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Abstract

:

Nickel (Ni) and cobalt (Co) are relevant technological metals for the future of the lithium-ion battery (LIB) industry. Based on the current and projected demand for these, an increased interest in developing processing routes to exploit lateritic occurrences has been observed, as these are reported as critical raw materials for future mineral–metallurgical industry. However, the content of Ni and Co in such ores is minimal and requires impracticable mineral-processing operations for concentration before metal extraction. It was identified that information regarding the sulfation roasting of this material is scarce on what concerns the iron sulfates interaction as a function of the temperature. Based on that context, the present work has its purposes associated with the proposition of an alternative chemical pretreatment to upgrade the content of metals of technological interest in lateritic ores through a simple roast–leach process. Thus, the chemical interactions between the mineral sample and iron (III) sulfate (Fe2(SO4)3) through thermodynamic simulations and experimental procedures were explored. The latter included specific water leaching practices for the selective concentration of metals. The equilibrium calculations indicate that Fe2(SO4)3 and FeSO4 tend to decompose at lower temperatures, and considering the higher stability of other metal sulfates, it could be an interesting reagent in this type of process. Regarding the experimental results, the characterization of materials indicates a recovery of Co as high as 73.4 wt.% after sulfation roasting at 500 °C followed by water leaching, with the full content of Iron (Fe) being reported in the insoluble phase. Based on these findings, the present development could be an interesting alternative to consider within operations for the chemical upgrade of cobalt in such types of mineralogical occurrences.
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1. Introduction


Nickel (Ni) is very relevant in terms of annual production and, together with iron (Fe), aluminum (Al), manganese (Mn), copper (Cu), zinc (Zn), and lead (Pb), contributes to more than 98 wt.% of all metal industrial production [1]. Moreover, with the current transition to a low-carbon society, an even more expanded importance of these common metals has been expected, as they can provide the required foundations for high-technology applications [2,3,4]. One of these is related to the development of affordable electrochemical cells to power updated electric transports, in which Ni and cobalt (Co) are important materials for the lithium-ion battery (LIB) industry [5,6]. Co is a typical companion metal in Ni-bearing occurrences, and most of its worldwide production is a byproduct of their extractive metallurgy routes [7,8]. Nevertheless, the consumption and effective allocation of cobalt resources are not balanced at present, thus making it a critical raw material for the future, which stands as a real challenge to fulfill global demand [9,10]. Therefore, the need for mining expansion without compromising environmental sustainability is obvious, which puts pressure on new technology developments [11].



In terms of Co extraction, the laterite occurrence has been considered a promising source to meet present and future demands [12,13]. This observation seems to be correct, considering that around 70 wt.% of known Ni deposits are related to this type of ore [14,15,16,17]. The laterites are in praxis an occurrence formed by the weathering of mafic and ultramafic rocks, typically in warm and rainy regions [18,19], with goethite as the major nickel bearer [20]. Limonite and chlorite could also be observed as important Ni carriers, while Co is typically hosted in oxide crystalline structures [17]. Dealing with the low levels of these metals of interest in such a complex mineralogical matrix is a major challenge in Co extraction, as well as for the Ni itself [21].



Regarding Ni extraction processes, pyrometallurgical operations correspond to a large share of industrial practice [22], with the rotary kiln-electric arc furnace (RKEF) as the dominant technology [23]. Moreover, processes based on acid leaching, pressurized or not, have also been widely reported for laterites [24]. Nevertheless, it is well-described that pure pyro- or hydrometallurgical routes usually deal with high energy and reagent consumption to achieve Ni and Co extraction, inhibiting its application in some of these occurrences. This fact motivates the development of hybrid methods in which the sulfation roast–leach approach appears to be one of the feasible alternatives. The typical sulfation reagents for that method, as reported in the literature, are ammonium sulfate ((NH4)2SO4) [25,26], sulfuric acid (H2SO4) [27,28,29], sodium sulfate (Na2SO4) [30,31], sulfur dioxide (SO2) [32], and trioxide (SO3) [33]. Research about the use of metal sulfates as laterites sulfation agents is scarce, therefore motivating further developments in this area.



