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The world is facing critical technological and environmental challenges in the production of basic materials in high demand, such as aluminium and silica, whose processes were developed long ago. New production routes, involving using alternative resources and innovative technological solutions, are needed to secure access to these base materials at a lower cost to the environment, in terms of waste and carbon footprint. The European project AlSiCal is currently investigatingan environmentally friendly multi-step process for producing alumina and silica from anorthosite, an abundant feldspar minerai The present paper focuses on the modelling srrategy of the dissolution of anorthosite in concenrrated hydrochloric acid, which is the first step of the AlSiCal process. The objectives of this srudy are (i) to give a reliable first-level prediction of the product speciation in the aqueous and solid phases, (ii) to provide the sensitivity of the process to key operating variables, and finally, (iii) to evaluate the performance of both batch and continuous leaching processes. The proposed methodology is based on the coupling of geochemical equilibriun1 simulations and particle reaction models, using different computational tools and relevant literature data. This makes it possible to select the favourable operation window and process configuration for the quantitative extraction of aluminium in solution and the production of amorphous silica with an acceptable purity for large-market applications.

Introduction

Concexc

Due to its multiple applications (e.g. in transportation, constrnction, containers and packaging, elect: rical products, household goods), aluminium is one of the most used non-renewable resources. lt is also currently the second most produced metal, after iron. Aluminium pro duction has increased by more than 30-fold since the end of the Second World Wru• [START_REF] Vidal | Global Trends in Metal Consumption and Supply: The Raw Material-Energy Nexus[END_REF]. lt now exceeds 64 million tons per yeru• (USGS, 2020) and it is expected to increase significantly in the future. Indeed, the den1and for metal (including aluminium) used in electric batteries is expected to increase by 1000% over the next thirty yeru• s (European Economie and Social Committee, 2020).

Alumina (Al 2 0 3 ) is the raw material used to produce aluminium with a high temperature electrolysis process. lt is mainly obtained by leaching an alumina-containing ore known as bauxite. The most common process used to obtain alumina from bauxite is the one developed in 1887 by 
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Bayer [START_REF] Bayer | Process of obtaining alumina[END_REF][START_REF] Bayer | Process of obtaining alumina[END_REF]. lt is based on leaching by caustic soda at high temperatures (from 150 •c to 250 •c depending on the mineralogy of aluminium bearing phases in the bauxite (KauBen and Friedrich, 2018;Mihajlovié et al., 2014)) and high pressure (-35 bru• at 240 °C). After a filtration step to remove in1purities, the liquor is precipitated to obtain aluminium hydroxide Al(OHh, which is then calcined to obtain alumina. Alumina prepru• ation from bauxite ore is thus the result of a complex process that generates large quantities of hazardous by products, commonly called "red mud". The production of one ton of aluminium yields one to four tons of red mud. lt is usually landfilled even though it contains heavy metals such as ru• senic (As), lead (Pb), titanium (Ti) or chromium (Cr). Red mud has become a hru• dly accept able waste in an increasingly tense environmental context [START_REF] Mayes | Advances in Understanding Environmental Risks of Red Mud After the Ajka Spill[END_REF]. In addition, the quality of bauxite production is decreasing, contt'ibuting to an increase in prices for the whole aluminium value chain. Finally, the main bauxite production sites ru• e located in only four countt•ies: Ausn• alia (29%>), Guinea (19%), China (19%) and Bra2il (13%) (World Bank, 2020). lt may create stt• ategic tensions for American https://doi.org/10.1 0l 6/j.mineng.2022.107500 size distribution of the solid. The second major output concerns the nature and composition of the solid phases, since the process also targets the production of amorphous precipitated silica with acceptable purity for large-scale industrial applications.

Based on the aforementioned published experimental studies (later analysed in section 3.1), an operating temperature of up to 160 • C was considered, while the HCl concentration range was restricted to the azeotropic concentration (20 wt%) to minimize acid loss and facilitate its recycling in the subsequent process steps (see paragraph 2.1). Particle size was limited to the sub-millimetric range since most of the available kinetic data involve finely ground fractions. The composition of the anorthosite ore considered in this work is a mixture of anorthite and albite (CaAl 2 Si 2 O 8 ) x (NaAlSi 3 O 8 ) 1-x with x 0.65, referred to as Ca 0.65 Na 0.35 in the rest of the paper. The presence of impurities, such as iron oxides, was not considered since this issue can be at least partly mitigated by preliminary magnetic separation [START_REF] Wanvik | Summary of knowledge about Norwegian anorthosite prospectingin relation to Greenland anorthosites[END_REF].

In the aim of building a dissolution model and recommending operating procedures for the leaching of anorthosite, it is essential to distinguish the effect of operating conditions on the outcome of the leached elements. Thus, these involve system thermodynamics on one hand, and process kinetics on the other hand. The two are closely interrelated: dissolution kinetics controls the amount of elements going into the aqueous solution, while thermodynamics influence the surface reaction rate (through proton activity) and the transformation of the dissolved species (in solution and/or as new precipitated phases).

Our modelling approach successively addressed the thermodynamic description of the system and the kinetics of the dissolution process. We implemented classical chemical engineering models (shrinking particle / shrinking core models) in a suitable thermodynamic simulation environment. This approach was previously developed for a mineral carbonation process [START_REF] Julcour | Insights Into Nickel Slag Carbonation in a Stirred Bead Mill[END_REF]. In each stage, the influence of relevant parameters (temperature, acid concentration, ore concentration and/or particle size distribution) was examined. Moreover, to overcome the lack of information on the possible by-products formed during the leaching process, two different tools were applied for equilibrium calculations (cf. paragraph 2.2):

-the OLI Studio-Stream Analyzer (version 10.0.2), a commercial software form OLI system Inc [START_REF] Anderko | Electrolyte solutions: from thermodynamic and www[END_REF], -the PHREEQC software, an open source geochemical code developed by USGS [START_REF] Parkhurst | Description of input and examples for PHREEQC version 3: a computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF].

In addition to using specific models to represent the electrolyte solution, these software packages are provided with distinct geochemical databases. Thus, the comparison of their predictions will give more robustness to the delineated operating window.

Finally, different reactor configurations were evaluated to operate the dissolution, as a single stirred tank or a multistage continuous (cocurrent or counter-current) process.

Thermodynamic model

Composition of the system

Hydrochloric acid leaching of anorthosite involves the use of the H 2 O-HCl-Al-Ca-Si-Na multi-element system, whose full thermodynamic description is a great challenge.

The bubble temperature of the HCl-H 2 O mixture is represented in Fig. 1, as a function of the amount of HCl added to 1 kg of water up to 600 g of HCl (37.5 wt% of HCl), at a total pressure of 1, 3 and 5 bar. The equilibrium curves were calculated using the OLI software and the AQ database (see next section for further details), and validated with the data compiled in the recent article of Saravi et al. [START_REF] Saravi | Thermodynamic modeling of HCl-H2O binary system with symmetric electrolyte NRTL model[END_REF]. As illustrated in Fig. 1, there is a strong limitation of the HCl content that can be used in the leaching solution. For instance, at atmospheric pressure, the composition with the highest bubble temperature or European supply chains.

