments with JMP examples[END_REF]. This study was possible because of the response surface methodology (RSM), which allows the development of second order models:
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where x i represents the factors, i.e. the measurable variables; a 0 , a i , a ii , and a ij are the constant, linear, quadratic, and interaction model coefficients, respectively; and ε is a residual. The coefficients and the residual were estimated from the experimental results via the least square method [START_REF] Dean | Design and Analysis of Experiments: Springer Texts in Statistics[END_REF][START_REF] Montgomery | Design and analysis of experiments[END_REF][START_REF] Myers | Response surface methodology: process and product optimization using designed experiments[END_REF].

The DOE methods and response surface methodologies have been used in many different fields [START_REF] Djoudi | Optimization of copper cementation process by iron using central composite design experiments[END_REF][START_REF] Campatelli | Optimization of process parameters using a Response Surface Method for minimizing power consumption in the milling of carbon steel[END_REF][START_REF] Kincl | Application of experimental design methodology in development and optimization of drug release method[END_REF] and applied to mineral processing systems [START_REF] Honaker | Application of the Falcon Concentrator for fine coal cleaning[END_REF][START_REF] Tripathy | Modeling of high-tension roll separator for separation of titanium bearing minerals[END_REF][START_REF] El-Midany | Does calcite content affect its separation from celestite by Falcon concentrator?[END_REF][START_REF] Ebadnejad | Application of response surface methodology for modeling of ball mills in copper sulphide ore grinding[END_REF][START_REF] Kökkılıç | A design of experiments investigation into dry separation using a Knelson Concentrator[END_REF][START_REF] Dehaine | Rare earths (La, Ce, Nd) and rare metals (Sn, Nb, W) as by-products of kaolin production -Part 2: Gravity processing of micaceous residues[END_REF]. In this work, the response surface method was applied to the sodium carbonate/sodium silicate system. The number of levels was set to four, so that a total of 16 experiments were performed. The main objective was to model the effect of each parameter and their interactions, optimizing the depressant combination for the flotation process.

Preliminary flotation tests were performed to set the limits and levels of the experimental area (Table 1). They were included in the results to establish the best model. The experimental designs were generated using the JMP® statistical software D-optimal design tool (SAS institute), as per the procedures in [START_REF] Goupy | Introduction to design of experiments with JMP examples[END_REF]. The same software was used to perform the data processing and statistical analyses, realized on coded variables. Thus, a student test was performed on each calculated model coefficient with a confidence level of 95% to select the significant coefficient. The analysis of variance (ANOVA) was used to assess the model significance and eliminate the non-significant coefficients from the final models.

Table 1. Independent factors and corresponding levels of the experimental designs for both the uncoded and coded variables.

The validation of the models was performed through the relationships between the experimental and predicted results. For this statistical analysis, both the correlation coefficient (R²) and the root-meansquared error (RMSE) were studied, which are defined in equations ( 2) and (3), respectively:

= 1 - ∑ ( ) ∑ ( ) (2) 
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Where y i represents the observed values; are the values that are predicted by the models; and is the mean of the observed values. In equation 2, the numerator corresponds to the sum of squared errors (SSE) while the denominator represents the total sum of squares (TSS).

Results

Organic molecules

All the tested organic molecules exhibited similar behaviour (Fig. 1), which led to an efficient silicate depression and a moderate depression for apatite, fluorite, and scheelite; however, no selectivity was observed. The surface anions were probably involved in H-bond formation with the hydroxyl groups of the organic molecules, while the surface calcium atoms established bonds with their carboxyl groups. Moreover, these molecules were large with high surface coverage, properties that may erase all the differences in the crystallographic properties of the minerals. Citric acid is known to form a complex with Ca 2+ ions at alkaline pH [START_REF] Gao | Selective Flotation of Calcite from Fluorite: A Novel Reagent Schedule[END_REF][START_REF] Liu | Effect of citric acid and flotation performance of combined depressant on collophanite ore[END_REF]; however, no selectivity was observed during complexation with the calcium ions present in apatite, fluorite, and scheelite (Fig. 1). None of the molecules tested in this study afforded the selective separation of scheelite from fluorite and apatite. 