Within this context, the present study deals with the interaction of sulfation roasting using iron (III) sulfate (Fe2(SO4)3) with Co-bearing nickeliferous laterites followed by water leaching to assess the chemical behavior of the reaction system, particularly with respect to Co–Fe separation. The motivation of this work is to provide the first report on the feasibility of the process of a nickeliferous laterite ore reacted in the presence of a metal sulfate. The option of an iron-carrying sulfation reagent is related to the fact that iron (III) and iron (II) sulfates tend to decompose at lower temperatures in comparison to its peers, promoting the formation and stabilization of other sulfates in the system [34,35].



Therefore, the purposes of this work are associated with the development of a detailed and updated thermodynamic assessment of using Fe2(SO4)3 as a sulfation agent based on sulfate formation and stability, as well as an experimental evaluation of some relevant metals’ behavior in a simple water-based laterite roast–leach methodology. The study also covers the characterization of materials in the nickeliferous laterite sample, as well as the major reaction products obtained in this study.




2. Materials and Methods


The roasting experiments were carried out using a nickeliferous laterite sample from the northern region of Brazil. The received specifications of the ore mentioned that this sample did not meet the mineralogical site criteria to produce an Fe–Ni alloy based on the high silicate content, and therefore, it would be appropriate to investigate different approaches to increment the grade of some critical metals, such as Ni and Co. Visually, the sample was made up of particles of varying size and predominantly of clay features. To diminish the massive moisture content, typical of lateritic ores, and to avoid interferences of this amount of water in the chemical processing, the sample was dried at 100 °C until a constant mass was achieved and then conditioned in a vacuum. After that, the nickeliferous laterite ore sample was characterized through the methods that are reported in sequence.



2.1. Thermodynamic Simulations


The reaction system equilibrium evaluation was developed using the HSC Chemistry software, version 9.9.2.3 [36]. This part of the study covered the simulations performed through the Gibbs Energy Minimization method to calculate the resulting equilibrium composition for one independent variable (temperature) and two independent variables (temperature and amount of sulfation reagent).




2.2. Roast–Leach Experiments


After drying, a representative 10 g sample was macerated with iron sulfate III (Isofar) in different concentrations. The mixing proportions were as follows: stoichiometric, 10, 20, and 30 wt.% excess of sulfation reagent. The amount presented here as stoichiometric was based on the reaction of Fe2(SO4)3 with the detected quantities of Ni and Mg established by the characterization of materials, so that their entire content could react to form their respective sulfates in the case of nickel (NiSO4) and magnesium (MgSO4). The Co content was detected below 1 wt.%, and therefore, it was not used for the stoichiometric mass balance. Then, the mixture was transferred to a ceramic crucible where it was submitted to sulfation roasting (SR) at temperatures between 500 and 900 °C inside a muffle furnace (air atmosphere). The purpose of this procedure is to transfer sulfate from Fe2(SO4)3 to other constituents to form water-soluble salts bearing the cations of interest while Fe reports to oxidized insoluble species. The residence time for the roasting operation was defined as 60 min.



The water leaching (WL) was carried out with distilled water at 80 °C. A volume of 250 mL of solvent in conical flasks along with the roasting product was placed under constant agitation throughout the test. The residence time for this operation was set at 60 min to guarantee full mass transfer of all soluble content. Then, the solid–liquid suspension was subjected to the unitary operation of vacuum filtration to separate the insoluble residue.



Samples of the reaction product from SR as well as the WL insoluble residues were subjected to characterization using the same techniques applied to the nickeliferous laterite ore sample. These methods of characterization are detailed in sequence.




2.3. Materials Characterization


At this stage of the project, the raw material and reaction products were characterized using means of inductively coupled plasma optical spectrometry (ICPOES) via Optima 4300 DV equipment (PerkinElmer), as well as X-ray diffraction through D2 Phaser equipment (Bruker). The former method is related to the quantification of the chemical elements and was prepared through fusion at 80 °C with potassium bisulfate (KHSO4) due to the high Fe content in the samples. The latter, on the other hand, is associated with quantitative mineralogical analysis [37] through the Rietveld method [38], using the software TOPAS-Academic.