In this context, alternative alumina production processes using other sources of Al-bearing minerals than bauxite must be considered. Among these minerals, anorthosite is one of the most promising alternatives. It is a plagioclase feldspar found in many places of the world, including Greenland, Norway and Canada [START_REF] Herz | Anorthosite belts, continental drift, and the anorthosite event[END_REF]. Anorthosite has been considered a suitable raw material for aluminium production for decades. For instance, from 1976 to 1982, major geological investigations and process development were carried out in the context of the Norwegian Anortal process [START_REF] Gaudernack | Process for the extraction of alumina from aluminum-containing silicates[END_REF][START_REF] Braaten | The Anortal project in retrospect[END_REF][START_REF] Wanvik | Norwegian anorthosites and their industrial uses, with emphasis on the massifs of the Inner Sogn-Voss area in western Norway[END_REF]. The operation consists in leaching anorthosite with strong acids, the most suitable one being hydrochloric acid (HCl) [START_REF] Wanvik | Summary of knowledge about Norwegian anorthosite prospectingin relation to Greenland anorthosites[END_REF]. The leachate is then processed through successive crystallization (by gaseous HCl sparging or evaporation) and purification (NaCl removal) steps to selectively precipitate aluminium chloride hydrate (AlCl 3 ⋅6H 2 O). Finally, the latter is calcined to produce alumina. However, due to the high costs of acid and energy required for the calcination step (about 25% more than for the aluminium hydroxide calcination step in the Bayer process), this process was not economically viable for replacing bauxite. The main outlets for anorthosite have thus been for aluminium chemicals, excluding metal [START_REF] Velduyzen | Aluminium Extraction from an Ontario Calcic Anorthosite by Acid Processes and Resultant Products-Aluminium Chemicals, Coatings, Fillers, Absorbent and Cement Additive[END_REF].

In recent years, the large increase in demand for aluminium, the decrease of bauxite quality, as well as the desire to relocate production to European and North American countries, have spurred new interest in the use of anorthosite. In particular, the Aranda-Mastin process [START_REF] Aranda | Alumina and carbonate production method from al-rich materials with integrated CO2 utilization[END_REF] proposes to dissolve crushed anorthosite in a concentrated HCl solution at low pressure (<10 bar) and moderate temperature (<180 • C). This leaching step makes it possible to extract aluminium, calcium and sodium in solution, while silica is only yielded as a solid by-product. Moreover, the Aranda-Mastin process includes the subsequent recovery of HCl by distillation and amine extraction. It also uses CO 2 to produce precipitated calcium carbonates.

In line with this technology, the European project AlSiCal is currently investigating a multi-step process which uses anorthosite as the starting material to produce valuable materials (including alumina and amorphous silica). This process could avoid solid waste and reduce CO 2 emissions during production.

The first stage of the process, the leaching of the ore, is not well defined because only few experimental studies have been carried out. The available reports on anorthosite dissolution [START_REF] Gjelsvik | Extracting alumina from soluble anorthosite by the Anorthal process[END_REF][START_REF] Velduyzen | Aluminium Extraction from an Ontario Calcic Anorthosite by Acid Processes and Resultant Products-Aluminium Chemicals, Coatings, Fillers, Absorbent and Cement Additive[END_REF] emphasize the sensitivity of the aluminium extraction yield to the ore properties. In particular, Gjelsvik [START_REF] Gjelsvik | Extracting alumina from soluble anorthosite by the Anorthal process[END_REF] studied the leaching of aluminium with hydrochloric acid (6 N) at 105 • C. The study concluded that plagioclase solubility mainly depends on the albite-anorthite balance in the solid solution. A minimum anorthite content of 50 wt% was reported for the solubilisation of the ore. In this context, Gudvangen anorthosite (with an anorthite/albite stoichiometric ratio of ca. 65/35), investigated in the Norwegian Anortal process, was found to be a particularly well-suited material and it became a benchmark in subsequent studies [START_REF] Velduyzen | Aluminium Extraction from an Ontario Calcic Anorthosite by Acid Processes and Resultant Products-Aluminium Chemicals, Coatings, Fillers, Absorbent and Cement Additive[END_REF]. It is also worth noting that the latest developments in the Anortal process include counter-current leaching of millimetre-sized particles by 19% HCl at 6 bar and 150 • C in vertical columns [START_REF] Braaten | The Anortal project in retrospect[END_REF].

However, aside from these technical reports, not much is known about anorthosite leaching. Consequently, this study gathers the available experimental data and provides a chemically-oriented model to account for the phenomena occurring in a leaching reactor. Its objective is to investigate the sensitivity of leaching performance to key operating variables in order to design a continuous process.

Scope and objectives of the model

The main objective of the model is to calculate the extraction yield of aluminium as well as the other main elements composing anorthosite (Ca, Si, Na), as a function of time, for a given initial system defined by its composition (amount of solid, water and HCl), temperature and particle (107.9 • C) which will minimize HCl volatilization, is 20 wt% of HCl. At higher HCl content, the boiling temperature drops sharply. At higher pressure, the azeotrope coordinates shift towards higher temperature and lower HCl contents.

In the rest of this section, we present the thermodynamic model, database and computational tool which were selected for the leaching model, based on the following requirements:

(i) an accurate representation of the solubility of major solid phases to explore the influence of operating conditions (25 • C < T < 160 • C, HCl up to 20 wt%) on the leaching process; (ii) an accurate representation of proton (H + ) activity in the aqueous phase for kinetic modelling of the leaching process, (iii) the possibility to combine the equilibrium calculations in a computational tool to implement kinetic modelling.

Aqueous phase description by activity coefficient model

Thermodynamic frameworks and computational tools

The main issue related to solid-liquid equilibria calculations in the H 2 O-HCl-Al-Ca-Si-Na system is the description of the aqueous phase with high concentration of ionic species, as well as the large number of solid phases that may be stable. Although the choice of thermodynamic models for the description of concentrated electrolyte solutions is still the subject of controversy (May and Rowland, 2017), we only considered activity coefficient models, which are the most adapted for solid--liquid equilibria calculations.

Our model selection relies on four different activity coefficient models, whose main equations are presented in Table 1, along with the main thermodynamic databases which contain model parameters. As we mentioned above, two computational tools were used to implement the thermodynamic calculations: the OLI Studio (v10.0) from OLI Systems [START_REF] Anderko | Electrolyte solutions: from thermodynamic and www[END_REF] with its Aqueous Geochemical (AQ-GE) thermodynamic database, and the PHREEQC software (v3.3) from USGS [START_REF] Parkhurst | Description of input and examples for PHREEQC version 3: a computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF], which runs all the other models mentioned in Table 1. One of our requirements was to build a kinetic dissolution model with flexibility on the dissolution mechanism (see section 3). As such, we chose the PHREEQC software to implement our model, and used OLI Studio as a benchmark for equilibrium calculations. As developed in the following sections, the relevance of the models from Table 1 was first evaluated on the HCl-H 2 O system. The model selection was then based on the availability of model parameters to represent the multi-element aqueous system, and finally discussed towards solid--liquid equilibria, including comparison with published solubility data related to amorphous silica.