Combination of sodium silicate and metallic cations

Previous studies have reported that sodium silicate exhibits a strong depressing effect on silicates as well as on apatite and calcite [START_REF] Marinakis | Influence of sodium silicate addition on the adsorption of oleic acid by fluorite, calcite and barite[END_REF][START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF]. Moreover, many studies have shown a significant increase in the performance of sodium silicate when it is used in combination with different metallic cations [START_REF] Oliveira | Development studies for the recovery of Brazilian scheelite fines by froth flotation[END_REF][START_REF] Abeidu | Selective depression of calcite from fluorite[END_REF][25][START_REF] Detienne | Valorisation par flottation d'un minerai de scheelite finement exprimée[END_REF][START_REF] Patil | Selective flotation of scheelite and calcite[END_REF][START_REF] Schubert | Further development of fluorite flotation from ores containing higher calcite contents with oleoylsarcosine as collector[END_REF][START_REF] Raatz | THE INFLUENCE OF MULTIVALENT CATIONS ON THE FLOATABILITY OF SCHEELITE[END_REF]. Thus, the addition of zinc, iron, and aluminium salts, prior to the addition of a constant sodium silicate dosage (1 225 g/t) determined in a previous study [START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF], was next investigated. Lead cations are very efficient in the scheelite flotation process [START_REF] Feng | The combined effect of lead ion and sodium silicate in the flotation separation of scheelite from calcite[END_REF]. However, lead is a strong water pollutant and thus, it was not tested in this present work. Although the addition of 1 000 g/t aluminium nitrate before the addition of the referential 1 225 g/t sodium silicate improved the depressions of the silicates, apatite, and fluorite, it also strongly depressed the scheelite (Fig. 2). This indicated that the aluminium salt was non-selective, even if Al 3+ ions are known to form an AlF 3 complex. However, this complexation occurs at pH ~5.5, while this study was conducted at pH 9 [START_REF] Rietjens | Decomplexation of aluminium±¯uoride complexes by citrate-based buffers as a function of pH, aluminium and ¯uoride concentrations[END_REF]. Moreover, ab initio modelling has proven that Al adsorption (weak bonding) on the fluorine atoms of the fluorite surface is negligible [START_REF] Barzilai | First-principles modeling of metal layer adsorption on CaF2(111)[END_REF]. The combination of 500 g/t iron sulphate with 1 225 g/t of sodium silicate significantly improved the depressant effect of sodium silicate on apatite and, to a lesser extent, that on fluorite (Fig. 2). When the amount of iron sulphate was increased to 1 000 g/t, all the minerals were depressed. Hence, the selectivity between scheelite and fluorite was not enhanced with the addition of iron sulphate. Compared to the addition of sole sodium silicate, the combination of 75 g/t zinc sulphate with 1 225 g/t sodium silicate led to better apatite flotation, while the scheelite, fluorite, and silicates were only slightly more depressed. No selectivity was reached, while increasing the zinc sulphate quantity induced the global depression of all the minerals, including scheelite (Fig. 2). Reported changes in the zeta potentials, when metallic cations are added in the flotation process, suggest that depression by metallic cations can be linked to their adsorption onto the mineral surface [25,[START_REF] Raatz | THE INFLUENCE OF MULTIVALENT CATIONS ON THE FLOATABILITY OF SCHEELITE[END_REF][START_REF] Zachara | The mechanism of Zn2+ adsorption on calcite[END_REF][START_REF] Torem | On the mechanisms of beryl flotation in the presence of some metallic cations[END_REF][START_REF] Wang | Effects of Metallic Ions on the Flotation of Spodumene and Beryl[END_REF]. At alkaline pH, the metallic cations are assumed to adsorb, via hydroxo-complexes, onto the mineral surfaces [START_REF] Raatz | THE INFLUENCE OF MULTIVALENT CATIONS ON THE FLOATABILITY OF SCHEELITE[END_REF][START_REF] Rakotonarivo | Study of the adsorption of long chain sodium soaps from aqueous solutions on aluminum hydroxide gels[END_REF]. This prevents the adsorption of the collector onto the surface calcium ions.

Moreover, free metallic cations in solution can interact strongly with the carboxylate, decreasing the availability of the collector. The interactions between the metallic cations and the sodium silicate is not well understood. Some authors assume the formation of hydroxo-metallic-silicate colloids that adsorb onto the mineral surface, leading to depression by preventing the collector adsorption [25,[START_REF] Feng | The combined effect of lead ion and sodium silicate in the flotation separation of scheelite from calcite[END_REF].

However, the interactions between the metallic cations and silicate ions seem very small. Indeed, low quantities of metallic cations do not significantly alter the depression so that sodium silicate is the main depressing factor (Fig. 2). High quantities of metallic cations strongly depress all the minerals, proving that the effect of sodium silicate is no more significant than the effect of polyvalent cations (Fig. 2). In order to study deeply the interactions between sodium silicate and metallic cations, a test was performed with 750 g/t of FeSO 4 (intermediate quantity) added prior 1 225 g/t of sodium silicate and compared with the test where the two reagents are premixed prior to their addition. The premixing resulted in a depression of all minerals, including scheelite: the WO 3 recovery was decreased from 98.3% (successive addition) to 13.2% (premixed addition). Premixing sodium silicate and metallic cations probably leads to the production of metal ion-Na 2 SiO 3 polymer [START_REF] Wei | Selective flotation of scheelite from calcite using Al-Na 2 SiO 3 polymer as depressant and Pb-BHA complexes as collector[END_REF] that exhibits a strong nonselective depressing effect. The efficiencies of the different depressants in terms of WO 3 recovery and the WO 3 grade of the flotation concentrate are summarized in Fig. 3. The WO 3 grade of the concentrate was linked to the selectivity of the separation method. Compared to the sodium silicate, the organic molecules exhibited a significant lack of selectivity. The addition of metallic cations to sodium silicate improved the selectivity; however, the best recovery and selectivity were observed when sodium carbonate was combined with sodium silicate.

Fig. 3. WO 3 recovery as a function of WO 3 grade for the different tested depressants.

