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Abstract

:

When considering the extraction of metals from lunar regolith for use in space, one reductive method of interest is vacuum thermal dissociation. Given the high vacuum environment on the Moon, the sub-liquidus operation of such a process, i.e., sublimation, warrants investigation. In the current work, the kinetics of the vacuum sublimation of the more volatile major oxides found in the lunar regolith, Na2O, K2O, and FeO, are evaluated. Two distinct factors are accounted for in the current work: the change in the evaporation flux due to temperature; and the reduction in available surface area for evaporation due to sintering of the feedstock. Surface area change due to the sintering of compressed LMS-1 regolith simulant pellets was quantified via a Brunauer–Emmett–Teller analysis. The surface area of the samples was measured to vary from 3.29 m2/g in the unsintered sample, to 1.04 m2/g in the samples sintered at 800 °C, and down to 0.09 m2/g in the sample sintered at 1150 °C. Evaporation flux was calculated using the Hertz–Knudsen–Langmuir equation using saturated vapor pressures predicted from the FactSage thermochemical package and verified against Knudsen Effusion Mass Spectroscopy data from tests conducted on lunar regolith sample #12022. The combination of these studies resulted in the conclusion that no local maxima in evaporation rate below the melting point was found for the current system, as such the highest rate of sublimation was determined to be 1200 °C for all species, at temperatures of 1200 °C and above, partial melting of the material occurs. The predicted maximum rate of sublimation for the species Fe, Na, and K at 1200 °C was 0.08, 1.38, and 1.02 g/h/g of regolith, respectively. It is noted that significant variation was seen between FactSage predictions of saturated vapor pressures and the measured values. Future work generating detailed thermochemical databases to predict the behavior of complex systems similar in composition to lunar regolith would benefit the accuracy of similar kinetic studies in the future.
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1. Introduction


In the field of astrometallurgy, the extraction of metals from off-Earth resources, the ability to use the naturally occurring conditions in space, such as the vacuum and increased access to sunlight, are beneficial. The development of novel extraction processes that use these conditions is important for understanding the potential advantages these conditions pose to the challenge of space resource processing.



In the context of the processing of lunar regolith, one metal production variant that actively uses the extremely low pressures present on the Moon, as well as the prevalent access to increased solar flux, is thermal decomposition or pyrolysis. This process involves the heating of an oxide feedstock to a temperature at which some or all elements within that feedstock transition from the condensed to gas phase, i.e., sublimate or evaporate.



The sublimation of metals and oxides from complex silicate feedstocks under high vacuum conditions is a phenomenon that has the potential for application in off-Earth resource extraction processes. Unlike on Earth, the ultra-high vacuum present on the surface of the Moon, measured at 3 × 10−15 atm at night [1], results in the sub-liquidus evaporation, or sublimation, of oxides becoming thermodynamically favorable at moderate temperatures. Oxide evaporation for the extraction of oxygen has been investigated historically [2,3,4,5,6,7,8,9]. This work has predominantly included the demonstration of such processes using varying apparatus, and, in some cases, a basic thermodynamic analysis of the process. For kinetic reasons, these studies have targeted temperatures above the liquidus of the lunar regolith. A thorough study of the kinetics of the sublimation of metals from lunar regolith has not been conducted to date.



The current work will evaluate the predicted rate of metal sublimation from lunar regolith. This will include thermodynamic modelling for the prediction of evaporation flux at varying temperatures, as well as an analysis of the surface area change due to the sintering of a solid feedstock at high sub-liquidus temperatures. The aim of the current work is to evaluate the expected evaporation rate of different metal species from lunar regolith and to determine if the surface area change due to sintering will create a local maxima in evaporation rate at a temperature below the melting point of the feedstock.



Given that access to real lunar regolith for laboratory testing is limited, a regolith simulant material, LMS-1, has been used for the sintering and subsequent surface area analysis in the current work. LMS-1 is an all-purpose simulant synthetically produced by Exolith Lab [10]. It is acknowledged that, while regolith simulants are regularly used in such research to loosely predict the behavior of real lunar regolith, the accuracy of the simulant when considering surface area reduction during sintering is unknown. The determination of surface area reduction due to sintering of real lunar regolith will be a beneficial study when such a material becomes more readily available for research purposes.



Thermodynamic equilibrium modelling of a sublimation process acting under ultra-high vacuum conditions (3 × 10−15 atm) predicted that for Fe sublimation, a minimum temperature of 800 °C was required [11]. In the current work, partial melting of the regolith simulant material was observed at 1200 °C. As such, for the investigation of the sublimation kinetics of regolith material presented in the current work, the temperature range from 800 °C to 1200 °C was considered.