Thermodynamic description of the HCl-H 2 O system

As described in a recent assessment of the thermodynamic properties of the HCl-H 2 O system on the whole composition range [START_REF] Saravi | Thermodynamic modeling of HCl-H2O binary system with symmetric electrolyte NRTL model[END_REF], the addition of HCl to water, up to about 50 wt%, forms a oneliquid system with H 2 O, H 3 O + and Cl -as dominant species. At higher HCl concentrations, the content of molecular HCl (aq) increases, which eventually forms a non-miscible phase when concentration reaches 60 to 70 wt% depending on temperature. Since the maximal HCl concentration considered in this work is about 20 wt%, we did not consider the 2liquid phase region nor the HCl (aq) species in our thermodynamic description.

A comparison of the activity coefficient of H + (γ (H+) ) as a function of the molality of HCl, calculated by the above-mentionned models at 25 and 100 • C, is provided in Fig. 2. Available experimental data [START_REF] Mesmer | pH, Definition and measurement at high temperatures[END_REF][START_REF] Robinson | Some Aspects of the Thermodynamics of Strong Electrolytes from Electromotive Force and Vapor Pressure Measurements[END_REF] are also reported. This evaluation shows that, apart from the B-dot model which does not represent satisfactorily γ (H+) for HCl molalities above approximatively 2 mol/kg, the three other models provide rather close values up to 7 mol/ kg and 100 • C and are consistent with available data. Specifically, the SIT model, using the temperature dependent (H + Cl -) pair interaction proposed by Xiong [START_REF] Xiong | Estimation of medium effects on equilibrium constants in moderate and high ionic strength solutions at elevated temperatures by using specific interaction theory (SIT): Interaction coefficients involving Cl, OH-and Ac-up to 200 • C and 400 bars[END_REF], is as accurate as the Pitzer and Bromley-Zemaitis models. Given the small amount of parameters required by the SIT model, and the ease of implementation and combination with larger existing databases within the PHREEQC software, we selected the SIT model to describe the HCl-H 2 O system. 

Table 1

Activity coefficient models and associated databases considered to describe the aqueous phase for acid leaching of anorthosite.

Model name Main equation Ionic strength range

Associated database [START_REF] Anderko | Electrolyte solutions: from thermodynamic and www[END_REF][START_REF] Bromley | Thermodynamic properties of strong electrolytes in aqueous solutions[END_REF][START_REF] Zemaitis | Predicting Vapor-Liquid-Solid Equilibria in Multicomponent Aqueous Solutions of Electrolytes[END_REF] Pitzer

B-dot logγ i - A DH(T) Z 2 i I √ 1 + B DH(T) ai I √ + b (T) I I ≤ 1M Thermoddem (Blanc et al., 2012) Specific ion Interaction Theory (SIT) logγ i - A DH(T) Z 2 i I √ 1 + B DH(T) ai I √ + ∑ k ε (T) (i; k)m k I ≤ 5M Thermochimie (Giffaut et al., 2014) Bromley-Zemaitis logγ ± - A|Z+Z | I √ 1 + I √ + (0.06 + 0.6B)|Z+Z | I √ ( 1 + 1.5 |Z+Z | I ) 2 + BI + CI 2 + DI 3 I ≤ 30M OLI Aqueous
lnγ i 1 RT ( ∂G E ∂ni ) G E RTws f(I) + ∑ i ∑ j λ (I) (i; j)mimj + ∑ i ∑ j ∑ k μ(i; j; k)mimjm k I ≤ 10 -12M
Christov & Moller [START_REF] Christov | Chemical equilibrium model of solution behavior and solubility in the H-Na-K-OH-Cl-HSO4-SO4-H2O system to high concentration and temperature11Associate editor[END_REF] With γ i (γ ± ) the (mean) activity coefficient; T the absolute temperature; R the gas constant; A DH(T) and B DH(T) temperature-dependent parameters of the Debye-Hückel model; Z i the charge of the aqueous species i; a i and b (T) parameters of the B-dot model; I the ionic strength; m i the molality of the aqueous species i; ε (T) (i; k) interaction parameters of the SIT model; A, B, C, D parameters of the Bromley-Zemaitis model; λ (I) (i; j), μ(i; j; k) interaction parameters of the Pitzer model.

Thermodynamic description of the H 2 O-HCl-Al-Ca-Si-Na system with SIT interaction parameters

Since no consistent Pitzer model is available for the whole H 2 O-HCl-Al-Ca-Si-Na system, a simpler description is required. We chose the Thermoddem database [START_REF] Blanc | Thermoddem: A geochemical database focused on low temperature water/ rock interactions and waste materials[END_REF] as a starting point to describe all aqueous species of the system. This database includes B-dot model parameters for activity coefficient calculations (see Table 1), and equilibrium constants described in the 25-300 • C temperature range. The database was completed with SIT temperature-dependent interaction parameters for the (Na + Cl -), (Ca 2+ Cl -) and (H + Cl -) pairs, using the polynomial expressions proposed by Xiong [START_REF] Xiong | Estimation of medium effects on equilibrium constants in moderate and high ionic strength solutions at elevated temperatures by using specific interaction theory (SIT): Interaction coefficients involving Cl, OH-and Ac-up to 200 • C and 400 bars[END_REF], as well as constant interaction parameters extracted from the Thermochimie database for the (Al 3+ Cl -) pair [START_REF] Giffaut | Andra thermodynamic database for performance assessment: ThermoChimie[END_REF]. All SIT interactions taken into account in our model are compiled in Table 2. It can be noted that no interaction involving Si species is considered in this model, since silica in acid aqueous solutions is predominantly in the form of neutral silicic acid Si(OH) 4(aq) [START_REF] Sjoberg | Silica in aqueous environments[END_REF] while SIT interactions are between ionic species.

The resulting aqueous model was compared to the OLI/AQ model for several configurations, and no major discrepancies were found between the two models. For instance, Fig. 3 displays the activity coefficient of H + and the ionic strength of an aqueous solution composed of 1 kg of water, 200 g of Ca 0.65 Na 0.35 anorthosite and up to 250 g of HCl, at 95 • C and 1 atm, calculated with the two models. It should be noted that no solid phase was considered in these calculations in order to specifically evaluate the aqueous phase description. As illustrated in Fig. 3, both models predict an overall increase of γ (H+) from 0.56 without HCl to 1.6-1.8 with 250 g of HCl, while the ionic strengh increases from 1.7 to 10.4 mol/kg. The agreement between the two calculations is considered sufficienlty good to validate our aqueous model. In addition, we compared the proton activity predicted by PHREEQC/SIT and OLI/AQ in the conditions used for the kinetic optimization (285 g of Ca 0.65 Na 0.35 anorthosite treated by 1250 g of 20 wt% HCl at 105 • C, see § 3.2.4) and both models yielded similar values throughout the dissolution process (see Fig. S1 in the supplementary information).

Description of the solid phases

In addition to the aqueous phase, solid phases need to be included in the thermodynamic model in order to compute solid-liquid equilibria.

Here again, we chose to take into account the solid phases described in the Thermoddem database [START_REF] Blanc | Thermoddem: A geochemical database focused on low temperature water/ rock interactions and waste materials[END_REF], which includes 128 solid phases containing Na, Ca, Al, Si, Cl elements. Among the solids found to precipitate at equilibrium, quartz was discarded since amorphous silica is more likely to be formed by the precipitation of dissolved silicon [START_REF] Daval | Influence of amorphous silica layer formation on the dissolution rate of olivine at 90 • C and elevated pCO2[END_REF]. To make a fair comparison with the AQ database from OLI (which includes 58 solids for the same system), both databases were harmonised. As a result, five solids from Thermoddem, namely heulandite(Ca), beidellite(Ca), gismondine, chabazite, and phillipsite (Na), as well as a solid from OLI/AQ-GE (AlOHCl 2 ), were set aside.

