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Abstract

:

Jarosite, beudantite and alunite are members of the alunite supergroup. Minerals like those have been detected in different environments on Earth. These jarosite-type compounds are common in acid rock drainage environments and acid sulfate soils, resulting from the weathering of sulfide ores; they are also present in bioleaching systems because they are found in cultures of iron-oxidizing microorganisms. Jarosite is also generated in hydrometallurgical circuits, mainly in zinc hydrometallurgy. These minerals can be used to immobilize different elements such as arsenic and lead, among others. Jarosite and alunite have also been detected on the surface of Mars; the presence of jarosite and alunite and other sulfates provides evidence for the existence of water on Mars. In this work, an exhaustive review of the natural formation, synthesis, structure, thermodynamics, and reactivity of jarosite, beudantite and alunite are included. The capacity of jarosites for the immobilization of the elements, such as lead and arsenic, and information about studies related to jarosite formation on Mars are also included.






Keywords:


jarosite; beudantite; alunite; gold; silver; arsenic; lead; zinc; immobilization












1. Introduction


The objective of this paper is to develop a review work about jarosite, alunite and beudantite. This review is focused on the following items: formation of jarosites (natural and synthetic); structure and thermodynamics; reactivity of natural and synthetic jarosites; immobilization of metals in alunite-type structures; passivation of leaching (bioleaching) processes of chalcopyrite induced by the jarosite formation, and the relation between jarosites and Mars.



Jarosites belong to the supergroup of alunites. These minerals are common on the Earth’s surface and consist of three mineral groups with the general formula DG3(TO4)2(OH,H2O)6. D are cations with a coordination number greater or equal to 9, monovalent (Na,K,Ag,H3O+, etc.) or divalent (Pb,Sr,Ba,Ca, etc.). The G site is usually trivalent (Al,Fe). TO4 is dominated by one or more SO42−, AsO43− and PO43−, Dutrizac and Kaiman, 1971 [1], Jambor, 1999 [2], Botinelly, 1976 [3], Scott, 2000 [4], Smith et al., 1998 [5], Viñals et al., 2010 [6] and Sunyer and Viñals, 2011 [7].



The alunite supergroup (with more than 40 mineral species) consists of the alunite group (T position is occupied by sulfates), beudantite group (T position is occupied by one sulfate and one arsenate or one phosphate), and crandallite group (T position one or both are phosphate and arsenate). As seen in the jarosite formula above, the main elements are iron (III) in the G position and sulfur in the T position. Multiple substitutions of different positions are possible, obtaining compounds of good stability. For this reason, some of these compounds have been proposed for the storage of toxic metals [1,2,7]. Examples of compounds corresponding to the supergroup of alunites are included in Table 1. The name “jarosite” includes a set of insoluble compounds of the general formula:


AFe3(SO4)2(OH,H2O)6








where A can be Ag, ½Pb, Na, K, NH4, Rb, Tl, ½Hg, or hydronium [1]. Only six jarosites have been found as minerals: hydronium (hydronium jarosite), sodium (natrojarosite), potassium (jarosite), silver (argentojarosite), lead (plumbojarosite) and ammonium (ammoniojarosite) [1]. For rubidium (rubidium jarosite), thallium (tallium jarosite), and mercury (mercury jarosite), there is no mineral equivalent and has been chemically synthesized, as shown by Dutrizac and Kaiman, 1976 [1]. These authors detected a metal deficiency in the A position, and an excess of water was observed. This fact indicates the presence of hydronium in the A position. They also indicated a deficiency of iron.



The world of jarosites is very wide and its importance appears viewing the high number of publications found in the literature as well as in the review articles carried out by various authors related to jarosite and to alunite or beudantite. Figure 1a shows the number of papers related to jarosite, alunite and beudantite in the last 21 years (Scopus). Figure 1b shows the number of papers related to jarosite, alunite and beudantite in the last 21 years (Web of Science). The number of papers related to jarosite was less than 100 per year between 2001 and 2007; the maximum of papers was 182 in 2020 (Web of Science). The number of papers about alunite was between 29 in 2012 and 79 in 2011 (Web of Science). Finally, the papers about beudantite varied between 0 in 2008 and 12 in 2011.



Jarosite was first described in 1852 by the mineralogist A. Breithaupt in “El Barranco (ravine) del Jaroso”, Almería, Spain, Eftekhari et al., 2021 [8].



Das et al., 1996 [9], carried out a review work about jarosites, focused on the control of Fe (III), sulfates and impurities in hydrometallurgical processes. In this work, aspects related to mineralogy, structure, formation, stability and applications of jarosites are reviewed. The formation of jarosites is favoured between 80–100 °C and pH < 2.5. The presence of mono- and trivalent cations and anions such as sulphate, arsenate, phosphate, silicates, etc., stabilize these compounds even at very high acid concentrations and temperatures > 200 °C.



Eftekhari et al., 2020 [8], developed a review paper in which after indicating that jarosite solids are effective scavengers for metals, inform that these compounds present high precipitation efficiency and ease of filtration. These authors considered aspects of jarosite formation, including their mechanisms, decomposition, biological dissolution, applications and utilization considering the nanoparticles formation, their behavior as catalytic materials, as a fertilizer, pigments, and some other applications.



Hoeber and Steinlechner, 2021 [10], performed an overview of the aspects related to the treatment of iron precipitation residues from the hydrometallurgical zinc industry. Aspects related to iron precipitation, the treatment of these precipitates, considering strategies of immobilization, and processes for the treatment of iron residues, including hydrometallurgy and pyrometallurgy processes are taken into account.



According to Smith et al., 2006 [11], jarosites occur in the oxidised zones of sulfide ore deposits, waters contaminated by an acid rock or acid mine drainage (ARD, AMD), wastes produced from the metallurgical industry, such as in zinc hydrometallurgy, and in acid sulfate soils, among others.




2. Formation of Jarosites


2.1. Natural Jarosites


Natural jarosites have been found in many places on Earth, Hofstra et al., 1999 [12]. Dutrizac and Jambor [13] 2000, indicate that there are four principal modes of occurrence: (1) in the oxidized parts of sulfide deposits or barren pyritiferous rocks, including coal; (2) as nodules and dissemination in clays; (3) as constituents of acid soils; and (4) as hypogene minerals. Some examples of locations where natural jarosites were identified are given here. Argentojarosite was detected at the Tintic Standard mine, Utah (USA); plumbojarosite at Chihuahua (México), and Keno Hill, Yukon (Canada); jarosite and natrojarosite at Shinkolowbwe (Zaire), jarosite in hot-spring deposits at Yellowstone National Park (USA); jarosite at a Kuril Island (Japan); ammonium jarosite at the Sulfur Bank hot-spring mercury deposit, in California (USA), among others.



In the following paragraphs, additional examples of the presence of jarosite, beudantite, and/or alunite in mineral deposits generated by weathering in situ or at some distance from the original sulfide deposits through acid mine drainage are included.



The Iberian Pyrite Belt (IPB) is a huge concentration of massive sulfides located in the SW of the Iberian Peninsula, between Spain and Portugal. In IPB, there are twelve massive sulfide deposits of gossan minerals (Gossan, from English “Gold sand”). Their main components are goethite, hematite, quartz and jarosite. Elements such as sulfur, arsenic, lead, silver and gold, were also detected. Some of these deposits (Tharsis, Rio Tinto, San Miguel, among others) were treated during the last century for recovering gold and silver, Velasco et al., 2013 [14].



Gossan ores from Rio Tinto, Huelva (Spain), were cyanided for about thirty years (1970–2000) for gold and silver extraction by conventional cyanidation. Gold extraction was 75–80% and silver extraction was less than 40%. The chemical and mineralogical composition of gossan was determined to explain the low silver recoveries. The ore consisted of goethite, hematite and solid solutions of beudantite—plumbojarosite—potassium jarosite. Silver was detected as halide, sulfide, mercury/silver sulfo-halide and in jarosite–beudantite phases, Viñals et al., 1995 [15]. These authors indicate that silver extraction by cyanidation corresponded to halide, sulfide and mercury/silver sulfo-halide. The solid solutions of beudantite–plumbojarosite–potassium jarosite were not decomposed during conventional cyanidation in the lime medium. It was the reason for obtaining a silver extraction of less than 40%.



Two types of jarosite were found in gossan ores from Rio Tinto: one corresponding to beudantite, a variable enriched in sulfate; the other is potassium jarosite containing certain amounts of arsenate and lead. Silver is present in both jarosites but is not dissolved by the conventional cyanidation process. The arsenical potassium jarosite can be decomposed in saturated Ca(OH)2 at 70–100 °C. The alkaline decomposition of beudantite was similar but extremely slow at ≤100 °C. The decomposition process includes a slow step of alkaline decomposition followed by a fast step of Ag complexation by cyanide from the decomposition solids, Roca et al., 1999 [16].



Arsenical jarosites were detected in the southern Mother Lode gold district of California (USA). These kinds of compounds were formed by the oxidation of sulfides in mineralized outcrops and mine tailings containing between 100 and 2000 ppm As. The weathering of arsenian pyrite and other As-rich sulfide minerals is conducted to an As retention in the oxidized iron minerals produced, Savage et al., 2005 [17].



Gossan samples from High Lake, Nunavut (Canada), were characterized. Gossan represents a natural acid drainage site in an arctic environment. In two of the outcrops, quartz, mica and jarosite were identified. One of the characterized samples containing Fe-oxide, jarosite and gypsum, appears to be transitional between a Fe-oxide dominant assemblage to a jarosite dominant assemblage. These results indicate that the High Lake gossan deposit does record mechanisms for which minerals like hematite, goethite, gypsum and jarosite, which are found on Mars, can form in an environment that involves seasonal water occurrence in a cold climate, West et al., 2009 [18].