2. Materials and Methods


2.1. Lunar Simulant Sintering


Sintering experiments were conducted in the Robert Simpson High Temperature Processing facility located in the Advanced Technologies Centre at the Swinburne University of Technology. Tests were completed using a Carbolite GERO HTRH 100–600/18 furnace with six MoSi2 heating elements in a vertical hanging position. The furnace was controlled with a model E3508P10 programmer.



For the sintering test work, 2.6 g samples of LMS-1 lunar regolith simulant were placed in a steel die assembly with a 13 mm diameter. The die was compressed using a manual hydraulic press for 5 min at 80 kN of pressure. Three pellets were prepared for each test. Samples were placed into an alumina (99.8%) boat on a layer of nickel foil separating the samples from the boat. This was to prevent the samples from sintering to the boat.



Samples were placed into the furnace which was then sealed and evacuated with an Edwards E2M1.5 Rotary Vane Vacuum Pump. Internal pressure was measured with a mechanical pressure gauge. A constant pressure of below 10−3 atm was required for the system to be considered sufficiently sealed. A heating duration of six hours was used for all tests. Samples were heated to the reaction temperature and held for two hours before being allowed to cool naturally.




2.2. Surface Area Reduction


Brunauer–Emmett–Teller (BET) analysis [12] of the sintered LMS-1 samples was completed to determine the surface area change of the samples for different sintering temperatures. Sintered samples were fractured into quarters and inserted into a standard ½ in. glass sample tube. Any loose material displaced during sample fragmentation was also added to the sample tube to ensure that the mass of each analyzed sample was approximately the same. A Micromeritics Smart VacPrep machine was used for sample preparation. Sample tubes were evacuated via a rotary vacuum pump and dried at 300 °C for 12 h.



A Micromeritics TriStar II PLUS analysis machine was used for BET analysis. Polyvinyl chloride thermal jackets were placed on sample tubes prior to loading into the TriStar analysis machine. Analysis was completed in liquid nitrogen at ~77 K. A full sweep consisting of 160 points was completed between a P/P0 of 0 and 1 using nitrogen gas. The analysis presented in the current work will cover the BET range from 0.05 to 0.35 P/P0. As per ASTM standard C1274-12 [13], an R2 value for the linear fit between a P/P0 of 0.05 and 0.35 was calculated and, as per C1274-12, samples with an R2 lower than 0.9999 were to be rejected. No samples were rejected in the current work. For BET calculations a sample density of 3.03 g/cm3 was used as per LMS-1 simulant specifications [10]. For the reporting of surface areas in the current work, an error range of 5% was added to plots; this error range comes from the survey published by Hackley and Stefaniak [14] where a 5% error range was observed between multiple laboratories. This error is predominantly attributed to the accuracy of the sample mass measurements.




2.3. Evaporation Flux


Evaporation flux calculations were completed using saturated vapor pressures as predicted by the FactSage thermochemical package. Saturated vapor pressures were compared to measured Knudsen Effusion Mass Spectroscopy (KEMS) data from the Apollo #12022 regolith sample as reported by De Maria et al. [15]. Evaporation flux was then calculated using the Hertz–Knudsen–Langmuir (HKL) equation [16,17,18].



2.3.1. Saturated Vapor Pressure


The FactSage 8.2 thermochemical modelling program was used to generate data that predict the output of a KEMS experiment. FactSage operates by evaluating detailed databases containing thermodynamic and phase equilibrium data for a given system in order to determine the Gibbs free energy for the transformation of all potential phases within that system as functions of temperature, pressure, and composition [19,20,21,22]. The FactSage databases used for the current work were: FactPS (for pure substances), FToxid (for oxides), and FSstel (for iron alloys and other metals). Detailed documentation about the FactSage thermochemical modelling software and the databases and solution models used in the program can be found elsewhere [19,20,21,22].



The FactSage program was run using a fixed-volume method to obtain predicted metal and oxide saturated vapor pressure values at varying temperatures. All predictions in the current work used a solid feed mass of 100 g and a volume of one liter. It is noted that this method of saturated vapor pressure prediction is only valid if the predicted final system composition still contains solid material.



The oxide composition of the Apollo #12022 material, as reported by Snyder et al. [23], that was used in the FactSage modelling is shown in Table 1. The FactSage calculation results were compared to the published KEMS data from the Apollo #12022 sample reported by De Maria et al. [15].