A comparison of the two models was carried out using the system described earlier (1 kg of water, 200 g of of Ca 0.65 Na 0.35 anorthosite and up to 250 g of HCl, at 95 • C and 1 atm), including the solid phases. As The first parameter concerns the amount of HCl required to leach the phase. The second important parameter is the amount of ore related to the amount of leaching solution (solid-liquid ratio), which varied between 5 and 25 wt%. For 1 kg of water and a maximal amount of 250 g of acid, this range of solid-liquid ratio corresponds roughly to 65 to 315 g of anorthosite in the system. The four predominance diagrams calculated with our model, showing the speciation of the four main elements (Na, Al, Ca, Si) at 95 • C, are presented in Fig. 6. The diagrams reveal that, regarless of the initial solid-liquid ratio, the leaching of Ca 0.65 Na 0.35 anorthosite can lead to the full dissolution of Na, Ca and Al (as Na + , Ca 2+ and Al 3+ aqueous species), while Si will stay in solid silica. The increase of the initial solid-liquid ratio does not modify any solid--liquid equilibria, but more HCl is required to reach full dissolution.

As for the influence of temperature, it is evidenced in Fig. 7 that this parameter does not play a major role on the solid-liquid equilibria of the system either. Indeed, the model predicts that pyrophyllite (Al 2 Si 4 O 10 (OH) 2 ) is the most stable Al-bearing phase from 20 to 160 • C before aluminium dissolution.

However, the possible occurrence of another ionic species for aluminium above 150 • C -AlH 3 SiO 4 2+ instead of Al 3+ -can be noted.

This aqueous complex should be avoided by restricting the operating temperature to 150 • C since it can possibly immobilize silicon in solution.

As for the thermodynamic study of the leaching of Ca 0.65 Na 0.35 anorthosite in HCl-H 2 O, we can conclude the following:

(i) we implemented a thermodynamic model capable of computing solid-liquid equilibria in the H 2 O-HCl-Al-Ca-Si-Na multi-element system, with an accurate representation of the activity of H + ; (ii) the computing tool (PHREEQC) makes it possible to easily implement kinetics calculations; (iii) the equilibrium calculations predict that the full dissolution of Na, Ca and Al -as Na + , Ca 2+ and Al 3+ aqueous species can be achieved while Si will stay in solid silica, in the 20-150 • C temperature range, with a high solid-liquid ratio (up to 25 wt% of minerals in the liquid solution); (iv) the main limitation of this system is related to the bubble temperature of HCl, which decreases sharply above ~ 20 wt% HCl in water.

The next step of process evaluation is dedicated to the leaching kinetics, which is described in the next section.

Kinetic model and best operating conditions for anorthosite acidic dissolution

As explained in the previous section, the PHREEQC tool associated to the SIT-Thermoddem database was chosen to model anorthosite acidic dissolution because of its higher flexibility, and because it was possible to implement conventional ore dissolution models and couple this tool with different numeric computing platforms for parameter estimation. illustrated in Fig. 4, the stable solids computed by the two models are slightly different.

The discrepancy between the two models is caused by the slightly different thermodynamic data applied to the main solids of the system. Indeed, as compiled in Table 3, the Gibbs energy of formation of anorthite, low albite and laumontite, exhibits differences greater than 15 kJ/ mol between the two databases. Specifically, the low albite phase is much more stable in the AQ-GE database than in the Thermoddem database, which explains why low albite has a large domain of stability in Fig. 4b.

Assessing thermodynamic data is a complicated process which involves the consistency of the whole database. In addition, experimental equilibrium data corresponding to our specific range of conditions were very scarce. Consequently, we chose to keep the thermodynamic data of the Thermoddem database in our model. It can be noted from Fig. 4 that the total amount of HCl required to dissolve all Al-bearing minerals is rather consistent between the two models (about 180 g of HCl for 200 g of anorthosite in 1 kg of water), while the only remaining solid is a pure silica phase.

Finally, we compared our model prediction to data available in the literature [START_REF] Felmy | A solubility model for amorphous silica in concentrated electrolytes[END_REF][START_REF] Gunnarsson | Amorphous silica solubility and the thermodynamic properties of H4SiO • 4 in the range of 0 • to 350 • C at Psat[END_REF] on amorphous silica solubility in NaCl-H 2 O at 25 • C and 100 • C (Fig. 5a) and in HCl-H 2 O at 23 • C and 47 • C (Fig. 5b). Though these data were the only experimental data of interest that we could find, they are relevant since they are consistent with the conditions found towards the end of dissolution (high chloride concentrations, presence of solid silica). As for the solubility of amorphous silica in water with increasing amounts of NaCl (up to 6 mol/kg), it is very consistent with the model at 25 • C. At 100 • C, there is a discrepancy (about 30%) for intermediate NaCl molalities (1.5 and 2.5 mol/kg), which is reduced at higher molality. As for the HCl-H 2 O media, the discrepancies between the model and the data from Felmy et al. [START_REF] Felmy | A solubility model for amorphous silica in concentrated electrolytes[END_REF] are more significant, with an overestimation of the calculated solubility by a factor of about 2. However, there are also significant discrepancies between the data of Gunnarsson and Arnórsson [START_REF] Gunnarsson | Amorphous silica solubility and the thermodynamic properties of H4SiO • 4 in the range of 0 • to 350 • C at Psat[END_REF] and Felmy et al. [START_REF] Felmy | A solubility model for amorphous silica in concentrated electrolytes[END_REF] for low HCl concentrations. Furthermore, it can be highlighted that the temperature dependence is correctly represented in our model (increase of the silica solubility by about 1.5 between 23 • C and 47 • C).

Parametric study of operating conditions using the selected model

Based on our thermodynamic model, we examined the effect of operating conditions on the leaching of Ca 0.65 Na 0.35 anorthosite in HCl-H 2 O.

Proton activity a (H+) being a key parameter of the ore dissolution rate, coupled calculations of thermodynamics and dissolution kinetics are needed to predict the expected performance of the leaching reactor, with respect to process inputs, i.e. temperature, HCl concentration, solid fraction in the feed (and associated PSD).

In this section, we discuss the available information related to anorthosite dissolution mechanisms and kinetics to highlight the major limiting phenomena. A dynamic model is then suggested and implemented with coupled thermodynamic calculations. This model is applied to anorthosite dissolution and assessed with the available quantitative data. The sensitivity analysis of this model towards the major adjustable parameters for ore leaching finally identifies the adequate operating window which should be chosen for the leaching reactor.