Combination of sodium carbonate and sodium silicate

Under aqueous conditions, Na 2 CO 3 totally dissociates to form the carbonate ion (CO 3

), a weak base involved in the HCO 3 -/CO 3 2-couple (pKa = 10.2). Thus, sodium carbonate is commonly used in flotation as a pH modifier [START_REF] Bulatovic | Handbook of flotation reagents: chemistry, theory and practice[END_REF]. Moreover, its addition prior to sodium silicate produced positive synergistic effects on gangue mineral depression [5,[START_REF] Oliveira | Development studies for the recovery of Brazilian scheelite fines by froth flotation[END_REF][START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF][START_REF] Detienne | Valorisation par flottation d'un minerai de scheelite finement exprimée[END_REF][START_REF] De Castro | The effect of pH modifier on the flotation of celestite with sodium oleate and sodium metasilicate[END_REF]. In this study, this combination afforded the best results over all the tested depressants. Hence, the interactions between sodium carbonate and sodium silicate were next investigated and discussed using the DOE methodology.

DOE results

The results of the 16 tests together with those of the preliminary tests are summarized in Table 2. The experimental results served as a basis to determine the second order response functions, based on equation [START_REF]Critical raw materials for the EU: Report of the Ad-hoc Working Group on defining critical raw materials[END_REF]. These functions represent the expression of the studied responses, namely the WO 3 enrichment ratio and the WO 3 , P 2 O 5 , F, and SiO 2 recoveries.

After the first modelling step, the ANOVA was performed on each model to estimate their significance. The F-test was performed on the models, with a 0.05 significance level. The critical Fvalue was then calculated, considering the degrees of freedom (DF) of the models and the residuals.

This value was then compared to the calculated F-values of the models. For each model, the critical F-value was significantly lower their F-value, suggesting that the p-values (P) were very low. This indicated that the probability that the model could be adjusted as a simple mean was very small. The non-significant coefficients for the 0.05 significance level were not included in the final models. The coefficients were recalculated and the ANOVA was performed again. The DF, sum of squares (SS), calculated F-values of the models (F), and P of the final models are summarized in Table 3.

The validation of the models was performed through the relationships between the experimental and predicted results. For this statistical analysis, both the correlation coefficient (R²) and the root-meansquare error (RMSE) were studied (Table 4).

Table 2. Factorial design and experimental results for the studied responses: WO 3 enrichment ratio and the WO 3 , P 2 O 5 , F, and SiO 2 recoveries.

Table 3. Final analysis of variance (ANOVA) for the WO 3 enrichment ratio and WO 3 , P 2 O 5 , F, and SiO 2 recoveries with degrees of freedom (DF), sum of squares (SS), F-ratios (F), and p-values (P).

Table 4. Summary of fit for validation using the correlation coefficients (R²) and root errors (RMSE).

Table 5. Parameter estimates for the final models as a function of the standardized parameters with standard errors (STD), t-ratios (T), and p-values (P).

Interpretation of the models

For all the models, the Student's t-test was performed on each coefficient to determine whether they significantly impact the results. The different coefficients together with their standard errors and significance (t-test) are presented in Table 5. For all the values, P is ˂0.05, the chosen significance level.

For the WO 3 enrichment ratio (G) and the WO 3 (R W ), P 2 O 5 (R P ), F (R F ), and SiO 2 (R S ) recoveries, the final models as a function of the coded variables are: 

" = 8.
The WO 3 enrichment ratio was affected by positive linear effects for both reagents. However, the sodium carbonate displayed a low coefficient (1.28) compared to that observed for sodium silicate (4.17). The quadratic effects for these factors negatively influenced the WO 3 enrichment ratio, with coefficients of -1.43 and -1.35, respectively. Moreover, the interactional effect between the two parameters was significant, with a positive coefficient of 2.12. This indicated the presence of positive synergistic effects on the WO 3 enrichment ratio when a combination of the two reagents was employed. Additionally, the opposite coefficients for the linear (positive) and quadratic (negative) effects indicated that an extremum exists for the WO 3 enrichment ratio, even if it was not reached in the studied experimental domain. This extremum should be a maximum, as the sign of the quadratic coefficients determine the directional changes of the function and are negative in this case. However, reaching this extremum would require the use of excessive amounts of depressant, which would be unrealistic in terms of industrial operating costs.

The WO 3 recovery was negatively affected by the linear effects of the sodium silicate (x 1 ) and sodium carbonate (x 2 ) concentrations. The absolute value of the effect of the latter concentration was lower (-6.05) than that of the sodium silicate coefficient (-12.01). The quadratic effect for the sodium silicate concentration (-4.77), which was negative and quite strong, was significant. Both the quadratic and the linear effects were negative, implying the absence of an extremum for the WO 3 recovery. The interactional effect between the two reagent concentrations was significant, with a negative effect on the WO 3 recovery (-9.21). These results suggested the existence of negative synergistic effects on this response.

The P 2 O 5 recovery only depended on the sodium silicate concentration, with a very high negative linear effect (-48.31). Sodium carbonate did not play a significant role in the P 2 O 5 recovery. The F recovery was affected negatively by the linear effects of both the sodium carbonate and sodium silicate concentrations. This latter exhibited a much stronger effect (-16.87) than the sodium carbonate (-6.14).