Discrepancies between the calculated and measured results will be discussed below. In the event that the calculated saturated vapor pressures significantly varied as compared to the published data, the KEMS results were instead compared to calculated saturated vapor pressures over pure oxide, binary, and ternary oxide systems. In this case, these predictions were compared to the KEMS results and a least-squares fit was used to determine the system/feed composition with the closest correlation to the measured results.



Given the computationally heavy nature of evaluating all the combinations of binary and ternary oxide systems, focus was placed on the evaluation of Fe, Na, and K, these being the most volatile oxides in the feed composition [11].



The approach taken does not give a perfect fit for some vapor species and instead equates to a loose ‘best fit’ approach; the use of these data is more accurate than using the FactSage predictions based on the full silicate system and allows for a more usable extrapolation beyond the temperature ranges measured by De Maria et al. [15].




2.3.2. Evaporation Flux Calculation


Saturated vapor pressure can be used to calculate an evaporation flux using the HKL equation. The HKL equation is shown in Equation (1), where   d  n i  / d t   is the flux of particles hitting the surface in mol/s, A is the surface area,     a e    and    a c    are the coefficients of evaporation and condensation,    p  i , s a t     is the saturated vapor pressure of element i,    p i    is the actual partial pressure at the surface, R is the universal gas constant, T is the temperature in Kelvin, and    M i    is the molar mass of the element. A detailed description and derivation of this equation can be found in [24]:


    d  n i    d t   = − A    a e   p  i , s a t   −  a c   p i      2 π R  M i  T      



(1)







To determine the evaporation flux in pure vacuum, the second half of the numerator (  −  a c   p i   ) can be removed. It is important to note that this only applies at pressures significantly below the saturated vapor pressures being evaluated. In these circumstances, this second half of the numerator can be ignored because there will be negligible condensation. A system where this is true is said to be undergoing “Langmuir evaporation” [25]. For the purposes of the current work, the area (A) will be included later.



In the calculations presented here the value of the evaporation coefficient (   a e   ) was assumed to be unity. This was in part due to a lack of literature available evaluating the    a e    of similar systems to that being modelled. From a theoretical perspective, it is important to note that the HKL equation assumes thermal equilibrium between the evaporating substance and the vapor phase [24]. Low temperature studies that have not made the assumption of thermal equilibrium, and instead accounted for the temperature difference, concluded that when accounted for, the    a e    approaches unity [26]. Sossi et al. postulate that as the temperature of reaction increases, and thus the heat of reaction as a ratio of system heat decreases, the    a e    of any system increases [25]. Given that the evaporation coefficient only significantly influences the results if they are very small compared to unity [24], the assumption that    a e  = 1   in the current work is reasonable. This does however result in the calculated evaporation rates presented here equating to a ‘best case scenario’.




2.3.3. Evaporation Rate Calculation


The predicted evaporation flux per unit area was multiplied by the surface area per gram of regolith determined via the BET analysis of sintered LMS-1 pellets. The calculation of predicted evaporation rate of Na, K, and Fe was conducted in this manner between the temperatures of 800 °C and 1200 °C.



For final reporting, the flux was converted to g/h/m2 by multiplying the evaporation flux by 3600 × Mi. This conversion was performed to provide a more meaningful value for future process estimations and modelling.






3. Results


3.1. Surface Area Change Due to Sintering


The surface area versus temperature plot of sintered LMS-1 simulant pellets is shown in Figure 1. Figure 1 shows surface areas calculated using BET analysis for sinter temperatures down to 400 °C as well as an unsintered feed material shown at 25 °C. A surface area reduction from 1.04 m2/g at 800 °C to 0.09 m2/g at 1150 °C was seen in samples. Minimal further surface area reduction was seen between 1150 and 1200 °C (<0.002 m2/g).



Figure 2 shows micrographs of cross-sections of the sintered samples at 1100, 1150, and 1200 °C. This figure clearly shows the increased sintering of particles in the samples at higher temperatures resulting in the consequent reduction in surface area shown in Figure 1. Note that while the calculated surface area did not change significantly between the 1150 and 1200 °C samples, the sample morphology is noticeably different. The 1200 °C sample shows more spherical-shaped pores. The presence of these minimal surface structures suggests that the effect of surface tension compared to the viscosity of the surrounding material is higher than that observed in the lower temperature samples, this indicates the presence of liquid phases in the samples at 1200 °C.