Observations and data from the literature concerning anorthosite acidic dissolution mechanisms

In the 70-80 ′ s, the Anortal project, led by IFE, reported interesting tests and observations [START_REF] Gjelsvik | Extracting alumina from soluble anorthosite by the Anorthal process[END_REF] on the acid leaching of anorthosite. Patents related to this project [START_REF] Gaudernack | Process for the extraction of alumina from aluminum-containing silicates[END_REF][START_REF] Gjelsvik | Experimental determination of plagioclase dissolution rates as a function of its composition and pH at 22 • C. Geochim[END_REF] provide additional quantitative information. One major point lies in the availability of Al atoms in the aluminosilicate framework [START_REF] Gjelsvik | Extracting alumina from soluble anorthosite by the Anorthal process[END_REF][START_REF] Oelkers | Experimental study of anorthite dissolution and the relative mechanism of feldspar hydrolysis[END_REF]. It appears that Al is more easily extracted from the aluminosilicate framework than Si. Thus, due to the Si/Al ratio of 3 in the alkali feldspar framework (such as albite NaAlSi 3 O 8 ), the removal of Al leaves a partially linked Si tetrahedron. Removal of Si demands the breaking of Si-O bonds, i.e. the decomposition of a Si-rich surface precursor. Therefore, the overall dissolution rate of alkali feldspar is controlled by the decomposition of this precursor, whose formation requests Al removal. However, the anorthite framework (CaAl 2 Si 2 O 8 ) has a Si/Al ratio of 1, so the removal of Al leaves a fully detached Si tetrahedron. In this case, it is not necessary to break Si-O bonds for Si removal. As a consequence, the overall dissolution rate of anorthite is much faster than that of alkali feldspar and it is independent of aqueous Al concentration when conditions are far from equilibrium.

As mentioned earlier, Gjelsvik [START_REF] Gjelsvik | Extracting alumina from soluble anorthosite by the Anorthal process[END_REF] thus advised that anorthosite has to contain more than 50 wt% of anorthite to be quantitatively attacked by acid. He reported that alumina extraction depends only on the albite-anorthite ratio, and that impurities or ore crystallinity have a minor impact. His work showed that, when submitted to hydrochloric acid (6 N) in a counter-current column at 105 • C, Gudvangen (Ca 0.65 Na 0.35 ) anorthosite particles of a few millimetres in size release Al, as well as Na and Ca, while keeping their initial size and shape. Pictures of partially leached particles that were sampled and cut after various contact times clearly show a dark core surrounded by a light residual layer ("ash"), found to be amorphous (as proven through X-ray diffractometry analysis) and thickening in time. Gjelsvik concluded that the dissolution mechanism follows a shrinking core pattern with constant particle size.

On the other hand, experimental data from the same paper, but for finely ground anorthosite, show a strong effect of temperature on acidic leaching in 20 wt% HCl solutions after 2 h (see Fig. 9b). This suggests that the dissolution process obeys chemical reaction control [START_REF] Levenspiel | Thermodynamic Modeling of Aqueous Electrolyte Systems: Current Status[END_REF]. Therefore, a shrinking core model without diffusion limitation in the "ash" layer (equivalent to a shrinking particle model) is suitable to describe the dissolution of sub-millimetric Gudvangen anorthosite in this temperature range.

Dissolution model for finely ground Gudvangen anorthosite

Shrinking core model with constant particle size and limiting surface reaction

In this work, dissolution of anorthosite particles of various sizes is considered in a perfectly mixed high-concentration HCl aqueous The shrinking core model with constant particle size and control through the surface reaction rate is adopted, in which thermal effects are neglected (uniform and constant temperature) and it is thus considered that no limitation exists for the transport of the dissolved species around the particles and within the porous ash layer.

For each particle, the reactive core is shrinking, but the particle keeps a constant global radius R 0i .

The distinct size classes in the particle size distribution (PSD) offer different specific surfaces to the acid attack in the reactor, leading to different lixiviation dynamics. In the present model, a tens of size classes are considered to mimic the actual particle size distribution. In each, the particles are assumed spherical with a smooth surface.

For the selected model, a mass balance applied to the number of moles 'n i ' of ore in a class 'i' of specific particle size leads to:

dn i dt r.SSA 0i .w 0i .m 0 ( n i (t) n 0i ) 2/3 (1)
where r is the surface reaction rate (mol.m -2 ⋅s -1 ), SSA 0i is the specific surface area offered in class i (m 2 /g), m 0 the initial ore mass (g), w 0i the initial weight fraction for class i, and n 0i the initial number of moles of ore in class i. The surface reaction rate r is modelled through kinetic parameters, i. e. pre-exponential constant, activation energy and reaction order with respect to the activity of reactant (product) ion species (cf. paragraph 3.2.3).

Implementation of the kinetic model using MATLAB and PHREEQC

In the following model, it is considered that PSD obeys a Rosin-Rammler distribution model [START_REF] Vesilind | The Rosin-Rammler particle size distribution[END_REF], characterized through the d 90 size and a spread coefficient α. Each class of particle size is then handled as a specific "ore" with corresponding mole number n i (1 ≤ i ≤ N). For each class i, the core diameter decreases along dissolution. Amorphous silica is prone to be formed by precipitation of dissolved silicon [START_REF] Daval | Influence of amorphous silica layer formation on the dissolution rate of olivine at 90 • C and elevated pCO2[END_REF], but we assume that it does not plug the ash layer around the particles. To compute ore dissolution, the evolution of the PSD of the shrinking cores is described versus time, by means of an algorithm written with the MATLAB® software, whose steps are defined hereafter. The latter is interfaced with PHREEQC, which calculates the liquid and solid speciation at each time step, as well as provides the integration of the kinetic expressions. MATLAB® features then make it possible to optimize the reaction rate parameters from the literature data and to automate the sensitivity analysis with respect to the operating conditions.

The dataset and experimental operating conditions are first uploaded. Then the molar fraction of Ca, Na, Al and Si within the ore are calculated, so as to define the "Phases" module in PHREEQC. For each "ore i" (class i in initial PSD), the interfacial area between liquid and solid phase, the weight percent of 'ore i' in the whole ore mass, and the mean diameter of "ore i" are calculated and implemented in PHREEQC. The different parts needed in PHREEQC are then separately filled in several blocks: solution definition, equilibrium phases, rate parameters, kinetics. In the kinetics block, the differential mass balance which drives the core shrinking phenomenon (Equation ( 1)) is set (it should be noted that it uses the reaction rate as specified in the "rate parameters" block), the Runge-Kutta method is selected and the integration step defined. PHREEQC then runs to give the time-integration of the mass balances. At each time-step, the amount of dissolved Al and the new core diameter are computed for each "ore" (size class of PSD), and the new The additional amount of precipitated amorphous silica is also deduced.

The computation is stopped when the targeted reaction time is reached. The aluminium extraction yield is deduced from the final amount of dissolved alumina as related to its total initial amount in ore. This calculated yield can then be compared to experimental yields in the literature.

Selection of the surface reaction kinetics for anorthosite acidic dissolution

Several mechanisms have been postulated in the geochemical literature to describe the elementary phenomena in plagioclase dissolution [START_REF] Oelkers | The effect of aluminum, pH, and chemical affinity on the rates of aluminosilicate dissolution reactions[END_REF][START_REF] Oelkers | Experimental study of anorthite dissolution and the relative mechanism of feldspar hydrolysis[END_REF][START_REF] Crundwell | The mechanism of dissolution of minerals in acidic and alkaline solutions: Part II Application of a new theory to silicates, aluminosilicates and quartz[END_REF]Gudbrandsson et al., 2014). Oelkers et al. considered the formation of activated complexes by the successive breaking of metal-oxygen bonds in the mineral framework upon proton attack. From their HCl dissolution results of natural Fuggoppe anorthite in a stirred reactor (2.4 < pH < 3.1; 45 • C < T < 95 • C), they suggested that the metal-proton exchange reactions lead to completely detached Si tetrahedra, and thus that the hydrolysis of the Si-O bond is unnecessary [START_REF] Oelkers | Experimental study of anorthite dissolution and the relative mechanism of feldspar hydrolysis[END_REF]. According to this elementary mechanism, Oelkers et al. stated that the anorthite dissolution rate, when conditions are far from equilibrium, is a function of proton activity only. They derived the following dissolution rate from their experiments:

r k⋅a (H+) 3/η (2)
where a (H+) is the activity of protons and η designates the number of precursor complexes formed by the adsorption of three protons.