At Mega Livadi, Serifos (Greece), the hypogene mineralization, with pyrite, As-rich tennantite-group minerals and arsenopyrite, underwent strong alteration by descending meteoric waters. Five mineralizing stages were identified. From Stages I to III, oxides, hydroxides and arsenates were obtained: goethite, a mixture of fine-grained Fe–As–Sb–Cu minerals, pharmacosiderite, Sb-bearing beudantite, REE-bearing beudantite, and arseniosiderite, Dill et al., 2010 [19].



Sulphur-bearing minerals such as pyrite are associated with a wide variety of metal ore deposits around the world, examples of which are copper and nickel. Tailings generated in mine processes can produce adequate conditions for jarosite formation, Reynolds 2007 [20]. These residues can contain arsenic and/or silver and gold. In some cases, tailings are subjected to an extractive process for noble metals recovery.



The Veladero high-sulfidation Au–Ag deposit is in the Andean cordillera (Argentina). Volcanic rocks were subjected to acid leaching by weathering, resulting in afine-grained groundmass quartz. Alunite was present there. High-fineness native Au grains were also hosted in quartz. The silicified rocks host Fe oxide/hydroxide and jarosite. According to these authors, jarosite, was the principal host for Ag in Veladero ore, explaining the low (10%) Ag recovery from the oxide ore, Holley et al., 2017 [21].



Tailings from the coal industry can contain jarosites. For example, in the Santa Catarina State coal industry (Brazil), from the run-of-mine, coal-cleaning rejects are obtained. The major minerals were kaolinite, quartz, illite–smectite, pyrite, jarosite and gypsum, among others. Pyrite is relatively abundant in most samples, making up to 5% of the mineral matter. The principal sulfate minerals, jarosite, melanterite, formed due to exposure to the material. Trace metals are also present (Zn, Cu, Pb, As, etc.). Mobilization of these elements as the pyrite (and other sulfides) breaks down during storage may represent a source of adverse environmental impact around such coal cleaning rejects emplacement sites, Cutruneo et al., 2014 [22].



In the Cu–Zn Penn Mine in a massive sulfide belt of the Sierra Nevada, California (USA), acid mine drainage was formed by the oxidation of sulfides exposed on waste piles. The oxidized minerals were secondary Fe minerals, identifying copiapite and jarosite, surrounded by goethite and hematite. This represents the evolution of acid solutions discharged from the pyritic waste piles and the subsequent accumulation of secondary precipitates by hydrolysis reactions, Montero et al., 2005 [23].



The formation of schwertmannite (an iron oxyhydroxide), was investigated in the acid discharge of the Monte Romero mine in the IPB (Spain). This mineral was formed from acid rock drainage (ARD). The mineral precipitated from supersaturated solutions and subsequently transformed into goethite and hydronium jarosite. The formed precipitates from ARD, such as jarosite, schwertmannite and goethite, may play a key role in the removal of trace elements from solutions. The authors also indicate that after keeping in contact with natural schwertmannite with acid water in the laboratory, schwertmannite transformed into goethite plus hydronium jarosite and later transformed into goethite. After the processes described, more than 99% As and Pb remained in the solid phase throughout the entire aging process, Acero et al., 2006 [24]. Similar behavior can be observed in weathering zones of sulfide deposits, mainly of galena, and in acidic-sulfate-rich environments (acid mine drainage). In this case, plumbojarosite and lead–arsenic jarosite can be formed, Smith et al. 2006 [25].



Ochreous precipitates generated from acid sulfate waters in a mine of the Rosia Montana Gold (Romania) are characterized by high concentrations of Cr, Co, Ni, Cu, Zn, As, Cd, and Pb. A mixture of jarosite and schwertmannite was formed as stable secondary minerals along the investigated transect of the Roşia River. The comparative analysis of the precipitates and waters of the Roşia Montană mine indicates that pH–Eh oscillations would cause mineralogical transformations that could lead to trace elements mobilization in the environment, Azzali et al., 2014 [26].



In the Sarcheshmeh copper mine (Iran), waters were of neutral mine drainage (NMD) with high Mn content. Acid mine drainage (AMD) associated with tailings impoundments exhibited high acidity, sulfates, nitrates and chlorides, among elements such as Al, Cd, Cu, Fe and As. The AMD generated at the tailings site is related to sulfide mineral oxidation, especially pyrite and chalcopyrite. Phases such as jarosite, schwertmannite, goethite and ferrihydrite were detected. Among Al-bearing secondary minerals, gibbsite and alunite were also detected in this copper mine. The iron and aluminum oxy-hydroxysulfates and manganesum oxide and hydroxides play an important role in controlling the mobility of metals, Malakooti et al., 2015 [27].



Liu et al., 2016 [28], investigated methods for remediating As-rich AMD solutions by Mn-coated bone char samples with different Mn concentrations, in the absence of jarosite precipitates; there was no jarosite formation in the AMD. Results obtained show that Mn-coated bone char has up to 78 times more adsorption capacity for As(V) than uncoated bone char. The retention intensity of As(V) increases with the degree of Mn coating on the bone char.



Zhou et al., 2017 [29], studied the removal of contaminants contained in acid mine drainage. Concretely, the authors investigated the effect of biologically formed nano-sized FeS-coated limestone on the retention of As(V), Sb(V) and Cr(VI) contained in AMD. Fe-reducing bacteria and sulfate-reducing bacteria were used for generating these coatings. The authors suggested that the FeS formed is effective for removing the indicated elements from the solution.



A summary of papers from different researchers related to the genesis of jarosite materials is included in Table 2.




2.2. Synthetic Jarosites


Jarosite-type compounds have been synthesized in the laboratory (as biotic and abiotic procedures), and at an industrial scale. Laboratory syntheses were carried out to determine the structure, thermodynamic parameters, and solubility products of the end member. Syntheses were also carried out to determine the reactivity of jarosite-type compounds for metal recovery, such as gold, silver, copper, and so on, and to investigate the extent of incorporation of lead, and arsenic, among others, for immobilization purposes. At the industrial scale, jarosites are precipitated to remove iron and control sulfates, essentially in zinc hydrometallurgy.



2.2.1. Chemical Synthesis of Jarosite


One of the first researchers to synthesize jarosite and alunite was the german Mitscherlich [30] in 1861. Fairchild, 1933 [31], synthesized potassium, rubidium, lead and silver jarosites by heating the corresponding sulfate solutions at temperatures between 110 and 200 °C. This author indicates that it is possible to separate potassium from cesium by this method since cesium jarosite cannot be synthesized.



Dutrizac and Kaiman, 1976 [1], synthesized jarosites of hydronium, sodium, potassium, rubidium, silver, ammonium, thallium, lead and mercury. Sodium jarosite and ammonium jarosite were prepared from a solution containing sodium (or ammonium) and iron (III) sulfate and sulfuric acid at 95 °C. Potassium, rubidium and thallium jarosites were synthesized from a solution containing the corresponding nitrates, iron (III) sulfate and sulfuric acid. Hydronium and silver jarosites were prepared in an autoclave at 140 °C, using iron (III) sulfate solution and without sulfuric acid (for hydronium jarosite), and silver sulfate and sulfuric acid for silver jarosite. Lead and mercury jarosites were prepared from an iron (III) sulfate solution with sulfuric acid and added slowly to the corresponding solutions of lead nitrate or mercury nitrate at 95 °C. The syntheses elapsed between one-and-a-half hours and three hours of the process. A deficiency in the “alkali” position and an excess of water appeared. This deficiency is due to a hydronium substitution in the alkali metal position.



Additional information about the synthesis of (Na,K,Rb,NH4) jarosites appears in the paper of Dutrizac, 1983 [32]. The most significant factors were temperature and retention time. Increasing temperature (70–100 °C) or time (at 97 °C), increased the jarosite production. The composition of precipitates was independent of the physical factors; the alkali content appeared to increase very slightly with increasing temperatures to about 130 °C, and with prolonged retention time.



In the synthesis of hydronium-potassium jarosite, the experiments were developed using a mixture of iron (III) and potassium sulfates; the temperature was 70 °C for 3 h. The experimental conditions were the best to obtain jarosite compounds with reduced particle size. These authors indicate that an increase in the pH from 0.8 to 2.1 decreased the particle size from 3 µm to 200 nm. An increase in the aging time from 0, 3, and 7 days resulted in semispherical, spherical, and euhedral jarosite structures, respectively.



The Rietveld analysis confirmed that the amount of hydronium substitution by potassium increased with an increase in pH, Hernández-Lazcano et al., 2021 [33]. The modified jarosite microstructures can be used as anode materials for improving the lifetime of lithium-ion batteries.



Smith et al., 2006 [11] synthesized jarosite using KOH and Fe2(SO4)3·5H2O. The synthesis was carried out at 95 °C at atmospheric pressure for 4 h. The objective of this synthesis was to study the reactivity of this jarosite at different pH.



Cruells et al., 2000 [34], synthesized a silver potassium jarosite using iron (III), potassium and silver sulfates, and sulfuric acid. The synthesis was carried out at 97 °C for 24 h. Seeding was used to increase the particle size. The atomic relation in the “alkaline site” was: 0.91 potassium; 0.007 silver and 0.083 hydronium. Silver was introduced into the jarosite to determine its cyanidation kinetics.



A study of seeding on the rate of precipitation of ammonium jarosite and sodium jarosite was carried out by Dutrizac, 1996 [35]. Syntheses dissolutions contained iron (III), ammonium sulfates or iron (III) and sodium sulfates. The pH of synthesis was 1.6 (for ammonium) and 1.5 (for sodium). The temperature was 98 °C for a 5–6 h synthesis. Jarosite seed additions significantly increased the rate of jarosite precipitation. Another study carried out by Dutrizac, 2010 [36] compared the rate of precipitation of ammonium jarosite and sodium jarosite. The rate for NH4 jarosite was nine times greater than that for Na-jarosite. The presence of Zn(II) in the precipitation liquids increased the difference.