3.2. Saturated Vapor Pressure Modelling and Sublimation Flux Calculation


A comparison between the predicted and measured saturated vapor pressure of species Fe, Na, and K above a sample of Apollo #12022 regolith is shown in Figure 3. Significant discrepancy can be seen between the predicted values and the measured values for this material. For Fe and Na, this discrepancy is in the order of one magnitude, for K this difference increases to over 2.5 orders of magnitude at the lower temperatures. Given the significant underestimation of saturated vapor pressure by the FactSage software for the Apollo #12022 feedstock, it was determined that these predictions were not accurate enough to be included in the kinetics modelling and that an alternate dataset must be found. The measured KEMS results did not contain data at enough temperature points to be usable for the modelling.



As per the methods described above, predicted saturated vapor pressures from a set of pure oxide, binary, and ternary oxide systems were also generated using FactSage. The oxide systems determined to provide the most accurate prediction were FeO for Fe, Al2O3-CaO-Na2O for Na, and Al2O3-K2O for K. Figure 4 shows the comparison of the measured KEMS results with the FactSage predictions for a pure oxide system (green) and in the case of Na and K the closest ternary and binary system, respectively. Binary and ternary oxide systems for Fe were not considered as the prediction from a pure oxide (FeO) feed proved to be accurate.



The predicted saturated vapor pressure of the species Fe, Na, and K between the temperatures of 800 °C and 1200 °C are shown in Table 2. Table 2 also shows the calculated evaporation flux in mol/s/m2 determined using the HKL equation given the predicted saturated pressures for each species. As described above, the saturated vapor pressure for Fe was predicted from an FeO system, Na from an Al2O3-CaO-Na2O system, and K from an Al2O3-K2O system.




3.3. Sublimation Rate Prediction


The evaporation flux data shown in Table 2 were combined with the surface area analysis presented in Figure 1 to calculate the predicted sublimation rate of regolith material in grams per hour per gram of regolith. Figure 5 shows the calculated surface area in orange, the predicted evaporation flux in grey, and the predicted evaporation rate in blue, for Fe, Na, and K from lunar regolith.





4. Discussion


In general, the evaporation rate of a substance is expected to increase with an increase in temperature. However, it was hypothesized that in some select cases the surface area reduction in the sublimating substance caused by solid state sintering, and thus the reduction in the area available for sublimation at high sub-liquidus temperatures, could result in a local peak in the evaporation rate lower than the melting point of the system. As such the modelling conducted in the current work included the surface area reduction in lunar regolith as a factor, as calculated by the BET analysis of sintered regolith simulant pellets.



The FactSage predictions of saturated vapor pressure are clearly not consistent with the experimental results obtained by De Maria et al. [15] from KEMS analysis of the Apollo sample #12022. This discrepancy suggests some issues with either the data being used in the package or the solution models applied to these systems. While the easiest solution in this case would be to use the measured KEMS results to calculate evaporation flux, the data available were limited to small temperature ranges. As such in the current work the predicted saturated vapor pressure of Fe, Na, and K above single, binary, and ternary oxide systems were compared to the measured results to find a best fit.



In the case of iron, De Maria et al. [15] noted that the activity in the KEMS analysis was close to unity. Indeed, this observation was corroborated in the current work which shows that the calculation of Fe-saturated vapor pressure over pure FeO is accurate for the prediction of Fe over the regolith material. Given the prevalence of nano-phase iron, and ilmenite grains in the lunar regolith [27] this is perhaps not surprising. While McGee et al. [28] reported Fe-containing pyroxene phenocrysts in the #12022 sample which would be expected to affect the activity of the Fe contained within, significant further analysis would be required to determine the effect of specific regolith compositions on the activity of Fe in lunar regolith samples.



Unfortunately, in the case of Na and K, the activity of these elements in the system was not unified, and no accurate solution could be found. The most complex and closest system composition study included in the FactSage databases is that by Kim [29] who optimized the K2O-Na2O-CaO-MgO-Al2O3-SiO2 system. Other complex (non-single of binary system) data included in the FactSage databases are: the Na2O-FeO-Fe2O3-Al2O3-SiO2 system [30], the Na2O-FetO-SiO2 system [31], the Al2O3+Na2O+SiO2 system [32], the K2O-MgO-SiO2 system [33], and the K2O-MgO-Al2O3 system [34]. While the combination of these databases is intended to provide a reasonable prediction of the behavior of complex silicate systems, in the case of the current work they are clearly insufficient. It is noted that in future, when the prediction of complex systems for resource processing operations in space becomes more commonplace, the generation of a detailed thermochemical database from the analysis of extra-terrestrial ores will be extremely valuable.