For albite on the other hand, the same authors stated that the dissolution rate also depends on the aqueous aluminium concentration (with r function of a (H+) /(a (Al3+) ) 1/3 ), since in this case the dissolution is controlled by the relatively slow destruction of Si-O-Si bonds in the Al-deficient and Si-rich precursor complex [START_REF] Oelkers | The effect of aluminum, pH, and chemical affinity on the rates of aluminosilicate dissolution reactions[END_REF].

In contrast, Crundwell [START_REF] Crundwell | The mechanism of dissolution of minerals in acidic and alkaline solutions: Part II Application of a new theory to silicates, aluminosilicates and quartz[END_REF] considered an independent reaction of metal atoms and silicate groups. Their model predicts feldspar dissolution rate to be one-half order in H + .

All these approaches lead to the following generic expression for the surface reaction rate:

r k 0 ⋅exp(-E a /(RT)) ⋅a (H+) n ⋅a (Al3+) m ⋅(1-10 SI/σ ) (3) 
with n > 0, m ≤ 0, σ > 0 (typically σ 1) and where k 0 is the preexponential constant, E a the activation energy, a the activity of the species, and SI the saturation index.

The values of these reaction rate parameters are available in different studies [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF][START_REF] Declercq | CarbFix Report: PHREEQC Mineral Dissolution Kinetics Database[END_REF] for labradorite or for bytownite (Ca x Na 1-x anorthosites with x 0.5-0.7 or x 0.7-0.9, respectively). However, the resulting reaction rates can differ by several orders of magnitude in the temperature range of interest, since they are strongly dependent on the bulk ore composition (Ca/Na content) and mineral alteration [START_REF] Velduyzen | Aluminium Extraction from an Ontario Calcic Anorthosite by Acid Processes and Resultant Products-Aluminium Chemicals, Coatings, Fillers, Absorbent and Cement Additive[END_REF][START_REF] Wanvik | Norwegian anorthosites and their industrial uses, with emphasis on the massifs of the Inner Sogn-Voss area in western Norway[END_REF]. This underlines the need of a specific parameter estimation for the investigated ore.

Application to the Anortal project data

The reaction rate parameters therefore had to be optimized on the basis of dissolution experiments with known conditions and ore properties, since the reaction rate values found in the literature exhibit large discrepancies. The extraction yields given by Gjelsvik [START_REF] Gjelsvik | Extracting alumina from soluble anorthosite by the Anorthal process[END_REF] as a function of dissolution time and reaction temperature were used as the reference data for assessment. They correspond to a finely ground Gudvangen (Ca 0.65 Na 0.35 ) anorthosite treated with a 20 wt% HCl solution in a stirred tank. The exact PSD of the ore was not given, nor the solid to liquid ratio, but the NGU Report [START_REF] Wanvik | Summary of knowledge about Norwegian anorthosite prospectingin relation to Greenland anorthosites[END_REF] indicates likely values of 50-75 µm and 23%, respectively. As such, for the solid phase, 

Sensitivity analysis of alumina extraction to operating parameters, and identification of a suitable operating window for the industrial lixiviation reactor

The optimized model was then applied to predict the performance of the batch dissolution reactor with respect to the process inputs. The S/L ratio was kept to 23 wt%, close to the maximum value ensuring that amorphous silica is the only solid phase (cf. Fig. 6).

Fig. 10 gives an example of the effects of temperature and ore PSD (modifying the d 90 at fixed spread coefficient) on the time-extraction yield of aluminium. Note that the hypothesis of surface reaction control was supposed to remain valid over this extended range of conditions, since the proposed model lead to extraction yields close to those reported in the patent of [START_REF] Aranda | Alumina and carbonate production method from al-rich materials with integrated CO2 utilization[END_REF] for a temperature of 140 • C and a particle size of 300 µm (see Fig. S2 in supplementary information).

Temperature appears to be one of the main process levers due to the relatively high apparent energy activation under chemical reaction control. However, it is worth recalling that the boiling point of the 20 wt % HCl solution is 108 • C, meaning that above this temperature, it needs to be placed under pressure. Increasing the mean particle size of the ore decreases the overall anorthosite dissolution rate due to a lower specific area of the particles. Nonetheless, extraction yields as high as 90% can still be achieved after 3 h, when processing sub-millimetre particles at 150 • C. A full techno-economical assessment would be needed to further refine the choice of the optimal operating conditions by considering for instance the costs of heating and grinding. However, it can already be pointed out that the process cost will be also determined by the reachable silica purity, accounting for its probable precipitation onto the original particles, and by the complexity of its filtration.

Dried precipitated synthetic amorphous silica (as used in rubber, paints and coating) typically contains ≥ 95 wt% SiO 2 [START_REF] Rompp | Rompp Lexikon, Lacke und Druckfarben Gebundene Ausgabe[END_REF], while a minimum value of 85 wt% is set in almost all national standards for its application as supplementary cementitious materials (Cement Concrete & Aggregates Australia, 2018). The solid product could then be directly used in cement raw meal, as a substitute for a portion of primary raw materials, lowering the requirements for silica to alumina ratio.

To fulfil the most stringent examples of aforementioned silica specifications while operating the leaching within a reasonable reaction time (a couple of hours), temperatures above 110 • C and ore particle diameter below 500 µm should be privileged, as shown in Fig. 11. Note that these curves are based on the speciation obtained at the reaction temperature, while significantly increased amounts of silicon in solution are found when the temperature is raised above 100 • C. Therefore, the time needed to reach the targeted values of purity could be reduced if a cooling step after leaching is accounted for (resulting in an increase of the amount of precipitated SiO 2 ).

On the other hand, in their patent, Gjelsvik and Torgersen recommended [START_REF] Gjelsvik | Experimental determination of plagioclase dissolution rates as a function of its composition and pH at 22 • C. Geochim[END_REF]) the use of anorthosite particles with about 90% of the grains having a minimum diameter of 100 µm to ease the separation of precipitated silica by classical vacuum filters, as used for high tonnage materials with a moderate added value. This would then typically correspond to the PSD with d 90 value of 412.5 µm previously considered.

Toward the design of a continuous process

During the leaching process in a batch reactor, the dissolution of the ore slows down due to (i) the reduction of the active surface, as well as (ii) the acid consumption that results in lowering the activity of the proton. On the opposite, a continuous stirred tank reactor (CSTR) operates at the residual acid concentration corresponding to the final ore conversion.