Patiño et al., 1998 [37], precipitated sodium jarosite using iron (III), sodium and silver sulfates, and sulfuric acid at 97 °C for 24 h. Seeding was used to increase the particle size. The atomic relation in the “alkaline site” was: 0.675 sodium; 0.32 hydronium; and 0.005 silver. Synthesis of sodium jarosite was carried out to develop a study of alkaline decomposition and cyanidation kinetics on the sodium jarosite.



Dutrizac and Chen, 2009 [38], studied the precipitation of potassium jarosite and sodium jarosite in the presence of scandium, yttrium or uranium. A solution containing appropriate concentrations of Fe(SO4)1.5 and K2SO4 or Na2SO4 was prepared, and various amounts of Sc(SO4)1.5, Y(SO4)1.5 or UO2SO4 were added. The precipitation experiments were carried out at 98 ± 0.5 °C. A 24 h or 5 h retention time was employed. Scandium was incorporated in some extension in the Fe position, yttrium was incorporated in small amounts, and uranium was not significantly incorporated.



Dutrizac, 2008 [39], obtained potassium jarosite at 140 °C in chloride media. The production of jarosite, as well as its composition, was independent of the chloride concentration. A temperature of 200 °C increased the jarosite production, but the temperature had no effect on the potassium jarosite composition.



Silver jarosite was synthesized from a dissolution of iron (III) and silver sulfates and sulfuric acid at 97 °C, 24 h. The seed was used to obtain silver jarosite aggregates with sizes up to 100 μm. This synthesis was carried out to determine the behaviour of this jarosite with alkaline decomposition and cyanidation for silver recovery [40].



Smith et al., 2006 [25], synthesized Pb-jarosite using the methods of Dutrizac and Kaiman, 1976 [1] previously described, and Dutrizac et al., 1980 [41]. Lead-arsenic jarosite was developed according to the method described by Alcobé et al., 2001 [42], starting the synthesis process with a dissolution of iron (III) sulfate and arsenic acid. Syntheses were carried out at 95 °C. When the solution temperatures reached 95 °C, a lead nitrate solution was added with stirring. This process was carried out for 5 h. The syntheses were carried out to study the reactivity of this jarosite at different pH.



Islas et al., 2013 [43], synthesized beudantite, as a part of a study on the alkaline reactivity of jarosite-type compounds. The best experimental conditions were: 0.25 M Fe2(SO4)3, 0.02 M H3AsO4, 0.15 M Pb(NO3)2, 94 °C, for 32 h reaction time. The approximate formula of the synthesized sample obtained is as follows: [Pb0.39(H3O)0.22]Fe2.89[(SO4)1.84(AsO4)0.16][(OH)5.51(H2O)0.49]. The beudantite sample is predominantly spherical with a particle size of 30–35 µm. It is made of rhombohedral microcrystals that are strongly bound in a compact structure. This work is part of a wider study on the alkaline reactivity of jarosite-type compounds, which contain arsenic, for determining the conditions for the inactivation of arsenic in these compounds.




2.2.2. Biological Synthesis of Jarosite


During bioleaching of sulfide ores, biooxidation of iron leads to precipitation of jarosite. Jarosite decreases copper bioleaching efficiency. Eftekhari and Kargar, 2018 [44] used Acidithiobacillus ferrooxidans during the synthesis of jarosite. Microorganisms were cultivated in 9K medium containing ferrous, magnesium, and ammonium sulfates, hydrogen potassium phosphate, sodium chloride, and calcium nitrate. These studies were focused on obtaining the minimum precipitation of jarosite during the bioleaching process.



Ammonium jarosite was obtained by microbiological oxidation of ferrous sulfate at pH 2.0–3.0 at 22–65 °C (biotic system). This jarosite was also obtained by chemical procedure (abiotic system) for comparative purposes. In the first method, iron-oxidizing acidophilic microorganisms were used. Schwertmannite was formed at a low amount of ammonium concentration in the synthesis medium, and ammonium jarosite was obtained with a high amount of ammonium at a pH of 1.9- and 7-days incubation. Abiotic jarosites were prepared with ferric sulfate and ammonium sulfate at 36 °C (27 days), 65 °C (8 days), and 95 °C (24 h). The main conclusion of the authors was that the role of microorganisms in the formation of the jarosite includes the catalysis of iron oxidation at low pH and indicates that the formation of mineral species under hyperacid conditions is controlled by geochemical factors, Wang et al., 2007 [45].



Bigham et al., 2010 [46], synthesized jarosite by chemical synthesis. The precipitation solution contained a high level of K+ and iron (III) sulfate; the rest of the solution composition simulated a nutrient medium for bioleaching and iron oxidation (Mg, Ca, nitrates and phosphates in a sulfate matrix). The synthesis temperature was between 2–40 °C for 10 days. All samples contained hydronium and potassium jarosites, being the first majority. The study offers insight into managing Fe(III) and SO4 precipitation at ambient temperature ranges in bioleaching operations and in the development of geochemical models that describe the solubility, speciation, and phase equilibria of iron in sulfate-rich acid leaching systems.



Bigham et al., 2013 [47], developed the precipitation of jarosite in two steps. In the first step, Acidithiobacillus ferroxidans cultures participated in the oxidation of iron (II) at pH 2.4, 8 days. In the second step, lead nitrate was added, and the precipitation was carried out for 22 days. The final precipitate was formed by anglesite, schwertmannite and hydronium jarosite. No lead jarosite was formed.



Jones et al., 2014 [48], synthesized a series of solid solution jarosites by oxidation of ferrous iron at pH 2.2–4.4 and ambient temperature in media containing mixtures of K+ and NH4 solutions. Acidithiobacillus ferrooxidans microorganisms were also used jointly with FeSO4 at pH 2.2 and 22 °C. At low cation concentration, schwertmannite was obtained. With increasing concentrations of K+ and/or NH4+ in the medium, ternary solid solutions of jarosite phases (including hydronium) were obtained. These authors indicate that these solid solutions have the capacity to retain various cations and oxyanions. Thus, their formation is interesting for scavenging impurities in metallurgical process circuits and in impacted natural environments.



Crabbe et al., 2015 [49], studied the formation of jarosite in the presence of amino acids at pH 1.75 and 2.9. These authors indicate that understanding the formation and stability of jarosite in acid environments and in the presence of microbes is of fundamental interest. The presence of amino acid in the precipitation of jarosite reduced the yield and the particle size (at pH 1.75). At higher pH, the impact of amino acids is significantly diminished. The amino acid with a major impact was glycine. Nucleation and growth of jarosite are inhibited in the presence of glycine.




2.2.3. Synthesis of Jarosite in Hydrometallurgical Circuits


Jarosite precipitation is an essential method for control of iron, sulfate and alkali metal ions in hydrometallurgical processing solutions, mainly in the extractive metallurgy of zinc.



In the extraction of this metal, the main process starts with sphalerite roasting, obtaining calcine formed by zinc oxide and zinc ferrite. Solids obtained are leached in two steps with sulfuric acid solutions. Iron contained in the sphalerite concentrate appears in the leaching liquid, jointly with zinc and elements such as lead, copper, indium, gallium, arsenic and cadmium, among others. Potassium and sodium are also present, but due to their low concentration, ammonium—a low-cost reagent—is added to remove the iron from the solution by jarosite precipitation. The resulting liquids are treated with zinc powder to remove elements such as Cd, Cu, etc. Zinc is recovered by electrolysis [50].



To develop the jarosite precipitation, the necessary ions are added to the hot leach liquors, and pH is adjusted with the addition of calcine. Precipitation is carried out at 95 °C, with an acidity of ≈10 g/L, and normally 6 h retention time. The precipitate settles rapidly and is filtered, and after washing, is commonly stored. The jarosite process is applicable to other hydrometallurgical circuits [13,50].



Significant amounts of other elements, such as silver, zinc, cadmium, copper and others, can be incorporated into the jarosite precipitate in a solid solution, and the losses of such metals may be significant from an economic point of view. Numerous authors have developed processes for the recovery of some of these elements, as can be observed in the works of Han et al. 2014 [51]; Kerolli-Mustafa et al., 2016 [52]; Antrekowitsch, 2016 [53]; Steinlechner, 2017 [54]; Wu et al., 2020 [55]).




2.2.4. Synthesis of Alunite


Alunite can be synthesized by the hydrolysis of alum, AlΚ(SO4)2·12H2O, at 12 bar pressure, at a temperature between 175 and 180 °C, and a synthesis time of ≈2 h. A second sample of alunite was synthesized using Al2(SO4)3·18H2O and Κ2SO4 solution and refluxed for 3 h. Τhe pH value of the refluxed solution was 3.0–3.6 [56].



Sunyer and Viñals, 2011 [7] studied the synthesis of natroalunite with the objective of achieving the arsenate substitution in the alunite structure for arsenic immobilization. These authors used numerous experimental conditions of synthesis. Aluminium and sodium sulfates were added to the synthesis medium jointly with variable amounts of arsenate, and in some cases, calcium sulfate. The best temperatures were higher than 160 °C and the retention time was 2 h. The pH varied between 1.0 and 2.8.



The substitution of arsenate for sulfate in natroalunite has also been investigated by Luo et al., 2015 [57]. This study was developed for arsenic immobilization/stabilization. The best conditions for synthesis were pH 3.00 and 200 °C for 3 h. The maximum arsenate substitution observed in the natroalunite structure was approximately 11% molar.