The interactional effect between the two reagents was significantly negative (-10.58). Overall, the F recovery followed a very similar trend to that of the WO 3 recovery. Except for the quadratic effects, which were insignificant, all the coefficients displayed the same signs and similar absolute values for the WO 3 and F recoveries. The SiO 2 recovery presented a small constant term (3.89), indicating a very low recovery at the centre of the experimental domain. Significant negative linear effects of the Na 2 SiO 3 and Na 2 CO 3 concentrations affected the SiO 2 recovery. Surprisingly, the quadratic effect of the sodium silicate concentration was significant and positive. Accordingly, a minimum was reached in the experimental domain.

Discussion

Scheelite recovery

The two reagents present close molecular weights so that the different coefficients could be compared in terms of molecular mechanisms. Thus, the discussion could be based on the response surfaces. First, the predicted WO 3 recovery, which is proportional to the scheelite recovery, was plotted as a function of the two reagent concentrations (Fig. 4). Scheelite was not depressed at low SiO 3 2-concentrations, as this ion probably displays a better adsorption affinity to the silicate minerals. The use of CO 3 2-with low SiO 3 2-quantities led to a mild increase in the WO 3 recovery (Fig. 4). This was attributed to a depletion in the free calcium ions in the solution due to the formation of Ca-CO 3 complexes, thereby increasing the availability of the collector [START_REF] Detienne | Valorisation par flottation d'un minerai de scheelite finement exprimée[END_REF]. A reverse trend was observed when the SiO 3 2concentration was increased (Fig. 4). Previous studies have reported carbonation of the surfaces by adsorption of excess CO 3 2-ions [START_REF] Miller | Electrokinetic behavior of fluorite as influenced by surface carbonation[END_REF]. This carbonation probably occurs in the whole experimental domain but only high CO 3 2-concentrations induce sufficiently strong surface carbonation. Moreover, only high sodium silicate concentrations led to scheelite depression. This occurred by adsorption of the SiO 3 2-ions onto the CaCO 3 layer that formed on the surface, whereby the silicate ion is known to better depress the calcite over the scheelite [START_REF] Gao | Selective flotation of scheelite from calcite and fluorite using a collector mixture[END_REF]9,[START_REF] Marinakis | Influence of sodium silicate addition on the adsorption of oleic acid by fluorite, calcite and barite[END_REF]. Even though the molecular structures of the two ions are similar, their behaviour was significantly different. Indeed, adsorption of the SiO 3 2-ions onto the scheelite depressed the mineral, while the adsorption of CO 3 2-ions exhibited very little impact on scheelite flotation. This was attributed to calcite formation on the mineral surface, allowing the collector to adsorb as well on this surface as onto that of scheelite. 

Apatite recovery

The P 2 O 5 recovery was proportional to the apatite recovery and depended only on a constant term and the linear effect of Na 2 SiO 3 . Thus, the response surface is a plane and has not been plotted. Apatite has a strong affinity to carbonate ions, which often substitute the PO 4 3-anions to create francolite [START_REF] Mcarthur | Francolite geochemistry-compositional controls during formation, diagenesis, metamorphism and weathering[END_REF][START_REF] Kent | Handbook of industrial chemistry and biotechnology[END_REF][START_REF] Fleet | Accommodation of the carbonate ion in fluorapatite synthesized at high pressure[END_REF].

This result could then be explained by the existence of the CaCO 3 layer already formed on the apatite either by the substitution of PO 4 3-by CO 3 2-or the adsorption of CO 3 2-ions on the mineral surface. The whole comminution process was performed in tap water, which was in equilibrium with the atmosphere in terms of CO 3 2-ions. This suggested that the added sodium carbonate did not display a significant effect on the floatation process. On the other hand, the sodium silicate exhibited a strong negative impact on the apatite recovery. These observations are in accordance with the existence of a calcium carbonate layer on the surface, as the sodium silicate is known to depress calcite very efficiently [START_REF] Gao | Selective flotation of scheelite from calcite and fluorite using a collector mixture[END_REF]9,[START_REF] Marinakis | Influence of sodium silicate addition on the adsorption of oleic acid by fluorite, calcite and barite[END_REF].