Therefore, to mimic the performance of the batch process, a series of stirred tanks should be applied (see Fig. 12). Moreover, operating counter-current leaching (with opposite flow of solid and solution) may An optimization algorithm was built to identify the most relevant values for the surface reaction rate. In the model, the reaction order with respect to a (H+) was set to the value suggested in Palandri and Kharaka [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF] for labradorite (n 0.626 in Equation 3) since HCl concentration did not vary and the literature usually agrees on a "n" value close to 0.5 [START_REF] Crundwell | The mechanism of dissolution of minerals in acidic and alkaline solutions: Part II Application of a new theory to silicates, aluminosilicates and quartz[END_REF]. Possible inhibitory effect of a (Al3+) was also neglected (m 0 in Equation 3).

As mentioned before, the precipitation of silica was assumed to be instantaneous, without hindering ore dissolution. Initial values of preexponential constant and activation energy were taken from Palandri and Kharaka as well.

Leaching of Ca 0.65 Na 0.35 anorthosite at various temperatures was computed for each size class as described in paragraph 3.2.1, considering an overall initial ore mass of 285 g treated in 1250 g of 20 wt% HCl solution. For that purpose, the PHREEQC dissolution script was embedded into a MATLAB program to be coupled with the optimization toolbox for parameter fitting. The sum of squared residuals between the corresponding extraction yields and the experimental yields was calculated for the whole available dataset (cf. Fig. 9). Then, the fminsearch routine (based on the Nelder-Mead simplex method) determined the optimal reaction rate parameters for its minimization.

The modification of the size distribution of the reactive cores can be observed, as illustrated in Fig. 8 in the case of 16 classes of Ca 0.65 Na 0.35 anorthosite being leached at 105 • C and modelled following the optimized kinetic law.

The data fitting gives satisfactory results as shown in Fig. 9. The best fit was obtained when accounting for particle size dispersion rather than a single size class, but both investigated cases essentially gave the same order of magnitude for the reaction rate parameters. The values corresponding to the best fit are as followed: k (T 105 • C) 1.03⋅10 -9 mol.cm -2 . s -1 and E a 65.9 kJ/mol. This activation energy is very similar to the value given in the JNC Tokai Works report [START_REF] Arthur | Compilation of kinetic data for geochemical calculations[END_REF] for labradorite (E a 65 kJ/mol).

On the other hand, the calculated value of k (T 105 • C) is significantly higher than the values inferred from Palandri and Kharaka [START_REF] Palandri | A compilation of rate parameters of water-mineral interaction kinetics for application to geochemical modeling[END_REF] or from the JNC Tokai Works report (5⋅10 -11 and 3.6⋅10 - 11 mol.cm -2 .s -1 , respectively). It remains however below the one obtained for bytownite by these authors (1.7⋅10 -9 mol.cm -2 .s -1 ), in agreement with an increase of anorthosite reactivity with Ca content.

further enhance the extraction yields by contacting the exhausted ore with the fresh acid solution [START_REF] Haque | Batch and counter-current acid leaching of uranium ore[END_REF].

In order to gain knowledge about the batch-to-continuous processing of the targeted ore, the extraction yields were evaluated for several continuous reactor configurations, using the optimized kinetic expression evaluated in paragraph 3.2.4. Based on a segregated-flow approach (where the solid behaves as a macrofluid), the conversion extent X ore,out of a monodisperse ore in the continuous leaching reactor can be deduced from the following expression [START_REF] Levenspiel | Thermodynamic Modeling of Aqueous Electrolyte Systems: Current Status[END_REF]:

1 X ore,out ∫ t 0(R 0 ,C H+ ) 0 ( 1 X (t,R0,CH+) ) E S(t,R0) dt (4)
where X (t,R0,CH+) is the conversion extent of the ore in batch conditions (function of the reaction time t, the initial radius of the ore particle R 0 and the acid concentration C H+ ), t 0 the required time for the complete conversion of the ore particle of radius R 0 , and E S(t,R0) the residence time distribution of the solid in the reactor.

In the case of a perfectly mixed tank and a particle dissolution under chemical reaction control, Equation (4) becomes: (ρ m,ore,0 being the molar density of the initial ore (mol/m 3 )). Equation ( 5) was generalized to polydisperse particles by adding the weighted contributions of each size class, supposing that they all exhibited the same residence time distribution [START_REF] Levenspiel | Thermodynamic Modeling of Aqueous Electrolyte Systems: Current Status[END_REF]. It is worth mentioning that the mean conversion extent at the reactor outlet could have been alternatively evaluated in a single step using the Multiple Convolution Integral method proposed by Dixon [START_REF] Dixon | The multiple convolution integral: A new method for modeling multistage continuous leaching reactors[END_REF].

X ore,out 3τ S t 0 6 ( τ S t 0 ) 2 + 6 ( τ S t 0 ) 3 ( 1 exp ( t 0 τ S ) ) (5) 
To solve Equation ( 5), the value of the activity of the proton inside the CSTR is needed, which itself depends on the actual ore conversion as per the stoichiometry. Given X ore,out , a n H+out can be obtained from an equilibrium calculation using PHREEQC where only the amount of ore to be converted is put into contact with the acid solution. An iterative procedure was thus performed until convergence of X ore,out , using the optimization routine fminsearch from MATLAB®.

For reactors in series with co-current flow of solid and solution, the same procedure could be successively applied to each reactor after updating the PSD of the active cores and the solution composition between each.

In the case of counter-current leaching, the successive conversion extents in the reactor series had to be optimized altogether. They were initialized using the values obtained in the co-current configuration. The optimization routine fmincon of MATLAB® was then applied with inequality constraints for the consecutive values of X ore,out in the series. An ideal liquid/solid separation was also assumed at each reactor outlet.

These calculations were exemplified for the conditions previously highlighted: a processed ore with a d 90 value of 412.5 µm and a reaction temperature of 150 • C. Fig. 13a shows as expected a lowered extraction performance when switching from the batch reactor to the single CSTR, while the system of 10 mixed tanks in series with co-current flow closely approaches the performance of the former. On the other hand, Fig. 13b underlines the fact that the counter-current process can outperform the batch performance when using 5 CSTR only.

In this case, such behaviour is only the result of the complex interplay between ore conversion and pH evolution. A more efficient use of acid in counter-current operation for anorthosite dissolution has been confirmed experimentally by [START_REF] Bremner | Aluminum extraction from anorthosite bu leaching with hydrochloric acid and fluoride[END_REF].

Conclusions and perspectives

The proposed work was designed to (i) develop a theoretical investigation of anorthosite leaching in HCl media, (ii) to account for the complexity of the electrolyte solution, (iii) to predict the variety of solid by-products that could form and finally, (iv) to give a reliable description of the process kinetics for an ore composition that could fulfil the requirement of quantitative aluminium extraction.

Several learnings were drawn from this study:

-Regarding thermodynamic modelling, we showed that the SIT model, which requires a limited number of empirical parameters, is able to represent the complex aqueous solution in the typical operating conditions with HCl concentration up to the azeotrope composition. The model computes acceptable values for proton activity, which is a key parameter to calculate the surface reaction rate.