During the acid-leaching process of black shale, a large amount of aluminum was leached. To separate aluminum from the vanadium, the precipitation of alunite and natroalunite was investigated. The synthesis was at 200 °C, pH of 0.4, 5 h. The alunite forms more easily than natroalunite [58].



Zhu et al., 2019 [59], studied the hydrothermal synthesis with a stoichiometric Na:Al:SO4 mole ratio of 1:3:2, using aluminium sulfate and sodium sulfate. Arsenic was incorporated as arsenic acid. The liquids were regulated to pH 4.00 and heated at 200 °C for 2–48 h in a 200 mL stainless steel autoclave. After cooling, the obtained products were filtered, washed three times with pure water, and dried at 110 °C for 24 h. Solubility studies of synthesized natroalunite were carried out. Table 3 shows a summary of experimental conditions for the synthesis of different jarosite materials.






3. Structure and Thermodynamics of Jarosite–Beudantite–Alunite Solids


Different authors studied the structure and thermodynamic properties of natural and synthetic jarosite, alunite and beudantite.



3.1. Structure of Jarosite-Type Compounds


Cloutis et al., 2006 [60], indicated that the structure of different jarosites: jarosite, natrojarosite, hydronium jarosite and alunite are based on octahedral–tetrahedral sheets. The corner-sharing octahedra form a six-membered ring. At the junction of three six-membered rings is a three-membered ring, and one set of the apical vertices of those three octahedral links to a tetrahedron. The sheets are held together by interstitial cations and hydrogen bonds.



Aguilar-Carrillo et al., 2018 [61], synthesized K, Na, and Pb jarosites and the same compounds with arsenic in their structure. They indicate it seems that when Pb and As incorporate into the structure, they generate an enlargement of the c-axis parameter, as arsenate is larger than sulfate; this can be compensated by the incorporation of Na or Pb with smaller ionic radii than K+ or H3O+. The authors conclude that jarosites have synergistic capacities for incorporating Pb and As into the structure. The simultaneous incorporation of As and Pb confers the jarosites’ lower solubility, immobilizing both ions more efficiently.



Smith et al., 2006 [11], established the structure of synthetic potassium jarosite (with hydronium). These authors indicate that the structure of jarosite is also based on the same linear tetrahedral-octahedral-tetrahedral (T-O-T) sheets, comprised of slightly distorted FeO6 octahedra and sulfate tetrahedra. The calculated lattice parameters of the synthetic jarosite were a0 = 7.3137(6) and c0 = 17.0730(5). The molar ratio K/H3O+ in the formula was 0.84/0.16.



Smith et al., 2006 [25], studied the structure of synthesized Pb-jarosite and Pb-As-jarosite. The structure of these jarosites is as previously described by the same authors for jarosite; the only difference is the partial substitution of sulfate by arsenate in the tetrahedra of the structure. The lattice parameters of Pb-jarosite (in Å) were a0 = 7.3347(7) and c0 = 16.9700(5), using a single, rather than a doubled, unit cell. The lattice parameters for the Pb-As jarosite (in Å), were a0 = 7.3417(1) and c0 = 16.9213(8); the formula obtained were:



(H3O)0.74Pb0.13Fe2.92(SO4)2(OH)5.76(H2O)0.24 for Pb-jarosite.



(H3O)0.68Pb0.32Fe2.86(SO4)1.69(AsO4)0.31(OH)5.59(H2O)0.41, for Pb-As-jarosite.



Ammonium jarosite was produced by microbiological oxidation of ferrous sulfate at pH 2.0–3.0 and 22–65 °C, using thermoacidophiles. Ammonium jarosite was also produced by chemical procedures at 36–95 °C. All samples were deficient in nitrogen compared to stoichiometric ammonium jarosite. Well crystalline materials were obtained with average values of cell parameters c0 = 17.467 ± 0.048 Å, and a0 = 7.330 ± 0.006 Å. A partial replacement of ammonium by hydronium to form solid solutions with 0.14–0.24 mol hydronium per formula unit was detected [45].



Szymanski, 1988 [62], indicates that the structure of beudantite follows the alunite–jarosite model. The structure of beudantite is centrosymmetric, rhombohedral (hexagonal axes), R-3m, and the lattice parameters obtained (in Å) were a = 7.3151(9) and c = 17.0355(5). The lead cation is disordered, and its position is about 0.28 Å, from the origin along x.



According to Frost et al., 2006 [63], the jarosite mineral group can be characterized by its Raman spectra. The spectra of the natural minerals may not be the same as the corresponding synthesized solids. These spectra can be complex. This complexity is attributed to the incorporation of low levels of other cations into the structure in the “alkaline site” or in the central ion position.



The elastic properties of jarosite were investigated by Xu et al., 2010 [64] using synchrotron X-ray diffraction coupled with a multi-anvil apparatus. When pressure over the jarosite sample increased, the parameter c contracted much more rapidly than parameter a, resulting in a large anisotropy in compression. The authors indicated that this behavior is consistent with the layered nature of the jarosite structure, in which the (001) [Fe(O,OH)6]/[SO4] sheets are held together via relatively weak potassium–oxygen and hydrogen bonds.



Sunyer and Viñals, 2011 [65] showed a scheme of the natroalunite (see Figure 2; the structure of jarosites is equivalent, changing Al(III) by Fe(III)). The dashed lines indicate the unit cell, octahedra are formed by Al-O2(OH)4 groups, and the spheres are sodium. The corresponding structural type is R-3m Z = 3, typical of alunite phases. These authors determined the unit cell parameters of arsenical natroalunite, indicating that the a0 values varied between 6.9964 and 7.0058 Å (practically independent of the arsenate and hydronium substitution), and c0 varied between 16.7400 and 16.8149 Å (this parameter increased with arsenate and hydronium substitution).



The structure of alunites is trigonal with a = 6.990Å, c = 16.905Å, with space group R3m, and Z = 3 (Frost and Wain, 2008) [66]. These authors have determined the thermal stability of alunites and indicated that dehydration occurs up to 225 °C, dehydroxylation at 520 °C, and desulphation takes place as a series of steps at 649, 685 and 744 °C.



Drouet and Navrotsky, 2003 [67], determined the unit cell parameters for some synthesized jarosites and alunites. Table 4 shows the values of these parameters for several jarosite–alunite solid solutions. These authors indicate that for jarosite–alunite and sodium jarosite–sodium alunite, the parameter a increases when iron increases. For alunite–sodium alunite, the parameter a is nearly constant, and the parameter c increases with the sodium content.




3.2. Thermodynamics of Jarosites


A thermochemistry study of jarosite–alunite was carried out by Drouet and Navrotsky [67]. Values of enthalpies of formation of these kinds of solids were determined. Enthalpies of formation for jarosite—alunite solid solutions were between −4778 kJ/mol (Sample 1) and −3963 kJ/mol (Sample 2); these values increase with the potassium content. For natrojarosite—natroalunite solid solutions, values obtained were between −3760 (Sample 3) and −4980 kJ/mol (Sample 4). For alunite–natroalunite solid solutions, values obtained were between −4996 kJ/mol (Sample 5) and −5023 kJ/mol (Sample 6). The values in parentheses correspond to the samples indicated in Table 3.



Perez-Labra et al., 2012 [68], determined some thermodynamic properties of rubidium jarosite. According to their calculus, values of formation obtained were (at 298.15 K): ΔHf = −3806 kJ/mol; ΔSf = −1666 kJ/mol·K; and ΔGf = −3310 kJ/mol. These authors also indicate that rubidium jarosite is stable at pH < 4.7. When this parameter is >4.7, goethite was formed.



The enthalpy of formation of a synthetic Pb-jarosite sample, with the chemical formula (H3O)0.74Pb0.13Fe2.92(SO4)2(OH)5.76(H2O)0.24 was measured by Forray et al., 2010 [69]. Values obtained were: ΔG0f = –3118.1 kJ/mol; S0 = 376.6 J/(mol K) and ΔH0f = −3603.6 kJ/mol. These data can be used for the calculation of phase diagrams of the Pb–Fe–SO4–H2O system and for estimating the solubility product of pure lead jarosite.



The enthalpy of formation for different jarosites, according to Forray et al., 2014 [70], are as follows: (a) for a jarosite Pb-As, with a molar ratio H3O = 0.68/Pb = 0.32; sulfate = 1.69/arsenate 0.31 is = −3691 kJ/mol. (b) for a jarosite Pb-Cu, with a molar ratio H3O = 0.67/Pb = 0.33; Fe = 2.71/Cu 0.25 is −3654 kJ/mol. (c) for a jarosite Pb-Zn, with a molar ratio H3O = 0.57/Pb = 0.43; Fe = 2.70/Zn 0.21 is −3669 kJ/mol. The standard Gibbs free energy of formation from elements at 298 K, were calculated and values obtained were −3165 kJ/mol, −3131 kJ/mol, and −3153.6 kJ/mol, respectively. These data should also prove helpful for the calculation of phase diagrams of different systems.



Zhu et al., 2019 [59], determined under the condition of initial pH 2.00 and 25 °C, the solubility product and the Gibbs free energies of formation for natroalunite. Values obtained were ≈1081 and −4714 kJ/mol, respectively, for natroalunite. For the arsenic-incorporated natroalunite, the corresponding values were ≈1092 and −5078 kJ/mol, respectively. Results obtained indicate that the solubility decreased when arsenic was incorporated into the alunite structure.





