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Also, a number of points of equilibrium data for the quater- nary system were ... continuation of the work of Sinor and Weber (12) and. Belknap and Weber (2).










 









THE VAPOR PRESSURE AND VAPOR DENSITY OF SODIUM 


J. Am. Chem. Soc. , 1930, 52 (7), pp 2654â€“2665. DOI: 10.1021/ja01370a011. Publication Date: July 1930. ACS Legacy Archive. Cite this:J. Am. Chem. Soc.










 


















Vapor Pressure in Systems NaCI=KCI(8:29 Molar)-ZrCI, and NaCI=KC1(8:29 Molar)- HfCI, Jee D. Kim and Donald R. Spink' Chemical Engineering Department, University of Waterloo, Waterloo, Ont., Canada
 
 The vapor pressure of ZrC4 and HfC4 over a molten mixture of NaCI-KC1(8:29 molar) was determined in the low-temperature eutectic region by a direct vaporpressure measurement technique. Particular attention was given to the location of compositions of ZrC4 and HfC14 in the molten salt solution that would be most useful for the separation of ZrCI4 from HfC14 by a distillation technique. The pseudo-binary phase diagrams for the systems of NaCI-KC1(8:29 molar)-ZrC14 and NaCCKC1(8:29 molar)-HfC4 were drawn for the lowtemperature eutectic region by using a combination of cooling curve techniques and vapor-pressure measurements. The shape and location of the liquidus in both systems were not very different, and the liquid region above -320°C was reasonably wide for the distillation. The minimum temperatures at which homogeneous melts can be obtained were about 230°C at 62.0 mol % ZrC14(8:29 molar NaCI-KCI) and 255°C at 63.4 mol % HfCI4(8:29 molar NaCI-KCI). The final solidification temperatures were 218" and 234'C in the ZrC4 and HfC14 systems, respectively, which are believed to be the true eutectic temperatures in the respective ternary systems. The volatility of HfC14 over the KCINaCI-HfC14 melt solution was about 1.7 times that of ZrC4 over the KCI-NaCI-ZrC4 melt solution in the range of about 63-67.5 mol YO HfC14 and ZrCl4.
 
 The chemically similar elements, hafnium and zirconium, always occur together in a mixed crystal lattice. The two most important minerals from which zirconium and hafnium can be obtained are baddeleyite (Zr02) and zircon (ZrSi04). Zircon contains about 2% hafnium on a metal basis and is the major source for zirconium and hafnium metal. Pure zirconium metal has a low thermal neutron capture cross section in addition to exceptional corrosion resistance so that its main use has been as a fuel cladding for nuclear reactors. Zirconium has also been used by the chemical industry in severe corrosive environments. There are presently few commercial applications using hafnium metal other than as a control-rod material in nuclear reactors, because unlike zirconium, hafnium has a high thermal neutron capture cross section. Nevertheless, the future of hafnium appears bright. Hafnium carbide melts just shy of 4000°C; thus, it is one of the most refractory materials known. Materials with such properties will find increasing demand in tomorrow's advanced materials technology ( 7 7 ) . Most recently, hafnium has been superior to zirconium in flashbulbs. Another potential use of hafnium is as an alloying element in some of the "super" alloys currently being developed. The chemical behavior of hafnium and zirconium is similar, owing to the effects of the lanthanide contraction on the ionic radius of hafnium; as a result, the separation of hafnium from zirconium is the most difficult between any two elements in the periodic table and is achieved commercially only by solvent extraction methods.
 