Fluorite recovery

The F recovery is proportional to the fluorite recovery, assuming that all the fluorine atoms are contained in the fluorite. The behaviour of the fluorite recovery was very similar to that observed for the scheelite recovery (Fig. 5). This was attributed to the very similar surface properties of the two minerals: scheelite (112) and fluorite (111), the most exposed surfaces [START_REF] Gao | Surface energies and appearances of commonly exposed surfaces of scheelite crystal[END_REF][START_REF] De Leeuw | Density functional theory calculations of adsorption of water at calcium oxide and calcium fluoride surfaces[END_REF][START_REF] Foucaud | Surface Properties of Fluorite in Presence of Water: An Atomistic Investigation[END_REF][START_REF] Gao | Surface broken bonds: An efficient way to assess the surface behaviour of fluorite[END_REF][START_REF] Li | Tune surface physicochemical property of fluorite particles by regulating the exposure degree of crystal surfaces[END_REF][START_REF] Foucaud | Comment on: Effects of crystal chemistry on sodium oleate adsorption on fluorite surface investigated by molecular dynamics simulation[END_REF], exhibit very close Ca-Ca distance [START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF][START_REF] Gao | Selective flotation of scheelite from calcite: A novel reagent scheme[END_REF][START_REF] Jiang | Selective adsorption of benzhydroxamic acid on fluorite rendering selective separation of fluorite/calcite[END_REF] despite significantly different Ca 2+ densities [START_REF] Gao | Selective flotation of scheelite from calcite: A novel reagent scheme[END_REF][START_REF] Jiang | Selective adsorption of benzhydroxamic acid on fluorite rendering selective separation of fluorite/calcite[END_REF]. Hence, the depression mechanism suggested for scheelite, whereby surface carbonation produces a better efficiency for sodium silicate, can also be applied to fluorite [START_REF] Gao | Selective flotation of scheelite from calcite and fluorite using a collector mixture[END_REF]9,[START_REF] Marinakis | Influence of sodium silicate addition on the adsorption of oleic acid by fluorite, calcite and barite[END_REF][START_REF] Miller | Electrokinetic behavior of fluorite as influenced by surface carbonation[END_REF], demonstrating a strong control of the Ca-Ca distance on the depression mechanism. This similar behaviour indicated that the separation of scheelite and fluorite by flotation remains a challenge. However, some studies have reported an acceptable selectivity between these two minerals using specific depressants such as sodium alginate or polyacrylate [START_REF] Chen | The effect of sodium alginate on the flotation separation of scheelite from calcite and fluorite[END_REF][START_REF] Zhang | Flotation Separation of Scheelite from Fluorite Using Sodium Polyacrylate as Inhibitor[END_REF] which display molecular structures more complex than those of sodium carbonate and sodium silicate. The combination of these two reagents presented very low selectivity between scheelite and fluorite, even though the fluorite recovery was significantly lower in the entire studied domain (Fig. 5). 

Silicates recovery

Finally, the SiO 2 recovery was plotted as a function of Na 2 SiO 3 and Na 2 CO 3 (Fig. 6). This was proportional to the recovery of all the silicate minerals, without any distinction between them. Global recoveries were very low on the experimental domain, indicating poor floatability of the silicates with fatty acids. Nevertheless, the absence of sodium silicate can induce very high SiO 2 recoveries ≥50 %, as reported by Filippov and co-workers [START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF]. The CO 3 2-concentration displayed very little effect but its increase improved silicate depression (Fig. 6). This was attributed to the low surface carbonation of the calcium-bearing silicates. However, this carbonation was very weak as the Ca-Ca distances are high and the silicate crystallographic structures are complex. The SiO 3 2-ions exhibited a powerful effect on the silicates. An increase in the SiO 3 2-ion concentration led to a high depression of the silicates, with a high slope, whereby the SiO 2 recovery approached 0% (Fig. 6). On the other hand, high SiO 3 2-concentrations improved the SiO 2 recovery, with the minimum being reached in the experimental domain (Fig. 6). This was attributed to calcium salt (mainly scheelite and fluorite) depression, leading to a higher availability of the collector. 

Scheelite enrichment ratio

The WO 3 enrichment ratio represents the WO 3 grade and subsequently, the scheelite grade of the concentrate. No maximum was reached in the experimental domain (Fig. 7). The best enrichment ratio was observed for high concentrations of both the CO 3 2-and SiO 3 2-ions. According to previous studies, this result is not surprising, as carbonation of the surfaces is induced by CO 3

2-

, allowing efficient depression by SiO 3 2-ions [START_REF] Marinakis | Influence of sodium silicate addition on the adsorption of oleic acid by fluorite, calcite and barite[END_REF][START_REF] Miller | Electrokinetic behavior of fluorite as influenced by surface carbonation[END_REF]. Thus, all the minerals undergo carbonation, but with different strengths. This carbonation is only efficient at sufficiently high SiO 3 2-concentrations. The WO 3 enrichment ratio mainly depended on the gangue mineral recoveries, as their elimination during flotation produced an increase in the WO 3 grade in the concentrate. The WO 3 enrichment ratio was linearly correlated (Fig. 8) with the gangue mineral recoveries, all the coefficients being significant. On the other hand, the apatite exhibited a smaller effect on the WO 3 ratio compared to the fluorite and silicates (Fig. 8). The strength of these effects was attributed to the grade of the studied minerals in the feed, with the apatite representing 2% of the ore, while the fluorite assayed 10% and silicates >80%. However, the fluorite and silicates were affected by similar coefficients (Fig. 8). This indicated that only some of the silicates, probably the calcium-bearing silicates, were problematic in the flotation process and that the fluorite poses a greater problem in flotation. 

Recovery and grade modelling

The predicted WO 3 recovery was also correlated to the predicted WO 3 enrichment ratio through an exponential model (Fig. 9). The WO 3 recovery significantly fell when the enrichment ratio was

enhanced. An increase in the ratio was only possible with a significant decrease in the WO 3 recovery.

As the WO 3 recovery approached zero, the WO 3 enrichment ratio approached 16.48, a value corresponding to the constant value of the equation displayed in Fig. 8. Hence, under these experimental conditions, it was impossible to increase the ratio above this value. The presence of a significant amount of mixed particles could explain this relationship; however, this would favour a linear correlation, as the enrichment ratio would increase despite the loss in mixed particles. Moreover, the d 80 of the flotation feed was 120 µm, while the liberation mesh was 180 µm. Hence, a most probable explanation could be attributed to the lack of selectivity of the studied depressants. Their increase at low concentrations significantly enhanced the WO 3 enrichment ratio (Fig. 9). However, at higher concentrations, the WO 3 recovery fell dramatically (Fig. 9). This was attributed to either the CaCO 3 layer becoming stable or SiO 3 2-adsorption onto the scheelite, without any consideration of the presence of the CaCO 3 layer. Fig. 9. Modelled WO 3 recovery as a function of the modelled WO 3 enrichment ratio.