4. Reactivity of Jarosites


4.1. Reactivity in Alkaline Media


Many papers studied the decomposition of jarosite–beudantite solids in alkaline media; some of them are kinetic studies of these kinds of reactions. Table 5 shows the kinetic parameter values of alkaline decomposition and, in some cases, cyanidation of synthetic and natural jarosites [16,34,37,40,71,72,73,74,75,76,77,78,79,80,81]. Almost all the processes present an induction period followed by a progressive conversion period until the reaction finishes. The induction period decreases as concentration and temperature increase. The conversion step is characterized by the removal of sulfates and ions corresponding to the “alkaline site”, such as Na, K, ammonium, or hydronium. In all cases, the alkaline decomposition is chemically controlled (see the activation energy values shown in Table 5).



Cyanidation of jarosites in alkaline media, for silver recovery included in the jarosite structures, consists of two steps in series: (1) alkaline decomposition that controls the kinetics of the process and (2) complexation of silver from the decomposition products. In almost all cases, the kinetics of the cyanidation process is independent of the initial cyanide concentration, except for industrial ammonium jarosite generated in Zn hydrometallurgy, in which the reaction order with respect to cyanide concentration was 0.15.



Viñals et al., 1991 [82], studied the gold and silver recovery from hematite tailings containing plumbojarosite. The first step of the process consisted of a pretreatment with calcium carbonate (up to pH 5–5.5); a second pretreatment with lime at 60 °C, pH 11–12, and, finally, solids obtained were cyanided at 60 °C. Gold and silver extractions were 85–90% and 90–95%, respectively.



González-Ibarra et al., 2006 [83], studied the alkaline decomposition (at 60 °C) of industrial sodium jarosite from zinc hydrometallurgy. This residue contains 150 g Ag/t. These authors conclude that the kinetic of the process in NaOH media is controlled by the chemical reaction, whereas the kinetics of the process in Ca(OH)2 media was controlled through a layer of solid products; this is due to the formation of a calcium–ferrite layer in the surface of the jarosite particles.



Celep and Serbest, 2015 [84], studied the cyanidation of gold and silver in a refractory gossan ore. By mineralogical characterization, gold was detected as native and as electrum. This gold-silver alloy was associated with beudantite and iron oxides. Silver was also present as acanthite and inclusions within beudantite. The extraction level by leaching after 24 h were 76% gold and only 23% silver. The authors indicate that the noble metals are associated with jarosite–beudantite phases. With an alkaline treatment (KOH solutions), prior to cyanidation, the extraction level was 90% Au and 87% Ag.



Table 6 includes values of experimental rate constants (kexp) of cyanidation in NaOH medium (at 50 °C) and in Ca(OH)2 medium (at 50 °C) for several jarosites, corrected for the size factor. Higher rates were obtained by synthetic jarosite in both media. After jarosite appears silver jarosite and ammonium jarosite (in NaOH media), and sodium jarosite and ammonium jarosite in (Ca(OH)2 media). For industrial ammonium jarosite, arsenical jarosite and beudantite, the rates are negligible or almost negligible (at 50 °C). In summary, the cyanidation rate decreases when the substitution level in the jarosite increases, for example, arsenate and/or lead. This fact can be used for the immobilization of lead and arsenic contained in effluents [72,73].




4.2. Reactivity in Acid Media


As has been indicated in item 2, jarosite can be generated from the weathering zones of sulphide deposits and acid rock or acid mine drainage. At pH 2 (HClO4), dissolution yields only aqueous products. However, at pH 8, nanoparticles of secondary goethite on the jarosite grain surfaces were formed. These coatings inhibit subsequent jarosite dissolution. All of these results explain the cycling of SO4 and potassium in acid rock and mine drainages. Results obtained confirm the importance of goethite in sulfate environments [11].



Lead– and Pb–As-jarosites are also generated in the same environments and form on or near galena. These solids can be generated from weathering zones of sulphide deposits and acid rock or acid mine drainage. Pb-jarosite at pH 2 (HClO4) dissolves sulfates, lead, and iron. This jarosite at pH 8 (lime) generates lead and sulfates in solution and a nearly amorphous iron hydroxide (III). Arsenical Pb-jarosite at pH 2 (HClO4) generates a poorly crystalline lead sulfate and this compound and iron hydroxide (III) at pH 8. These formed solids are dissolution inhibitors. Arsenate dissolved during leaching or arsenical Pb-jarosite [25].



The dissolution kinetics of an argentian plumbojarosite from the old tailings of sulfating pyrites (Tharsis, Huelva, Spain) for silver recovery at 60–90 °C was studied by Viñals and Núñez, 1988 [85]. The media used was hydrochloric acid–calcium chloride solutions. The activation energy of 96 kJ/mol and a first-order dependence with respect to the hydrochloric acid activity with or without the addition of calcium chloride were obtained. The authors indicate that once plumbojarosite is decomposed, gold can be dissolved by the injection of small amounts of chlorine.



Kendall et al., 2013 [86], studied the dissolution rate of arsenical jarosite in acid media (pH 2), and in water and alkaline media (pH 8). The most important result indicates that the presence of arsenic in the jarosite structure resulted in an increase in dissolution rates in open systems. However, in closed systems, the formation of surface arsenate-iron complexes inhibits further dissolution.



Zhu et al., 2019 [59], revised the dissolution of natroalunite and arsenical natroalunite in acid media (HNO3), at 25–45 °C and pH between 2 and 4. Dissolution in H3O+ medium was near-stoichiometric within the short beginning period, and the dissolved ions were stoichiometric according to the initial solids. Ions were released from solid to solution preferentially through the following order: sodium, hydronium, sulfate, arsenate and aluminium.



Islas et al., 2020 [87], studied the dissolution process of hazardous jarosite-containing toxic elements (Thallium, mercury, lead and lead–arsenic jarosites, all of them with partial substitution of the metal by hydronium). The dissolution behavior of all jarosite types was studied in H3O+ and OH− media. Jarosites are more stable in an acidic medium than in an alkaline medium. The main effects in the jarosite stability were temperature and pH. In this study, the shrinking core kinetic model was applied to understand the stability of hazardous jarosites.



Calla-Choque and Lapidus, 2021 [88] studied the leaching kinetics of an industrial natrojarosite from a Zn leaching plant using thiourea and oxalate in acid media. The temperatures studied were between 25–60 °C and pH between 1 and 3. During leaching, silver contained in the jarosite structure was complexed by thiourea and iron by oxalate. The best conditions were 50 °C and pH 1. The activation energy obtained was 43–44 kJ/mol.



Castro et al., 2017 [89] studied the bioreduction of jarosites; Fe(III)-reducing bacteria (Shewanellaputrefaciens), pH 6.5–7, were used. In 7 days, a maximum reduction of 70% iron was observed. These authors indicate that one key factor for the implementation of anaerobic bioleaching is the metal recovery from the jarosites.



The reduction of different jarosites by a natural bacterial/microbial consortium and particularly, Desulfosporosinus orientis bacteria, was studied [90]. The generation of Fe(II) and the presence of that bacteria are conducted through the precipitation of metal sulphides, immobilizing toxic heavy metals. According to the authors, this study leads to understanding the processes related to the mobility or retention of metals in mine waste and industrial landfill environments.



Dutrizac and Sunyer, 2012 [91] studied the conversion of different jarosite to hematites. For potassium jarosite, conversion was completed in 2 h at 240 °C with seed (hematite). For lead jarosite and sodium–lead jarosite, the process occurred in 0.75 h at 225 °C (with seed). Silver dissolved during the process remained in the final solution.



Sunyer and Viñals, 2011 [65] developed experiments of natroalunite leaching at pH 1 using sulfuric acid. The amount of arsenic solubilized at pH 1 was less than 1 mg/L. These authors indicate that natroalunite is very stable at this acidity level.




4.3. Transformation by Thermal Treatments


Frost et al., 2005 [92] studied the thermal decomposition of natural and synthetic plumbojarosite. These authors indicate the importance of plumbojarosite and argentianplumbojarosite in ancient metallurgy (pre- and Roman times, Colonial Spain in America, and so on). In the thermal decomposition of natural plumbojarosite, dehydroxylation was produced at 391 and 418 °C. The loss of sulfates was detected at 531 °C. Finally, at 812 and 759 °C, losses of oxygen were produced. The temperatures of the thermal decomposition of the natural jarosite were less than that for synthetic lead jarosite.



The hydronium jarosite is stable up to around 200 °C (Frost et al., 2006 [93]). Dehydroxylation occurred at 262, 294, 345 and 385 °C. The proton lost at 557 °C was associated with the loss of sulfate. The remainder of the sulfate was lost at 619 °C.



Sodium and ammonium jarosite precipitates were obtained after sulfuric acid leaching of deep-sea nodules (Vu et al., 2014 [94]). Jarosites decomposed in NaOH or ammonia solutions. Impurities such as Mn, Cu and Ni appeared in the final solids, but copper partially dissolved, complexed by ammonia. The decomposition solids were sintered at 400 °C and 750 °C, and well-crystallized hematite was obtained.



Kerolli et al., 2016 [52] studied the thermal decomposition of ammonium jarosite waste from Mitrovica Industrial Park, Kosovo. Other species detected in solid wastes were gypsum, franklinite and quartz. The decomposition started with the release of adsorbed water between 106 and 152 °C. Ammonia generates between 150 and 300 °C, and SO3 was formed between 421 and 550 °C. At 1000 °C, the products formed were a mixture of magnetite and hematite.



Ma et al., 2019 [95], studied the transformation of an ammonium jarosite from zinc hydrometallurgy by a thermal treatment in a reducing atmosphere, at 300 °C, and in the presence of sulfur. These kinds of studies are interesting to obtain information about the jarosite decomposition and the possibility of recovering valuable elements and protecting the environment. The jarosite decomposed at 300 °C with the formation of szomolnokite (an iron(II) sulfate monohydrate) and iron oxide phases. After thermal treatment at 700 °C, szomolnokite transforms into pyrrhotite and magnetite phases. The activation energy of pyrrhotite formation was determined, obtaining 216 kJ/mol. Pyrrhotite can be used for sulfuric acid production.