For the iron sulfate characterization and to widen the understanding of its chemical attack over the laterite sample, thermogravimetric analyses (TGA) were performed using STA 449 F3 Jupiter (Netzch) equipment in an inert medium (Linde Gases—N2 with 99.999% purity) flowing at 20 mL min−1. The experiments were conducted under a heating rate of 10 °C.min−1 in the temperature range between 25 and 1200 °C.





3. Results and Discussion


3.1. Laterite Sample Characterization


Table 1 presents the results associated with the major elements of interest within the roast–leach extraction system composing the nickeliferous laterite ore as received. It can be observed that Fe was, by a large margin, the major metallic constituent in the sample, contributing with 30 wt.%. As expected, Si was also a predominant element with 12 wt.%, while the Ni content was 1.7 wt.% of the sample, which is within the typical limits of laterite ores. It is valuable to note that Mg, with 3.1 wt.%, was almost double the nickel mass content. Regarding Co, an amount of 0.07 wt.% was observed. The metallic speciation suggests that the received sample was from an intermediate zone [39].



Figure 1 and Table 2 show the XRD results associated with the laterite sample. The presence of quartz shows that, indeed, the received material could be characterized as silicate laterite (19.5 wt.%). Goethite also appeared in large quantities (32.7 wt.%), confirming a large amount of iron composing it. Combined with hematite (3.4 wt.%) and magnetite (3.7 wt.%), this corroborated the high levels of Fe observed in ICPOES. In addition to these oxidized minerals, 7.3 wt.% of the sample corresponded to a non-specific phase that did not have a defined crystalline structure, following the method described in the literature [40], which may also carry major quantities of iron.




3.2. Thermodynamic Simulations


Based on the hypothesis that Fe2(SO4)3 could act as an SR reagent, Figure 2 shows the equilibrium composition results as a function of temperature associated with the stoichiometric chemical interaction between 4/3 mol of this salt and 1 mol of each one of following oxides: nickel (NiO), cobalt (CoO), magnesium (MgO), and calcium (CaO).



Support for the hypothesis comes from the reported fact that iron sulfates tend to decompose at temperatures lower than 700 °C, particularly in the presence of metal with a higher affinity for the sulfate anion [34,35]. Therefore, it could be expected that Fe2(SO4)3 works as a sulfate source to supply Ni, Co, Mg, and Ca with sulfate anions (SO42−) content. It can be observed that, for the entire temperature range, oxides are the major carriers of iron for selected initial conditions, with negligible FeSO4 amounts. Fe2(SO4)3, in this context was consumed by the reaction system as predicted and acted as a reagent promoting the sulfation of the oxides of Ni, Co, Mg, and Ca. Concerning sulfate stability, at 584 °C, NiSO4 remained with 95.0 mol% of its initial composition. A similar behavior was observed for the sulfates of cobalt (CoSO4) at 755 °C (95.1 mol%) and magnesium at 807 °C (95.2 mol%). Calcium sulfate (CaSO4), after its formation, was stable in the temperature range. Regarding its selectivity for thermal decomposition, it was verified that NiSO4 had an equilibrium composition below 1 mol% of the original input in temperatures higher than 1017 °C. The same was observed for CoSO4 and MgSO4 at 1117 and 1153 °C, respectively. It is interesting to observe that no prior evolution of SO2 or SO3 was relevant for temperatures lower than the one associated with that in which the NiSO4 thermal decomposition started. This may be considered indicative of sulfate exchange at the selected stoichiometric proportion, which should occur without sulfate loss at low temperatures. Although it is well-known that this was a theoretical simulation with individual oxides, considered as pure species in an ideal mixture, it offers an interesting substrate that there is thermodynamic feasibility of sulfation using this Fe2(SO4)3 as a source of SO42−. It is also important to mention that one of the premises of this calculation is that the equilibrium composition was reached in a closed system. However, in practice, most sulfation roasting occurs within open systems, particularly concerning the gas flow. Therefore, with the constant removal of the produced SO2, SO3, and oxygen (O2), equilibrium may be shifted, and a decomposition temperature can be reached at even lower values.