The two geochemical databases applied predict essentially the formation of the same solid phases, though some differences are found in regard to their stability, as for example in the case of albite. -A first operating window was thus established, in which amorphous silica is selectively precipitated, while the other constituting elements of anorthosite are leached in the aqueous solution. It mainly depends on the concentration of the HCl solution used and the ore concentration, restricting the S/L ratio to ca. 25 wt% for the azeotropic HCl solution. On the other hand, temperature has only a minor effect on the solid phase speciation. -Based on available experimental data, we built a kinetic model accounting for the dissolution rate of anorthosite, taking into account the effect of temperature, the amount and particle size distribution of the solid phase, and the concentration of HCl. We showed that temperature strongly affects the dissolution rate of Gudvangen anorthosite, due to a high apparent activation energy, in line with a process mainly driven by surface reaction. Particle size distribution of the ore particles also significantly influences the time-extraction yield, and grain size should be kept below the millimetre range to result, within a few hours, in an extensive ore dissolution, as required by silica purity standards. -Given the effect of acid consumption on the reaction rate for the concentrated slurry, counter-current leaching could be profitable to increase aluminium extraction yield and silica purity.

In the context of the European AlSiCal project, the trends and conclusions derived from this model will be confronted to an extensive experimental database obtained by varying the pivotal process parameters. The physico-chemical characterization of the solid products will also make it possible to refine the model hypotheses pertaining to the dissolution mechanism. Finally, this modelling approach can also be extended to other alternative sources of aluminium examined in the project. with τ S the mean residence time of the solid and t 0 given by the surface reaction rate, according to:

Fig. 1 .

 1 Fig. 1. Bubble temperature of the HCl-H 2 O mixture at 1, 3 and 5 bar (1 kg of water; computed with OLI/AQ); the coloured area indicates the temperature and HCl content limits taken into account in the model.

Fig. 2 .

 2 Fig. 2. Evaluation of thermodynamic models for the HCl-H 2 O system: comparison of H + activity coefficient calculated with different models and published data (a) at 25 • C and (b) at 100 • C.

Fig. 3 .

 3 Fig. 3. Evaluation of thermodynamic models for the H 2 O-HCl-Al-Ca-Si-Na system: comparison of H + activity coefficient and ionic strength calculated with OLI/AQ and PHREEQC/SIT at 95 • C and 1 atm, in a liquid phase containing 1 kg of water and 200 g of Ca 0.65 Na 0.35 anorthosite, without solid phases.

Fig. 4 .

 4 Fig. 4. Stable solid phases resulting from solid-liquid equilibria computed with 200 g of Ca 0.65 Na 0.35 anorthosite at 95 • C as a function of the HCl amount added to 1 kg of water: comparison between (a) PHREEQC/SIT-Thermoddem and (b) OLI/AQ-GE.

Fig. 5 .

 5 Fig. 5. Comparison between model calculations and published data for the solubility of amorphous silica at various temperatures, for the systems (a) NaCl-H 2 O and (b) HCl-H 2 O.

Fig. 6 .

 6 Fig. 6. Influence of anorthosite and hydrochloric acid amounts on the system equilibrium (T = 95 • C; 1 kg of water). Predominance diagrams for (a) Na, (b) Al, (c) Ca, and (d) Si.

Fig. 7 .

 7 Fig. 7. Influence of temperature and HCl amount on the system equilibrium (200 g of anorthosite; 1 kg of water). Predominance diagrams for (a) Na, (b) Al, (c) Ca, and (d) Si.

Fig. 8 .

 8 Fig. 8. Time-evolution of core size distribution for Ca 0.65 Na 0.35 anorthosite (285g ore /kg water ) leached at 105 • C in a 20 wt% HCl solution. Initial PSD obeys a Rosin-Rammler distribution model with d 90 = 75 µm and α = 2. Computed results are obtained for the optimized surface reaction rate law with n = 0.626, k(T = 105 • C) = 1.03⋅10 -9 mol.cm 2 .s 1 and E a = 65.9 kJ/mol.

Fig. 9 .

 9 Fig. 9. Experimental and predicted aluminium extraction yields (a) as a function of time at 105 • C and (b) as function of temperature after 2 h of reaction, for finely ground Ca 0.65 Na 0.35 anorthosite (d 90 = 75 µm) treated with a 20 wt% HCl solution (experimental data from Gjelsvik[START_REF] Gjelsvik | Extracting alumina from soluble anorthosite by the Anorthal process[END_REF]).

Fig. 10 .

 10 Fig. 10. Effects of (a) temperature (d 90 = 75 µm) and (b) d 90 value of the ore PSD (T = 150 • C) on the time-extraction yield of aluminium for Ca 0.65 Na 0.35 anorthosite treated by 20 wt% HCl solution (S/L = 23 wt%).

Fig. 11 .

 11 Fig. 11. Effects of temperature and ore PSD on the reaction time needed to reach targeted values of amorphous silica purity (respectively, 85% and 95%) for Ca 0.65 Na 0.35 anorthosite treated with a 20 wt% HCl solution (S/L = 23 wt%).

Fig. 12 .

 12 Fig. 12. Evolution of solution pH vs. the overall molar dissolution extent of anorthosite (T = 150 • C, feed acid concentration = 20 wt% HCl, S/L = 23 wt%, polydisperse ore with d 90 = 412.5 µm): solid line is for the batch operation, and symbols for the outlet of CSTR in series operating with co-current flow of solution and solid.

Fig. 13 .

 13 Fig. 13. Evolution of the conversion extent of anorthosite as a function of the reaction time (batch reactor) or mean residence time (continuous process) for a series of CSTR operating (a) with co-current flow of solid and liquid, and (b) with counter-current flow (T = 150 • C, feed acid concentration = 20 wt% HCl, S/L = 23 wt%, total residence time = 2 h, polydisperse ore with d 90 = 412.5 µm).

Table 2

 2 Compilation of the SIT parameters included in our database.

	Pair	Interaction value (T is temperature in K)	Reference
	interaction		
	(H (Xiong, 2006)
	(Al 3+ Cl -)	0.33	(Giffaut et al.,
			2014)

+ Cl -) 0.123 -1.26 × 10 4 × (T -298.15) -5.39 × 10 7 × (T -298.15) 2 (Xiong, 2006) (Ca 2+ Cl -) 0.162 + 5.98 × 10 4 × (T -298.15) -1.64 × 10 6 × (T -298.15) 2 (Xiong, 2006) (Na + Cl -) 0.0475 + 5.82 × 10 4 × (T -298.15) -9.54 × 10 7 × (T -298.15) 2

Table 3

 3 Gibbs energy of formation at 298.15 K of the main minerals involved in solid-liquid equilibria for anorthosite leaching in HCl-H 2 O.

	Mineral name	Chemical formula	Gibbs energy of formation at 298.15 K	Difference(kJ/mol)
			kJ/mol		
			Thermoddem	OLI/AQ-GE	
	Anorthite	Ca(Al 2 Si 2 )O 8	-4008.3	-3992.7	-15.5
	Kaolinite	Al 2 Si 2 O 5 (OH) 4	-3793.9	-3789.0	-4.9
	Albite (low)	NaAlSi 3 O 8	-3711.6	-3761.8	50.1
	Prehnite	Ca 2 Al 2 Si 3 O 10 (OH) 2	-5822.6	-5817.9	-4.7
	Pyrophyllite	Al 2 Si 4 O 10 (OH) 2	-5266.1	-5255.0	-11.1
	Laumontite	Ca(Al 2 Si 4 )O 12 :4H 2 O	-6698.4	-6681.9	-16.4
	Amorphous_silica/Lechatelierite	SiO 2	-850.4	-849.0	-1.4
	Diaspore	AlO(OH)	-922.7	-913.8	-9.0
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