Similar work was carried out by the same authors [96] about the thermal decomposition of an ammonium jarosite in the presence of carbon. At <400 °C, the carbon did not affect the decomposition of ammonium jarosite. At >400 °C, the decomposition temperature of the ammonium jarosite with carbon was lower (about 100 °C) than the ammonium jarosite without carbon. Ammonium jarosite decomposed at 400 °C without carbon, forming iron(III) sulfate and intermediate phases. At 700 °C, hematite was the only phase detected. Ammonium jarosite decomposed at 400 °C, with carbon, forming hematite. The activation energy values obtained were 197.7 and 281.4 kJ/mol, respectively.



An alternative for the recovery of metals of interest contained in jarosites was developed by Wang et al., 2019 [97], and Wang et al., 2020 [98]. The basis of the proposed process was a direct reduction of jarosite generated in Zn hydrometallurgy by using coal. Elements such as lead and zinc volatilized during pelletization. Solids obtained were subjected to a magnetic separation. The magnetic fraction contained almost all iron and the non-magnetic fraction was used for removing cadmium, lead, and arsenic from wastewater of Zn hydrometallurgy.





5. Immobilization of Metals in Alunite-Type Structures


Many researchers have devoted great attention to the possibility of immobilization of toxic metals contained in solid and liquid wastes, such as arsenic, lead, mercury, and thallium and so on, in structures of jarosite, beudantite or alunite phases.



Kolitsch and Pring, 2001 [99], determined the suitability of the alunite-type structures, including crandallite (calcium aluminium hydroxilate phosphate), for immobilization of toxic metals in natural and synthesized solids. Examples of elements studied were arsenic, lead, mercury, thallium, chromium and radioactive metals. The authors indicate that the potential in incorporating toxic metals in alunite-type structures is comparable to the same effect in structures such as apatite, perovskite or pyrochlore.



Roussel et al., 2000 [100] characterized solids from the oxidation of sulfide-rich tailings of an old gold mine in La Petite Faye, France. These authors detected the presence of scorodite and plumbojarosite. The solubility of these phases was determined. The authors conclude that scorodite is not a relevant candidate for As-in situ immobilization. The precipitation of beudantite maintained a low lead amount in the solution. Only the presence of lead sulfate generates soluble species, releasing significant amounts of lead into the water.



Smeaton et al., 2012 [101], determined the stability of synthetic arsenic–lead jarosite. These authors demonstrated the reduction of Fe(III) and As(V) during the microbial dissolution (using Shewanella putrefaciens). The presence of bacteria generates a reductive process, and consequently, it makes inappropriate the use of this kind of jarosite for collecting elements such as lead and arsenic.



Alarcón et al., 2014 [102] indicated that compounds of Fe(III) such as jarosite, schwertmannite, goethite and ferrihydrite present efficacy as arsenic sorbents. The authors established the arsenic retention and transport under a marine flood scenario, simulating changes in geochemical conditions in coastal systems due to sea-level rise. Minerals such as those indicated were contacted with arsenic solutions for 25 days. The retention capacity of arsenic was (in wt%): goethite, 3; ferrihydrite, 3; schwertmannite, 0.8 and jarosite, 0.3%.



Aguilar-Carrillo et al., 2018 [61] studied the extent and the effects of simultaneous incorporation of As(V) and Pb(II) into synthetic jarosite at different As/Pb molar ratios. The amount of arsenic during precipitation is larger when lead is incorporated into the structure, but also the amount of lead is larger when arsenic is incorporated. This question provides insight into the relevance of geochemical pathways of both metals immobilization in mining-metallurgical wastes in environments related to acid mine drainage and acid sulfate soils.



Luo et al., 2015 [57] synthesized arsenic-free natroalunite, and natroalunite with arsenic. The maximum amount of arsenate for sulfate was approximately 11% molar. By using amounts of arsenic less than 4 g/L, only natroalunite was obtained. For amounts of As > 4.2 g/L, amorphous aluminium arsenate was formed. Leaching tests over these solids indicate the solubility of arsenic in natroalunite was between 0.1 and 0.8 mg/L in 20 weeks at pH 4–9. However, the same parameter and the same conditions for aluminium arsenate were between 3 and 6.8 mg/L.



Synthetic beudantite and hidalgoite, were synthesized by Zhu et al., 2021 [103]. Studies of leaching were carried out for environmental purposes, indicating that the minimum amount of Pb and As in beudantite were, respectively, 0.0027–0.0030 mg/L (pH 6) and 0.0248–0.0250 mg/L (at pH 4). For hidalgoite, the minimum amount of Pb and As were, respectively, 0.0055–0.0061 mg/L (pH 12) and 0.0750–0.0810 mg/L (at pH 7). Beudantite is more effective for the immobilization of Pb and As than hidalgoite.



The magnitude of arsenic substitution in alunite-type structures (Hudson-Edwards, 2019) [104], (in % weight) is 3–8.5 As in beudantite; 3.6 As in alunite; 2.8 As in natroalunite; 1.6 As in jarosite; 0.034 As in hydroniumalunite. The degree of uptake depends on the AsO4/TO4 ratio. Arsenic release from alunite and natroalunite is limited (pH 5–8 in aerobic and abiotic arsenic). Similar behavior was detected in jarosites at pH 8. The release of arsenic is limited due to the stability of structures or due to the formation of other structures that resorbed the released arsenic.



Viñals et al., 2010 [6] studied the hydrothermal precipitation of As(V) as arsenical natroalunite. Synthesis was carried out at 200 °C, 15 min, using aluminium and sodium sulfates for arsenic inertization, from residues of copper pyrometallurgy. The maximum arsenic substitution in natroalunite was 0.07 in the formula for Al/As = 4.5 (molar ratio). In the solubility of precipitates, the amount of arsenic at pH 1 was 0.5–2 mg/L. Between pH 6 and 10, the amount of arsenic solubilized was near 0.01 mg/L. The precipitation of arsenic into natroalunite is a very good method for arsenic immobilization.



The maximum stability of arsenical natroalunite was between pH 5 to 8, obtaining an arsenic dissolution of 0.01–0.05 mg/L in 24 h (Sunyer and Viñals, 2011 [65]. The dissolution is congruent at pH < 3, incongruent at pH 4–11, and congruent at pH 12. Precipitates containing other phases as alarsite or amorphous aluminium–arsenate indicated arsenic solubilization as two or three orders of magnitude greater. The use of alunite (central ion Al3+) for toxic element immobilization has the advantage over using jarosite or beudantite (central ion Fe3+). These latter structures can decompose in reducing environments (Fe3+ to Fe2+); this does not occur in alunite.



Johnston et al., 2012 [105], studied the sulfidization of synthetic arsenical jarosite at a pH between 4.0 and 8.0. These authors indicate that in acid mine drainage and acid sulfate soils, the presence of sulfate-reducing bacteria can generate sulfide. Abiotic sulfidization transformed arsenical jarosite to mackinavite (an iron sulfide), enhancing the mobility of arsenic. The rate of jarosite dissolution increased from pH 4.0 to pH 8.0. Arsenic dissolved more and faster at pH 4.0–5.0 compared to pH 6.5–8.




6. Jarosite Passivation of Chalcopyrite during Leaching or Bioleaching


The importance of pH in the chemical leaching of chalcopyrite was established by Córdoba et al., 2009 [106], indicating that this parameter is related to controlling the hydrolysis of ferric species. Jarosites formed on the chalcopyrite surface seem to be responsible for chalcopyrite passivation. These authors indicated that sulfur formed is porous and does not contribute to the passivation of chalcopyrite.



Córdoba et al., 2009 [107] studied the same reaction but in the presence of silver ions (catalytic effect). The authors indicate that in some cases, the presence of silver can prevent the formation of jarosite in the chalcopyrite surface. However, in other cases, when jarosite was formed, silver was incorporated into the jarosite structure, losing the catalytic effect of the silver ion in the chalcopyrite leaching.



Kartal et al., 2020 [108] studied the chalcopyrite leaching in the presence of tetrachloroethylene and dimethyl sulfoxide at 75 °C and 750 mV (SHE). At the later leaching step, potassium jarosite covered the undissolved chalcopyrite. These authors indicate that the careful control of a solution’s composition to remove the possible layer of jarosite is necessary.



Quezada et al. studied a process of agglomeration, curing and leaching of chalcopyrite. A chalcopyrite sample especially rich in copper (28.5% Cu), [109], and a copper ore sample with a copper content of 0.79% Cu, [110], were used. Reagents were sulfuric acid and sodium chloride solutions for curing and sulfuric acid and Cu(II) solutions during leaching. The presence of natrojarosite in the curing products and in the leaching products was detected. These authors indicate that elemental sulfur and natrojarosite are responsible for the passivation of chalcopyrite leaching. The passivation in leaching was more important at low temperatures (compact products on the chalcopyrite surface), than at elevated temperatures (porous products).



During bioleaching of chalcopyrite in the presence of Acidithiobacillus ferrooxidans, potassium jarosite was detected before the formation of ammonium jarosite. These authors indicate that these jarosites covered the chalcopyrite surface with a passivating effect. Passivation of chalcopyrite may be reduced by controlling the jarosite precipitation [111].



Vakylabad et al., 2022 [112], studied the influence of sodium chloride addition in the bioleaching process of chalcopyrite. The presence of chloride ions attempts to mitigate the jarosite formation on chalcopyrite, inhibiting the progress of the reaction. Mesophilic and thermophilic microorganisms were used. Working in columns with an oxidation-reduction potential (ORP) < 450 mV reduced the formation of the passivating layer that was essentially formed by jarosite.