Modelled relationships between the minerals

Similar trends were also observed when the WO 3 recovery was plotted as a function of the different gangue mineral recoveries (SiO 2 , F, and P 2 O 5 ). First, the F recovery was very well correlated to the WO 3 recovery through two types of models (Fig. 10). The linear correlation was again explained by the very similar surface fluorite and scheelite properties. However, the depressants affected the fluorite more than the scheelite (Fig. 10). Another model was developed through the exponential function (Fig. 10). This model better represented the experimental conditions and presented lower RMSE and higher R² values. This was due to the fluorite, which could not be completely (100%) depressed without significantly impacting the scheelite. Notably, even under these conditions, the carbonation of the mineral and the subsequent adsorption of SiO 3 2-ions were more favourable for fluorite than scheelite, with the fluorite being depressed more strongly. However, a significant amount of locked scheelitefluorite particles could also explain this global trend. The WO 3 recovery plotted as a function of P 2 O 5 recovery was also fitted by an exponential model. In this case, the depression of the apatite occurred without significantly impacting the scheelite recovery (Fig. 11).The scheelite was strongly affected at P 2 O 5 recoveries ˂20% (Fig. 11). The CO 3 2-ions did not play a role in the apatite depression and the SiO 3 2-was the only reagent involved. This global trend implied that the SiO 3 2-ions preferentially adsorbed onto the apatite, a process favoured by spontaneous surface carbonation, until a given concentration was reached. Once this concentration was exceeded, the ions began to adsorb onto the scheelite. However, this behaviour could also be explained by the existence of locked scheelite-apatite particles, involving 10-20% of the total apatite and 30-40% of the total scheelite; these are relatively high values. The same phenomenon was observed, with a more pronounced effect, when WO 3 recovery was plotted as a function of SiO 2 recovery (Fig. 12). In this case, the SiO 2 recovery decreased, mainly by the depressing action of the SiO 3 2-ions, without impacting the WO 3 recovery. This suggested that the chemical affinity of the SiO 3 2-ions for the silicate minerals was significantly higher than that for scheelite. The WO 3 recovery fell dramatically at Si recoveries ˂10% (Fig. 12). This indicated that the scheelite was depressed by SiO 3 2-adsorption onto the free or carbonated scheelite surface. This adsorption could be due to the SiO 3 2-concentration in solution being too high, displacing the chemical equilibrium in favour of the adsorption of this ion onto the surface. Additionally, the last 10% of the silicate minerals that were difficult to depress were assumed to comprise only one silicate type, which displayed poor affinity to the SiO 3 2-ions or high affinity to the collector. This drop could also be attributed to the existence of locked scheelite-silicate particles, involving 10% of the total amount of silicates and at least 40% of the total amount of scheelite. However, these values seem to be very high and are therefore improbable. 

Optimization of the depressant concentrations and validation

Optimization of the concentrations

To optimize the proposed method, the WO 3 enrichment ratio and WO 3 recovery models were plotted on iso-response graphs to establish the influence of the two factors on the two main responses (Fig. 13). A desirable area was defined with lower limits imposed on the WO 3 recovery (90%) and WO 3 enrichment ratio (9). This area corresponded to the optimal flotation conditions of the two studied reagents and was located at the centre of the experimental domain. As previously demonstrated, the WO 3 recovery and WO 3 enrichment ratio are anti-correlated. Moreover, the cost of the reagents represents an important part of the operating costs. Thus, the lowest reagent concentrations inside this field were chosen to define the optimal flotation conditions: 1.225 kg/t sodium silicate and 1.150 kg/t sodium carbonate, approximately corresponding to a 1:1 ratio. Fig. 13. Iso-response surface of the WO 3 enrichment ratio and WO 3 recovery as a function of sodium silicate and sodium carbonate. The area in white is the optimal field where the best quantities are defined: ~1.225 kg/t sodium silicate and 1.150 kg/t sodium carbonate.

Validation tests

To validate the models, one test from Table 2 was randomly selected and duplicated. Moreover, the test under the optimal conditions, determined through the DOE, was performed and used for the critical validation of the models. For both tests, the predicted values were compared to the experimental results and the relative errors were then calculated (Table 6). The calculated values agreed with the obtained data, suggesting that the models can predict the responses quite adequately, even when the relative errors are high. 

Conclusions

Different depressants were tested to attain the selective depression of gangue minerals from scheelite, to eliminate them from the scheelite concentrate. This enhances the WO 3 grade and eliminates penalizing elements from the concentrate. First, sodium silicate was compared to different organic molecules, namely tannin, CMC, lignosulfonate, citric acid, and starch. All the molecules exhibited very low selectivity. Next, the addition of various metallic cations (Al 3+ , Zn 2+ and Fe 2+ ) followed by sodium silicate demonstrated little improvement in the selectivity, with significant loss in scheelite.