Given that accurate data for the Na and K were not available, a closest fit needed to be found for the required temperature range. The binary and ternary oxide combinations that were found to result in saturated vapor predictions closest to that of the measured Apollo sample data were the Al2O3-CaO-Na2O system for Na, and the Al2O3-K2O system for K. These were used for the calculation of evaporation flux from regolith. Since Na and K in the regolith are often associated with aluminosilicate minerals [27,35], the inclusion of Al, and in the case of Na, Ca, in the closest oxide system estimate is not surprising. However, this reasoning would suggest that the modelling would further improve in accuracy with the inclusion of Si. The fact that the further inclusion of SiO2 in the system throws the predictions off is curious and suggests more complex interactions affecting the activity of these elements within lunar regolith systems.



The use of the HKL equation to calculate evaporation flux represents a best-case scenario for the current work. The equation assumes consistent Langmuir evaporation from all free surfaces and does not account for rate limitation due to diffusion of the target elements to the evaporation surface. The combination of the calculated flux with the surface area change due to sintering reveals an interesting trend. While the initial hypothesis of a local peak in evaporation rate due to the surface area reduction was concluded to be false, a distinct plateau in the evaporation rate was observable in this temperature region. This suggests there may be a feed material type and composition in which this hypothesis is correct. The current work concludes that the ideal temperature for Fe, Na, and K sublimation from a kinetic perspective is in fact the highest temperature reachable before partial melting begins (~1200 °C) and thus sublimation is, by definition, not possible. However, it is noted that in the development of future sublimation-based processes there may be the potential for energy savings where the rate of change of the evaporation flux is less or the reduction in surface area due to sintering is greater causing this local peak in evaporation rate at a temperature below the melting point.



When considering the inclusion of the change in surface area of the reacting solid, it is important to note the limitations inherent in the current work. The calculations presented here are based on a snapshot at the 2-h mark of sintering under consistent temperature. For more comprehensive modelling, the temporal factors need also be considered. For example, even at temperatures nearing or exceeding the liquidus, there will be a select period of time where the high surface area of the material is maintained while the increased evaporation flux from high temperatures is also occurring. With time, this surface area will reduce, and the rate of this surface area reduction will vary depending on the temperature. As such, the practical evaporation rate would be higher than the rate calculated in this work initially and would drop off over time as the sintering continues to reduce the surface area. Similarly, the surface area reduction due to sintering calculated in the current work is applicable to a system that is composed of unprocessed, compressed regolith that has undergone an even heating profile. The surface area reduction seen in a process that, for example, involved only surficial heating of an uncompressed regolith bed, would differ significantly. In this sense, the current work has provided a baseline method for analyzing the maximum expected kinetics of metal sublimation rather than a definitive analysis of the expected kinetics from a specific reactor geometry or process.




5. Conclusions


The modelling of the rate of evolution of Fe, Na, and K from lunar regolith has been presented. The Apollo #12022 sample composition was used for the modelling in this work as it allowed for comparison to the measured KEMS data.



The surface area change of a compressed pellet of lunar regolith simulant LMS-1 due to sintering at varying temperatures was measured via BET analysis using nitrogen gas. The analysis of pressed LMS-1 pellets sintered for 2 h under low vacuum conditions (~10−3 atm), showed a reduction in surface area from 3.29 m2/g in the unreacted sample, to 1.04 m2/g in the samples sintered at 800 °C and down to 0.09 m2/g in the sample sintered at 1150 °C.



The saturated vapor pressure of the species Fe, Na, and K above a sample with the major oxide concentration of Apollo #12022 was calculated using the FactSage thermochemical modelling software package. Comparison of the predicted saturated vapor pressures with the measured KEMS results showed that the modelling package was underestimating the pressures by over an order of magnitude. The modelling of more simple systems resulted in predicted vapor pressures more closely matching the measured values to be determined. In this case, it was determined that for the prediction of Fe vapor pressure, the use of a pure FeO system was accurate. In the case of Na and K, no system was found that accurately predicted the published results. The closest systems found, and used in the current work, were the Al2O3-CaO-Na2O system for Na, and the Al2O3-K2O system for K.