7. Jarosites on Mars


Indications of the presence of jarosites, together with other iron oxides such as goethite, lepidocrocite or hematite, were observed through a study carried out by Morris et al., 2000 [113], on samples from Ares Vallis on the surface of Mars. Analyzes were carried out using the spectrophotometers of the Pathfinder space vehicle, launched by NASA in 1996. These studies and others carried out from these dates are based on the idea of detecting the possible presence of water on Mars.



Analysis using the Mösbauer analytical technique was carried out on rocks and minerals at Meridiani Planum on Mars [18,114]. This technique was mounted in the Opportunity rover (MER-B), launched in 2003 as part of the NASA’s Mars Exploration program. Jarosite was detected jointly with hematite, olivine and pyroxene. The jarosite detected there, can be a mineralogical evidence for the presence of water, probably under acid-sulfate conditions.



Cloutis et al., 2006, [60], indicated that optical spectroscopy could be a powerful tool for sulfate detection and discrimination on a number of planetary bodies such as Europa, Io, Mars, and so on. This is based on the spectral diversity of sulfates and the availability of wavelength regions where sulfates exhibit aspects that are not overlapped by absorption bands of rock-forming minerals.



Madden et al., 2006 [115] studied the kinetics of jarosite dissolution in the sulfuric acid system, at pH between 1.6 and 4.5, at 280–313 K. These authors determined the mineralogy of the leaching residues. They indicate that sulfate adsorption may play a significant role in determining the mineralogy and texture of the iron oxides produced. Goethite is commonly found as the dominant iron oxide related to jarosite deposits on Earth; on Mars, under water-limited conditions, leaching generates nanoscale maghemite and hematite. It seems that abundant iron oxides detected at Meridiani Planum may have formed as secondary reaction products of jarosite dissolution at pH > 3.5 over time less than tens to thousands of years.



Characterization studies were carried out by Rampe et al., 2017 [116], on Mount Sharp on Mars, obtained from the equipment of the Curiosity rover launched in 2014. In the Murray formation, phyllosilicates, hematite, jarosite, and pyroxene were the most abundant minerals detected. These authors indicated that these minerals and particularly hematite and jarosite, are products of acid-sulfate alterations on Earth. They also suggested that influxes of acidic pore fluids generated the diagenesis of the Murray formation and its mineralogy and geochemistry. The preservation of minerals such as jarosite, which are highly susceptible to dissolution at low pH, suggests that fluids may not have been extremely acidic (pH > 2).



Potter-McIntyre and McCollom, 2018 [117], determined the origin of jarosite and alunite at Mollies Nipple (Kane County, UT, USA) and demonstrated that they could be more stable than the current knowledge indicates is possible. The idea of this work was to obtain results for an interpretation of Martian depositional and diagenetic environmental conditions. It seems that previous interpretations of Mars diagenetic environments as being hyperacidic or lacking significant contact with fluids during geologic time frames based on the presence of jarosite and/or alunite may be incorrect. These environments may have had much more circumneutral (and therefore more habitable) diagenetic histories than previously imagined.



The sulfate and iron oxide deposits in Rio Tinto, Huelva, Spain, are similar to early Martian hematite-rich regions. The authors report a successful demonstration of autonomous drilling down to 1 m depth as a proof-of-concept study. The multi-analytical approach informed that molecular biomarkers could be recovered from drilling on iron-rich Mars analogues by using an automated life detection lander prototype. This equipment can be used to search for life in the Martian ice-cemented subsurface [118].



Baccolo et al., 2021 [119], studied the jarosite formation in the deep Antarctic Ice. These authors attempt to explain the formation of jarosite on Mars. They indicate that jarosite is a product of weathering involving Aeolian dust and acidic atmospheric aerosols. It seems reasonable that the formation of jarosite on Mars involves the interaction of brines and mineral dust in deep ice.



The Smoking Hills in Arctic Canada have a widespread occurrence of metal-sulfide mineral deposits. High-temperature oxidation processes generated several oxidized species such as jarosite in bands within phyllosilicate mudstone. The authors indicate that Smoking Hill can be an alternative Earth analogue to Mars. Jarosite-rich layers reflect post-depositional oxidation, not acidic conditions, during the deposition process [120].




8. Conclusions


Jarosite belongs to the alunite supergroup with alunite, beudantite and crandallite. Alunite-type compounds are common on the Earth’s surface. Multiple substitutions in different positions of their structure are possible, and compounds obtained have good stability. These minerals play an important role in different fields of extractive metallurgy; their importance appears when viewing the high number of publications found in the literature.



Jarosite–alunite-type compounds occur: (1) as oxidized parts of sulfide deposits; (2) as nodules and dissemination in clays; (3) in acid soils; (4) as hypogene minerals. The weathering process can be originated in situ on deposits of primary and secondary sulfides or at some distance from the original deposits, where these compounds precipitated after hydrolysis reactions.



Jarosite–alunite-type compounds have been synthesized in the laboratory and at the industrial level. Synthesis in the abiotic and biotic procedures was developed to determine structures, thermodynamic parameters, and solubility products of jarosite and alunite. Synthesis was also carried out to acquire information about the reactivity of these kinds of solids for valuable metals recovery and immobilization of elements such as As, Pb, Hg, and Cr, among others. The structure of the alunite-supergroup is rhombohedral, and the structural group is R-3m, with Z = 3. For a selected group of jarosite–beudantite–alunite minerals, parameter a varied between 6.981 and 7.327 nm, and parameter c varied between 16.635 and 17.087 nm.



Many papers refer to the alkaline decomposition of jarosite–beudantite. Almost all the papers indicate that the process consists of an induction period followed by a conversion period. This second period is characterized by the removal of sulfates and ions corresponding to the “alkaline” site. In all cases, the process is chemically controlled.



The cyanidation of different jarosite and beudantite for silver recovery consists of two steps: an alkaline decomposition that controls the kinetics of the process, followed by the complexation of silver from the decomposition products. A comparison of the cyanidation rate process for several jarosites in NaOH and Ca(OH)2 media indicates that higher rates were obtained by synthetic jarosite (potassium jarosite) in both media. Then appeared silver jarosite and ammonium jarosite (NaOH media), and sodium jarosite and ammonium jarosite (Ca(OH)2 media). For industrial ammonium jarosite (Zn hydrometallurgy), natural arsenical jarosite, and natural beudantite, the rates are almost negligible (at 50 °C). The cyanidation rate decreases when the substitution level in the jarosite increase, for example, substitutions by arsenate or lead.



In general, jarosite-type compounds are more stable in an acid medium than in an alkaline medium. However, this type of solids dissolves in an acid medium, at a pH below 2, obtained through the use of sulfuric, nitric, perchloric or hydrochloric acid, sometimes with a mixture of hydrochloric acid and metal chlorides. The reactivity of jarosites in biotic media has also been studied through bioreduction processes and, in some cases, with the formation of metal sulfides, immobilizing toxic elements. The thermal treatment of jarosites has also been studied, in some cases with the transformation of jarosite into hematite, mixtures of magnetite and hematite, or mixtures of magnetite and pyrrhotite.



The alunite-type compounds (alunite, jarosite, beudantite) exhibited good stability in a wide range of environmental conditions; they have been used for the long-term storage of toxic elements. Arsenic–lead jarosites have been proposed for immobilization of lead and arsenic. Alunite structures have also been proposed for the immobilization of arsenic, lead, mercury, thallium, and chromium, among others. The maximum stability of arsenical natroalunite was between pH 5 to 8, obtaining an arsenic dissolution of 0.01–0.05 mg/L in 24 h. The corresponding authors indicate the use of alunite (central ion Al3+) for toxic elements immobilization has an advantage over using jarosite or beudantite (central ion Fe3+). These latter structures can decompose in reducing environments (Fe3+ to Fe2+). This fact does not occur in alunite.



The sulfidization of synthetic arsenical jarosite at a pH between 4.0 and 8.0 is an example of reducing environments. Sulfidization transformed arsenical jarosite to mackinavite (an iron sulfide), enhancing the mobility of arsenic. The rate of jarosite dissolution increased from pH 4.0 to pH 8.0. Arsenic dissolved more and faster at pH 4.0–5.0 compared to pH 6.5–8.



Jarosites formed in the mineral surface during curing and/or leaching or bioleaching of chalcopyrite seem to be responsible for chalcopyrite passivation. The importance of pH in the leaching process of chalcopyrite is related to the control of the hydrolysis of ferric species present in the system. In certain conditions, the sulfur formed during the process was porous and did not contribute to the passivation of chalcopyrite; in other experimental conditions, the passivation process is a contribution of jarosite and elemental sulfur.



Jarosite, alunite, and minerals such as goethite, hematite, maghemite, lepidocrocite, olivine, and pyroxene, among other species, have been detected on Mars from the results obtained in the spectrophotometers incorporated in Pathfinder, Opportunity, and Curiosity space vehicles launched by NASA. Numerous researchers have carried out studies on different regions of the Earth, in which there may be similarities with various areas of Mars. The minerals detected on Mars can be a piece of mineralogical evidence for the presence of water, probably under acid-sulfate conditions.
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Figure 1. Number of papers with the terms “jarosite, alunite, beudantite” according to Scopus (a,b) Web of Science. 
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Figure 2. Scheme of the natroalunite structure, equivalent to the jarosite structure [65]. 
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Table 1. Examples of compounds of the alunite supergroup.
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	Name
	Formula
	Name
	Formula





	Alunite group
	
	Beudantite group
	



	Alunite
	KAl3(SO4)2(OH)6
	Beudantite
	PbFe3[(S,As)O4)2(OH,H2O)6



	Ammonium alunite
	(NH4)Al3(SO4)2(OH)6
	Hidalgoite
	PbAl3[(S,As)O4)2(OH,H2O)6



	Jarosite
	KFe3(SO4)2(OH)6
	Crandallite group
	



	Plumbojarosite
	PbFe6(SO4)4(OH)12
	Crandallite
	CaAl3[PO3(O1/2(OH)1/2)]2(OH)6



	Argentojarosite
	AgFe3(SO4)2(OH)6
	Plumbogummite
	PbAl3(PO4)2(OH,H2O)6
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Table 2. Summary of works about natural jarosite formation.
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	Location
	Mineral
	Species Detected
	Source





	Tintic Standard mine,

Utah (USA)
	Oxidized sulfide

deposits
	Argentojarosite
	Dutrizac and Jambor [13]



	Cook’s Peek, NewMexico (USA)
	Id.
	Plumbojarosite
	Id.