On the other hand, the addition of 500 g/t iron sulphate displayed an increase in apatite depression with no decrease in WO 3 recovery. However, the results were not better than those afforded when sodium carbonate was added prior to the addition of sodium silicate. A DOE was used to study this system. The following facts were highlighted:

Strong synergistic effects between the two reagents, mainly on scheelite and fluorite. These effects were attributed to surface carbonation that makes SiO 3 2-adsorption more favourable.

Inefficiency of the effect of sodium carbonate on apatite, probably caused by spontaneous carbonation of the mineral surfaces (formation of francolite or adsorption of dissolved CO 2 under the CO 3 2-form).

Very high affinity of sodium silicate for the silicates minerals, comparatively inducing little effect from sodium carbonate. The complex crystallographic structures of the silicates may hinder surface carbonation.

Strong correlations between the responses that can be attributed to locked particles or the chemical affinity of the SiO 3 2-ions for the different minerals. The former explanation is quite unlikely considering the amount of scheelite that would be involved.

Spectroscopic studies were mandatory to understand the mechanisms involved in the sodium carbonate/sodium silicate depressing system. Overall, the DOE permitted the setting of the best experimental conditions in terms of reagent concentration, thereby leading to optimized gangue mineral depression in the floatation process. These conditions were established as: 1 150 g/t Na 2 CO 3 with 1 225 g/t Na 2 SiO 3 . This proposed method produces a concentrate assaying 10.1% WO 3 with 93.2% WO 3 recovery. However, the fluorite recovery was still 63.6%, which is considered high.

Further studies should concentrate on increasing the selectivity of the process by discovering new depressants or developing new collector formulations. 

  mass spectrometries (ICP-AES/ICP-MS) at the Service d'Analyse des Roches et des Minéraux (SARM-CNRS, Nancy, France). The fluorine grade of the samples was measured by potentiometric analyses, performed at the SARM-CNRS (Nancy, France). A multivariate calibration based on 100 fluorine standards was developed and used to estimate the fluorine content when direct analysis was not performed.
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 1 Fig. 1. Scheelite, fluorite, apatite, and silicate recoveries versus the addition of tannin, carboxymethyl
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 2 Fig. 2. Scheelite, fluorite, apatite, and silicate recoveries versus the addition of different metallic
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 4 Fig. 4. Response surface plot showing the WO 3 recovery as a function of the sodium silicate and sodium carbonate concentrations.
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 5 Fig. 5. Response surface plot showing the F recovery as a function of the sodium silicate and sodium
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 6 Fig. 6. Response surface plot showing the SiO 2 recovery as a function of the sodium silicate and sodium carbonate concentrations.
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 7 Fig. 7. Response surface plot of the WO 3 enrichment ratio as a function of the sodium silicate and sodium carbonate concentrations.
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 8 Fig. 8. Observed versus predicted values for the WO 3 enrichment ratio modelled as a function of P 2 O 5 , SiO 2 , and F recoveries; the formula is included on the top of the figure.
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 10 Fig. 10. Modelled WO 3 recovery as a function of the modelled F recovery showing two types of correlations.

Fig. 11 .

 11 Fig. 11. Modelled WO 3 recovery as a function of the modelled P 2 O 5 recovery showing the exponential correlation.
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 12 Fig. 12. Modelled WO3 recovery as a function of the modelled SiO2 recovery showing the
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 6 Validation tests showing the experimental results, predicted results, and relative errors.

Table 1

 1 

	Factors		Levels					Coded variables
			1	2	3	4			
	[Na 2 SiO 3 ] (kg/t)	0.526	0.877	1.228	1.754	x 1 = ([Na 2 SiO 3 ] -0.9893)/1.6667
	[Na 2 CO 3 ] (kg/t)	0	1.333	2.667	4		x 2 = ([Na 2 CO 3 ] -1.7778)/2
	Table 2								
					WO 3		WO 3		P 2 O 5	F	SiO 2
	[Na 2 SiO 3 ]	x 1	[Na 2 CO 3 ]	x 2					
					enrichment	recovery	recovery	recovery	recovery
	(kg/t)	(coded)	(kg/t)	(coded)					
					ratio		(%)		(%)	(%)	(%)
	1.754	0,918	0	-0,889	7.77		85.9		10.3	57.4	5.2
	1.228	0,287	1.333	-0,222	9.17		91.0		16.8	59.1	4.0
	1.754	0,918	1.333	-0,222	10.28		83.5		7.3	47.0	3.3
	0.877	-0,135	0	-0,889	6.88		95.5		59.0	64.4	6.2
	1.228	0,287	0	-0,889	6.38		95.1		39.2	67.8	7.7
	0.877	-0,135	4	1,111	7.08		87.8		67.8	62.1	4.6
	0.877	-0,135	1.333	-0,222	9.11		93.1		30.1	63.5	3.6
	0.526	-0,556	1.333	-0,222	5.70		96.0		82.6	63.7	8.1
	0.877	-0,135	2.667	0,445	7.79		92.8		60.4	64.1	4.4
	1.228	0,287	2.667	0,445	10.99		82.6		8.0	48.0	2.5
	1.754	0,918	2.667	0,445	12.02		74.2		5.2	38.7	2.1
	0.526	-0,556	0	-0,889	4.77		97.2		79.4	64.2	11.5
	0.526	-0,556	4	1,111	5.06		94.4		82.5	66.3	9.9
	0.526	-0,556	2.667	0,445	5.81		95.4		81.6	63.1	7.4
	1.228	0,287	4	1,111	9.50		80.6		19.5	51.3	2.9
	1.754	0,918	4	1,111	14.17		54.3		0.2	20.4	1.7
	0.088	-1,082	0	-0,889	2.49		96.0		85.9	76.1	27.9
	0.175	-0,977	0	-0,889	2.54		96.8		88.3	76.1	27.8