The predicted maximum evaporation flux was calculated using the saturated vapor pressures and the HKL equation. Langmuir evaporation was assumed for these calculations, and the coefficient of evaporation was assumed to be unity. The combination of the flux calculations with the surface area change due to sintering allowed for the maximum evaporation rate to be predicted. No local maxima below the melting point was found for the current system, as such the highest rate of sublimation was determined to be 1200 °C for all species. The predicted maximum rate of sublimation for the species Fe, Na, and K at 1200 °C was 0.08, 1.38, and 1.02 g/h/g of regolith, respectively.



It is concluded that Na and K extraction via vacuum thermal dissociation from lunar regolith is predicted to be kinetically viable at sub-liquidus temperatures. The sublimation of Fe and other less volatile elements from a similar feedstock, while thermodynamically viable, is kinetically limited. Future work that would increase the accuracy of similar kinetic modelling would be the generation of detailed databases of thermodynamic data for complex systems similar in composition to lunar regolith.
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Figure 1. Calculated surface area changes due to sintering of LMS-1 simulant. 
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Figure 2. Micrographs of: (a) unsintered feed material, and sample cross-sections sintered for 2 h at: (b) 1100 °C, (c) 1150 °C, and (d) 1200 °C. 
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Figure 3. Comparison between measured saturated vapor pressure of species Fe, Na, and K from De Maria et al. [15] shown in blue, and the prediction by FactSage 8.2 software shown in orange, given the Apollo sample #12022 feed shown in Table 1. 
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Figure 4. Comparison between measured saturated vapor pressure of species Fe, Na, and K from De Maria et al. [15] shown in blue, FactSage prediction assuming a pure oxide feed in green, and the closest oxide solution (FactSage) in yellow. The oxide systems represented by the yellow trend are Al2O3-CaO-Na2O, and Al2O3-K2O for Na and K, respectively. 
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Figure 5. Predicted sublimation rate of elements Fe, Na, and K from lunar regolith, evaporation rate calculated using the HKL equation, surface area calculated from the sintering of LMS-1 simulant. 






Figure 5. Predicted sublimation rate of elements Fe, Na, and K from lunar regolith, evaporation rate calculated using the HKL equation, surface area calculated from the sintering of LMS-1 simulant.



[image: Minerals 13 00079 g005]







[image: Table] 





Table 1. Apollo #12022 composition used in the calculation of saturated vapor pressures, data from Snyder et. al. [23]. Values adjusted to 100% omitting trace elements.
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	SiO2
	FeO
	MgO
	Al2O3
	CaO
	TiO2
	Cr2O3
	MnO
	Na2O
	K2O





	43.22
	21.45
	10.44
	9.04
	9.56
	5.16
	0.33
	0.25
	0.47
	0.07
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Table 2. Predicted vapor pressures (FactSage), and calculated evaporation flux (HKL equation) of the elements Fe, Na, and K from an Apollo sample #12022 feedstock.
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Fe

	
Na

	
K




	
Temperature

(°C)

	
    p  F e , s a t     

(atm)

	
Evap. Flux (mol/s/m2)

	
    p  N a , s a t     

(atm)

	
Evap. Flux (mol/s/m2)

	
    p  K , s a t     

(atm)

	
Evap. Flux (mol/s/m2)






	
800

	
5.6 × 10−13

	
3.2 × 10−11

	
3.8 × 10−11

	
3.4 × 10−9

	
3.1 × 10−11

	
2.1 × 10−9




	
900

	
2.5 × 10−11

	
1.4 × 10−9

	
9.6 × 10−10

	
8.2 × 10−8

	
9.1 × 10−10

	
6.0 × 10−8




	
1000

	
6.0 × 10−10

	
3.1 × 10−8

	
1.9 × 10−8

	
1.6 × 10−6

	
1.5 × 10−8

	
9.7 × 10−7




	
1050

	
2.5 × 10−9

	
1.3 × 10−7

	
7.3 × 10−8

	
5.9 × 10−6

	
5.4 × 10−8

	
3.3 × 10−6




	
1100

	
9.1 × 10−9

	
4.6 × 10−7

	
2.6 × 10−7

	
2.0 × 10−5

	
1.7 × 10−7

	
1.0 × 10−5




	
1150

	
3.0 × 10−8

	
1.5 × 10−6

	
8.1 × 10−7

	
6.3 × 10−5

	
5.0 × 10−7

	
3.0 × 10−5




	
1200

	
9.4 × 10−8

	
4.6 × 10−6

	
2.4 × 10−6

	
1.8 × 10−4

	
1.4 × 10−6

	
8.0 × 10−5
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