Figure 3 presents the equilibrium composition results as a function of the temperature and amount of SR reagent, considering the formation of the respective sulfates based on the chemical attack applied over 1 mol of the following oxides: NiO, CoO, MgO, and CaO.



The results are presented as surfaces of equilibrium for all four associated sulfates that are considered possible products of the sulfation reaction. It is important to mention that these results were obtained after a Gibbs Energy Minimization and provide an optimized picture of the system tendency in a combined manner. As predicted by the Ellingham and predominance diagrams (see Supplementary Material), CaSO4 had remarkable stability within the limits of the studied variables. This is strongly indicative that this sulfate should be formed preferentially in the SR system. It is also noteworthy that this sulfate was the one that required the smallest amount of Fe2(SO4)3 to form, requiring slightly above 0.3 mol to achieve full sulfation. For MgSO4, it can be observed that, in terms of Fe2(SO4)3 added to the system, this should be the second formed sulfate, achieving its complete transformation after the system consumed almost 1.0 mol of iron (III) sulfate. Sequentially, CoSO4 was formed just after 1.1 mol of SR reagent was added, while the same was observed for NiSO4 with just above 1.3 mol of Fe2(SO4)3 included in the reaction system, following the theoretical stoichiometry proposed in Figure 2. These tendencies could be valuable information for defining the sulfation mechanism, which is currently not under the scope of the manuscript but should be appreciated in future works.



Nevertheless, it is possible to affirm that a sulfation roasting system could be calibrated, theoretically, for salt formation and consequent separation using leaching followed by filtration. Regarding the thermal decomposition of the formed sulfates, it can be observed for Ni, Co, and Mg that increments of Fe2(SO4)3 slightly increased the stability of the formed sulfates based on the temperature at which this process started.




3.3. Roast–Leach Experiments


For the present study in which the reagent proportion and the temperature effect were first appreciated, the procedure of SR was carried out for a fixed reaction time of 30 min inside a muffle furnace, plus 5 min for thermal stabilization. Based on the thermodynamic simulations and the TGA results of the Fe2(SO4)3 (see Supplementary Material), the temperatures at which SR was conducted were defined as between 500 and 900 °C. This range was selected to promote the full decomposition of iron sulfate and the consequent offer of SO42− to other cations within the mineralogical matrix of the laterite sample. In this context, Figure 4 shows the mass variation results for SR and WL operations for the following conditions: stoichiometric, 10, 20, and 30 wt.% excess of sulfation reagent.



For the stoichiometric condition, higher levels of solubilized material at 500, 600, and 700 °C can be observed. The mass loss levels in roasting were approximately constant, with more prominent variation at 800 and 900 °C. Based on these observations, it can be noticed that this behavior is most probably related to the thermal decomposition of the sulfation system reagent as well as the desulfation of the formed sulfates. Regarding the conditions of excess, it can be verified that SR mass loss seemed to behave progressively until it reached a plateau of maximum as the temperature increased, while for WL, the opposite can be noticed, with a decrescent variation. It is noteworthy that, at 30 wt.% excess, the maximum levels of solubilized material were achieved, suggesting that Fe2(SO4)3 was decomposing and offering sulfate to minerals in the laterite sample, forming leachable species.



Based on the motivation to verify the feasibility of the process, this condition was chosen for further characterization of materials using TGA, as shown in Figure 5.