Table 3

 3 

	Source of variation	WO3 enrichment ratio		WO3 recovery			P2O5 recovery		
		DF SS	F	P	DF SS	F	P	DF SS	F	P
	Model	5	159.17 65.54	< 0.0001	4	1878.90 59.50	< 0.0001	1	16643.57 107.57 < 0.0001
	x1 ([Na2SiO3])	1	100.99 207.90 < 0.0001	1	857.09	108.57 < 0.0001	1	16643.57 107.57 < 0.0001
	x2 ([Na2CO3])	1	13.53	27.86	0.0002	1	335.81	42.51	< 0.0001	-	-	-	-
	x1*x2	1	14.19	29.21	0.0002	1	270.18	34.23	< 0.0001	-	-	-	-
	([Na2SiO3]*[Na2CO3])												
	x1² ([Na2SiO3]²)	1	3.96	8.16	0.0145	1	44.66	5.66	0.0334	-	-	-	-
	x2² ([Na2CO3]²)	1	5.86	12.07	0.0046	-	-	-	-	-	-	-	-
	Residuals	12	5.83			13	102.62			16	2475.62		
	Total	17	165.00			17	1981.52			17	19119.19		

Table 3 continued

 3 

	Source of variation	F recovery			SiO2 recovery		
		DF	SS	F	P	DF	SS	F	P
	Model	3	2802.17	45.24	< 0.0001	3	937.82	312.61 < 0.0001
	x1 ([Na2SiO3])	1	1813.24	87.82	< 0.0001	1	515.25	80.65	< 0.0001
	x2 ([Na2CO3])	1	379.15	18.36	0.0008	1	36.09	5.63	0.0326
	x1*x2 ([Na2SiO3]*[Na2CO3])	1	451.99	21.89	0.0004	-	-	-	-
	x1² ([Na2SiO3]²)	-	-	-	-	1	246.33	38.41	< 0.0001
	x2² ([Na2CO3]²)	-	-	-	-	-	-	-	-
	Residuals	14	289.05			14	89.79		
	Total	17	3091.23			17	1027.61		

Table 4 :

 4 

		WO 3 ratio	WO 3 recovery (%)	P 2 O 5 recovery (%)	F recovery (%)	SiO 2 recovery (%)
	R²	0.9647	0.9482	0.8705	0.9065	0.9126
	RMSE 0.6970	2.8096	12.4389	4.5439	2.5325

Table 5 :

 5 

	Term	Estimate	STD error	T	p
	WO 3 enrichment ratio				
	Constant	8.76	0.32	27.84	<0.0001
	x 1 ([Na 2 SiO 3 ])	4.17	0.29	14.42	<0.0001
	x 2 ([Na 2 CO 3 ])	1.28	0.24	5.28	0.0002
	x 1 *x 2 ([Na 2 SiO 3 ]*[Na 2 CO 3 ])	2.12	0.39	5.40	0.0002
	x 1 2 ([Na 2 SiO 3 ] 2 )	-1.43	0.50	-2.86	0.0145
	x 2 2 ([Na 2 CO 3 ] 2 )	-1.35	0.39	-3.47	0.0046
	WO 3 recovery				
	Constant	91.40	0.99	92.82	<0.0001
	x 1 ([Na 2 SiO 3 ])	-12.01	1.15	-10.42	<0.0001
	x 2 ([Na 2 CO 3 ])	-6.05	0.93	-6.52	<0.0001
	x 1 *x 2 ([Na 2 SiO 3 ]*[Na 2 CO 3 ])	-9.21	1.58	-5.85	<0.0001
	x 1 2 ([Na 2 SiO 3 ] 2 )	-4.77	2.00	-2.38	0.0334
	P 2 O 5 recovery				
	Constant	45.78	2.93	15.62	<0.0001
	x 1 ([Na 2 SiO 3 ])	-48.31	4.66	-10.37	<0.0001
	F recovery				
	Constant	59.73	1.10	54.21	<0.0001
	x 1 ([Na 2 SiO 3 ])	-16.87	1.80	-9.37	<0.0001
	x 2 ([Na 2 CO 3 ])	-6.14	1.43	-4.29	0.0008
	x 1 *x 2 ([Na 2 SiO 3 ]*[Na 2 CO 3 ])	-10.58	2.26	-4.68	0.0004
	SiO 2 recovery				
	Constant	3.89	0.87	4.46	0.0005
	x 1 ([Na 2 SiO 3 ])	-8.84	0.99	-8.98	<0.0001
	x 2 ([Na 2 CO 3 ])	-1.97	0.83	-2.37	0.0326
	x 1 2 ([Na 2 SiO 3 ] 2 )	9.94	1.60	6.20	<0.0001
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