	Shinkolowbwe (Zaire)
	Id.
	Jarosite, natrojarosite
	Id.



	Yellowstone Natural

Park (USA)
	Hypogene mineral
	Jarosite
	Id.



	Sulfur Bank hot-spring

Hg dep. CA (USA)
	Id.
	Ammonium jarosite
	Id.



	Iberian Pyrite Belt

(Spain)
	Iron caps, gossan
	Jarosite
	Velasco et al. [14]



	Rio Tinto (Spain)
	Gossan
	As-potassium jarosite

Beudantite
	Viñals et al. [15]

Roca et al. [16]



	Mother Lode Gold

California (USA)
	Outcrops, mine

Tailings
	As-potassium jarosite
	Savage et al. [17]



	High Lake, Nunavut

(Canada)
	Gossan, outcrops
	Jarosite
	West et al. [18]



	Mega, Livaldi, Serifos

Greece
	As-rich tennan-

tite, As-pyrite
	Beudantite
	Dill et al. [19]



	Veladero, Andean

Cordillera, Argentina
	Fine grained quartz
	Alunite, jarosite
	Holley et al. [21]



	Santa Caterina State

(Brazil)
	Tailings coal industry
	Jarosite
	Cutruneo et al. [22]



	Penn Mine, Sierra

Nevada CA (USA)
	Secondary minerals
	Jarosite
	Montero et al. [23]



	Monte Romero mine

IBP (Spain)
	Mineral precipitated from

acid rock drainage
	Hydronium jarosite
	Acero et al. [24]



	Sulfide deposits

galena
	Id.
	As-plumbojarosite
	Smith et al. [25]



	Rosia Montana

Gold (Romania)
	Ochreous precipitates
	Jarosite
	Azzali et al. [26]



	Sarsheshmeh copper

Mine (Iran)
	Tailings mine
	Jarosite, alunite
	Malakooti et al. [27]
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Table 3. Summary of experimental conditions of synthesis of jarosites.
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	Jarosite

(Alunite)
	Fe3+ (Al3+)

(mol/L)
	Metal Sulfate

(mol/L)
	Sulfuric Acid

(mol/L)
	Temperature(°C)
	Reference





	Na
	0.20
	0.30
	0.01
	97
	[32,36]



	K
	0.20
	0.30
	0.01
	97
	[34]



	NH4+
	0.30
	0.20
	(pH 1.6)
	98
	[35]



	H3O+
	0.27
	---
	---
	140
	[1]



	Ag
	0.30
	0.048
	0.01
	97
	[40]



	Pb
	0.054
	[Pb(NO3)2]
	0.01
	95
	[1,25]



	K
	0.16 (without)

Fe(II) nor

Bacteria
	K+, 0.27; SO42−, 0.20; PO43−, 0.025; Mg, 2.3·10−3; Ca2+, 6·10−4; NO3− 1.2·10−4
	(pH 1.4)
	2 to 40
	[15]



	K-NH4-H3O

Ternary solid solutions
	0.16 (as Fe2+)

Acidithio-bacillus ferroxidans
	PO43–, 3.67·10−3; and as sulfates: Mg2+, 1.62·10−3; NH4+, 3.03·10−3
	0.01
	22
	[46]



	Natroalunite
	0.063
	Na+: 0.021
	(pH 2.8–2.9)
	160
	[7]



	Alunite
	0.60
	K+: 0.6
	pH 0.4)
	220
	[56]
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Table 4. Unit cell parameters of several samples of jarosite-alunite [66].
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	Sample
	Elements—Atomic Ratio
	Parameter a
	Parameter c





	1
	0.99K; 0.01H3O+; 0.63Fe; 2.19Al
	7.064 ± 0.004
	17.049 ± 0.009



	2
	0.79K; 0.21H3O+; 1.99Fe; 0.44Al
	7.248 ± 0.003
	17.087 ± 0.006



	3
	0.68Na; 0.32H3O+; 2.66Fe; 0.07Al
	7.327 ± 0.001
	16.654 ± 0.002



	4
	0.66Na; 0.34H3O+; 0Fe; 2.65Al
	6.987 ± 0.001
	16.635 ± 0.002



	5
	0.48K; 0.29Na; 0.23H3O+; 2.63Al
	6.985 ± 0.0036
	16.905 ± 0.088



	6
	0.24K; 0.59Na; 0.17H3O+; 2.74Al
	6.981 ± 0.003
	16.776 ± 0.008
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Table 5. Kinetic parameters of alkaline decomposition of some jarosites.
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	Jarosite
	Ratio (mol)

Cation/H3O+
	Medium
	Reaction Order [OH−]
	Activation

Energy

(kJ/mol)
	Temperature

(°C)
	References





	Ag
	0.78–0.22
	NaOH
	0.5
	42.0
	23–60
	[40]



	Ag
	0.78–0.22
	Ca(OH)2
	0.5
	42.0
	30–60
	[40]



	Pb
	0.32–0.35
	NaOH
	1
	53.0
	25–55
	[71]



	Pb
	0.32–0.35
	Ca(OH)2
	0
	47.0
	22–55
	[71]



	Na
	0.675–0.320
	NaOH
	0.4
	96.0
	25–45
	[37]



	Na
	0.675–0.320
	Ca(OH)2
	0.5
	40.0
	25–60
	[37]



	K
	0.91–0.083
	NaOH
	0.6
	43.0
	25–60
	[34]



	K
	0.91–0.083
	Ca(OH)2
	0.5
	80.0
	20–60
	[34]



	NH4+
	0.71–0.25
	NaOH
	0.6
	60.0
	30–50
	[72]



	NH4+
	0.71–0.25
	Ca(OH)2
	0.4
	70.0
	25–50
	[73]



	Id. Ind 1
	0.59–0.31 with

0.07Na,

0.02K, 0.007Pb
	NaOH
	1.1
	77.0
	30–50
	[74]



	Hg
	0.39–0.22
	NaOH
	1
	56.9
	25–60
	[75]



	Rb
	0.82–0.17
	NaOH
	0.94
	91.3
	25–55
	[76]



	Rb
	0.94–0.06
	Ca(OH)2
	0.42
	98.7
	25–50
	[77]



	K with Cr 2
	0.95–0.56K

0.05–0.44H3O+

1.99–0Cr
	NaOH
	1.1
	75.7
	20–75
	[78]



	Na-As
	0.87–0.13Na

0.05As
	NaOH
	0.75
	57.1
	20–60
	[79]



	Na-As
	0.87–0.13Na

0.05As
	Ca(OH)2
	1.56
	48.2
	20–70
	[79]



	K-As
	Low As
	NaOH
	1.86
	60.3
	21–60
	[80]



	K-As
	Low As
	Ca(OH)2
	1.15
	74.4
	21–70
	[80]



	K-As

Gossan RT
	0.56–0

0.37Pb
	Ca(OH)2
	---
	86.5
	75–95
	[16]



	Beudantite

Gossan RT
	0.39Pb/0.22 and

0.16As
	NaOH
	0.99
	96.9
	20–70
	[81]







1 Industrial ammonium jarosite from Zn hydrometallurgy, 2 Molar concentration for several jarosites.
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Table 6. Cyanidation rate of jarosites in NaOH and Ca(OH)2 media [72,73].
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	Jarosite
	Medium
	Molar Ratio
	Kexp·d0 (s−1·μm)
	References





	K
	NaOH
	0.86K; 0.13H3O+
	0.090
	[34]



	NH4+
	NaOH
	0.71NH4+; 0.28H3O+
	0.028
	[72]



	Ag
	NaOH
	0.79Ag; 0.21H3O+
	0.025
	[40]



	NH4+ Ind.
	NaOH
	0.59NH4+; 0.07 Na;

0.31H3O+; 0.02K

0.05As
	0.018
	[74]



	As-Potassium

Gossan RT
	NaOH
	0.44Pb; 0.10Na;

0.42K; 0.40As
	Negligible

(at 50 °C)
	[16]



	Beudantite

Gossan RT
	NaOH
	0.97Pb; 0.03K;

0.97As
	Negligible

(50 °C)
	[16]



	Potassium
	Ca(OH)2
	0.86K; 0.13H3O
	0.080
	[34]



	Sodium
	Ca(OH)2
	0.65Na; 0.34H3O
	0.020
	[37]



	Ammonium
	Ca(OH)2
	0.71NH4; 0.28H3O
	0.018
	[73]



	Silver
	Ca(OH)2
	0.79Ag; 0.21H3O
	0.010
	[40]



	Lead
	Ca(OH)2
	0.31Pb; 0.37H3O
	<0.001
	[70]



	As-Potassium

Gossan Rio Tinto
	Ca(OH)2
	0.44Pb; 0.10Na;

0.42K; 0.40As
	Negligible (50 °C)
	[16]



	Ammonium Industrial
	Ca(OH)2
	0.59NH4; 0.31H3O; 0.07Na; 0.02K; 0.05As
	Negligible (50 °C)
	[74]
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