It can be observed that event (a) represents the loss of residual water adsorbed by the ore that has not been eliminated on drying. Sequentially, in event (b), there is a loss of water from iron sulfate III and the thermal decomposition of goethite [17]. For 30 wt.% excess of iron sulfate III, the expected mass loss would be 5.2 wt.% of mass loss due to sulfate decomposition and 2.8 wt.% related to the thermal decomposition of goethite. The total mass loss would be 8 wt.%, which is, in fact, close to the one observed. In event (c), on the other hand, there is a thermal decomposition of the chlorites and also mass loss related to Fe2(SO4)3. According to the thermodynamic study, it is believed that this loss could be related to the partial decomposition of some sulfates present in the reaction system. Based on the reported literature, the sulfates of Mg and Ca are not supposed to decompose at event (c) [41,42]. The last event with the lowest mass loss reported tends to be associated with talc decomposition [17,43] as well as MgSO4 transformation into MgO [41,44].




3.4. Reaction Products Characterization


Table 3 presents the results related to the recovery of major elements of interest in the solution recovered from WL following the SR process at 500 and 700 °C, with the condition of 30 wt.% excess of Fe2(SO4)3.



It can be observed that the levels of Fe content are low in all three campaigns, indicating that iron (III) sulfate offers, based on chemical affinity or thermal decomposition, its anion to other constituents in the mixture. After 600 °C, it is expected that Fe reports solely to the insoluble phase [35]. It is interesting to note that Co recovery levels were higher than any other element, even compared to Ca and Mg, which based on the thermodynamics assessment for pure oxides, have a theoretical preference for sulfation. However, in a more stable mineralogical structure, Ca and Mg may not form sulfates and may remain associated with their original silicates. As Co and Ni are primarily substitutional elements in laterite minerals, it could be possible that the sulfation chemical attack is more active over them. However, the recovery levels for the Ni were low, ranging from 23 to 34 wt.%, indicating that the sulfate decomposition had already taken place or inefficient sulfation roasting for this element. One possibility for the latter is the evolution of SO2 and SO3 from Fe2(SO4)3 decomposition, restricting the contact of Ni with sulfur-bearing species. This could be the object of future research considering SR using iron (III) sulfate decomposition. Still, the Co concentration combined with the almost full removal of Fe and Si from the recovered liquors indicates that such a route can be a promising alternative for chemical beneficiation of silicate laterite ores, regarding the partial concentration of this element. For Ni, however, further studies should be developed.



Finally, Figure 6 and Figure 7 as well as Table 4 show the XRD results related to the roast–leach products after SR at 500 and 700 °C with the condition of 30 wt.% excess of Fe2(SO4)3. It is noteworthy that iron sulfates were present in a minor quantity in SR samples, suggesting that operational conditions could be further enhanced. Most importantly, however, the quantity of iron oxides under three conditions, both for SR and WL samples, indicated high levels of decomposition. It is important to note that most of the insoluble WL residues were, as expected, composed of Fe and Si oxides, combining for more than 70 wt.% of the sample. This fact confirms the premise that silicate laterite ores can be chemically beneficiated using an SR based on Fe2(SO4)3, as this content primarily reports to the insoluble phase, with a partial concentration of Ni and Co in the solution. Future studies will deepen this development by focusing on obtaining high recovery levels. It is important to mention that some losses of Ni and Co have been reported in processes of sulfation followed by water leaching, mostly carried by hematite [29]. Nevertheless, considering the low levels of Co within the starting material, the reported results are motivating as they could provide some relevant degree of concentration with the concomitant separation of Fe and Si.





4. Final Remarks


Chemical beneficiation of nickeliferous laterite ore based on iron sulfate roasting was proposed based on an updated thermodynamic assessment. Based on the thermodynamic simulations, it was verified that Fe2(SO4)3, as it decomposes at lower temperatures, can be used as a source of sulfate in roasting systems. It was also observed that CoSO4 tends to decompose at a higher temperature, therefore suggesting a higher stability in comparison to NiSO4. On the other hand, for MgSO4 and CaSO4, it was observed that, after formation, these salts tend to be highly stable.



The experimental results indicate that Mg and Ca sulfates have higher stability within their mineralogical phases and, therefore, a poor chemical attack during the iron sulfate roasting. Regarding Ni and Co, it was observed that the former has a recovery level at the processing temperatures explored in this study between 23.8 and 33.7 wt.%, suggesting a possible decomposition after formation, while the latter has recovery as high as 70 wt.% after roasting at 500 °C and water leaching. Therefore, considering that Co content in the received sample was below 1 wt.%, this scenario suggests a promising alternative for chemical beneficiation of Ni–Co content. Further studies can be developed to increase both recoveries.
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Figure 1. XRD mineralogical analysis of the laterite sample: Observed and Calculated Spectra. 
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Figure 2. Calculated equilibrium compositions of SR using Fe2(SO4)3 with NiO, CoO, MgO, and CaO at stoichiometric proportions. 
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Figure 3. Equilibrium compositions as function of temperature and amount of SR reagent for sulfates formation: (a) NiSO4; (b) CoSO4; (c) MgSO4; (d) CaSO4. 
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Figure 4. SR and WL mass variation results: (a) at Stoichiometric Condition; (b) at 10 wt.% Excess Condition; (c) at 20 wt.% Excess Condition; (d) at 30 wt.% Excess Condition. 
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Figure 5. TGA and DTG behavior of the sample with 30 wt.% excess of Fe2(SO4)3 as SR reagent. 
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Figure 6. XRD mineralogical analysis of the roasted material: Observed and Calculated Spectra for the samples processed at (a) 500 °C and (b) 700 °C. 
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Figure 7. XRD mineralogical analysis of the insoluble material after leaching followed by filtration: Observed and Calculated Spectra for the samples processed at (a) 500 °C and (b) 700 °C. 
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Table 1. Chemical analysis of the laterite sample using ICPOES.
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	Analyzed Metal
	Sample Content

(wt.%)





	Ca
	0.06



	Co
	0.07



	Fe
	30.00



	Mg
	3.10



	Ni
	1.70



	Si
	12.00
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Table 2. XRD mineralogical analysis of the laterite sample: Composition after Rietveld Method calculations.
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	Detected Mineral
	Sample Content

(wt.%)
	Detected Mineral
	Sample Content

(wt.%)





	Clinochlore
	3.5
	Magnesiochromite
	3.8



	Chlorite
	3.0
	Goethite
	32.7



	Lizardite
	12.9
	Halloysite
	4.1



	Hematite
	3.4
	Doyleite
	2.1



	Magnetite
	3.7
	Birnessite
	2.6



	Quartz
	19.5
	Tephroite
	1.4
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Table 3. Chemical analysis of the WL solutions in terms of sample recovery using ICPOES.
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	Analyzed Metal
	WL 500 °C Sample Recovery (wt. %)
	WL 700 °C Sample Recovery (wt. %)





	Ca
	31.1
	29.6



	Co
	73.4
	67.6



	Fe
	4.2
	0.5



	Mg
	23
	57.9



	Ni
	28.7
	33.7



	Si
	2.3
	1.6
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Table 4. XRD mineralogical analysis of the roasted material as well as the insoluble material after leaching followed by filtration: Composition after Rietveld Method calculations.
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	Detected Mineral
	SR 500 °C Sample Recovery (wt.%)
	WL 500 °C Sample Recovery (wt.%)
	SR 700 °C Sample Recovery (wt.%)
	WL 700 °C Sample Recovery (wt.%)





	Hematite
	21.02
	47.5
	33.01
	44.84



	Magnetite
	2.75
	4.70
	2.33
	3.01



	Quartz
	15.2
	27.8
	20.15
	24.97



	Magnesiochromite
	-
	1.38
	0.13
	0.16



	Chromite
	1.33
	0.44
	0.60
	0.43



	Clinochlore
	2.49
	2.90
	1.38
	10.69



	Melanterite
	2.75
	4.31
	-
	4.40



	Na7.5Al6Si6O24S4.5
	4.73
	5.90
	1.44
	0.64



	Halloysite
	2.53
	1.90
	3.12
	-



	Lepidocrocite
	1.36
	-
	0.37
	-



	Fe2(SO4)3.3H2O
	0.87
	-
	1.56
	-



	Fe2(SO4)3.FeSO4.2H2O
	2.03
	-
	3.01
	-



	Lizardite
	1.74
	-
	-
	-
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