 ' To whom correspondence should be addressed. 36
 
 Journalof Chemical and Engineering Data, Vol. 19, No. 1, 1974
 
 The particular solvent extraction processes used involve a number of unit operations such as extraction feed makeup, liquid-liquid extraction, recovery and recycling of chemicals used in liquid-liquid extraction, precipitation, calcining, chlorination, and finally reduction to the respective metal. Furthermore, the liquid-liquid extraction process requires a large number of extraction stages. The processes involved here are complex and difficult to control; thus, it is a relatively expensive method of separation. It is, therefore, of interest to attempt to separate zirconium and hafnium in a more economical manner. The aim of this work was to determine the vapor pressure of HfC14 and ZrCl4 over specific molten salt compositions thought to be useful for the separation of the two tetrachlorides by fractional distillation. Because zirconium and hafnium tetrachloride are the starting materials for the production of zirconium and hafnium metal by the Kroll process ( 7 ) , many attempts have been made to separate ZrCI4 and HfC14 directly to obtain pure zirconium and hafnium metals. The tetrachlorides of zirconium and hafnium sublime at reasonably low temperatures [about 334" and 315°C ( 70), respectively] at atmospheric pressure. Separation of hafnium tetrachloride from zirconium tetrachloride has therefore been attempted by fractional sublimation (76). Successful separation was not achieved, however, because the separation factor obtained was low. Zirconium and hafnium tetrachlorides have vapor pressures of about 19 and 30 atm at their respective melting points (triple points) of 437' and 434°C (70).At least two attempts ( 7 , 9 ) have been made to separate hafnium from zirconium tetrachloride by distillation under high pressure. However, technical difficulties at the required high pressures prevented the process from becoming commercially feasible (8). Furthermore, the relatively low critical temperatures of ZrC14 (503°C) and HfC14 (estimated at just below 500°C) seriously limit the useful temperature range that could be used (72). To separate hafnium tetrachloride and zirconium tetrachloride, complex systems such as the double chlorides 2ZrCI4-2PC15 and 2HfC14-2PCIs ( 75) and oxychlorides, 3ZrCI4-2POC13 and 3HfCI4-2POCl3 ( 4 ) have been used. The difference in volatility of these compounds of hafnium and zirconium is so small ( a = 1.14) that their separation becomes difficult and expensive. The development of a new method to separate hafnium tetrachloride from zirconium tetrachloride by a distillation operation under ambient pressure is highly desirable. The only system thought to be useful was a eutectic mixture of ZrCI4, HfC14, and certain fused salts. However, no information regarding the vapor-liquid equilibrium existed; it was therefore felt to be desirable to accumulate such data. As a first step, the vapor-pressure data for HfC14 and ZrCI4 over the molten salt solution of specified compositions have been accumulated in this study. Certain fused salts have a high solubility for ZrCI4 and HfCI4 at elevated temperature, and the solutions exhibit low vapor pressure, low viscosity, and the ability to dissolve many different materials (73). Although other salt systems could be used, the fused salt mixture of NaCl
 
 and KCI was selected for use with ZrC14 and HfC14 for this study. Regardless of the salt system selected, the lowest temperatures which can be used for the distillation step must be higher than the sublimation temperature of HfC14 (315°C) if a separation of ZrC14 and HfCI4 over the salt solution is to be conducted at atmospheric pressure. Howell et al. (5) presented the phase diagram for the pseudo-binary system, NaCI-KCI(1:i molar)-ZrC14, in the composition range of 48-65.5 mol % ZrC14. This information shows that a homogeneous liquid phase exists at temperatures above the normal sublimation temperatures of ZrCI4 and HfCI4. The true eutectic composition for the NaCI-KCI-ZrClp system has been reported to be close to 8 mol % NaCI, 29 mol % KCI, and 63 mol % ZrCl4 (6). By use of this latter system, we could expect to formulate a homogeneous melt easily at low temperature, and the liquid phase would also exist over a reasonably wide range of composition at a temperature above 320°C. The chemical properties of ZrCI4 and HfC14 are similar; therefore, it could also be expected that the shape of the phase diagram of NaCI-KC1(8:29 molar)-HfC14 would be similar to that of the corresponding ZrC14 system. For these reasons, a mixture of NaCI-KC1(8:29 molar) was chosen for the homogeneous salt solution in this work. Information on the melt properties such as phase diagrams, vapor-pressure data, and activity behavior of ZrClp and HfC14 in the melt solution is necessary to carry out the distillation calculations. In this study, vapor-pressure data for the two selected systems have been collected, and their respective phase diagrams have been drawn. Experimental ZrC14 and HfCI4 are difficult to handle as they are exceptionally reactive with moisture, exothermically forming the respective oxychlorides (ZrC14 4- H20 ZrOCI2 2HCI). Therefore. stringent precautions must be taken to eliminate any contamination owing to hydrolysis. To accomplish this for vapor-pressure measurement studies, a known amount of pure zirconium or hafnium metal was chlorinated in situ (within the melt chamber), thereby obviating the need to handle the tetrachloride and its consequent exposure to air. Double salt-scrubbed and resublimed tetrachlorides were used for the cooling curve determinations. For the development of the phase diagrams, two different procedures were used: phase diagrams were developed by analyzing the vapor-pressure data; and phase diagrams were developed from the cooling curve data. In determination of the cooling curves, known amounts of purified ZrC14 (or HfC14) and the salts (NaCI and KCI) were transferred into 5-cc heart-shaped ampuls which had a thermowell near the center of each ampul. The transferring step was carried out under an inert atmosphere in a dry box. The ampuls were then evacuated while being heated to -150"C, and vacuum sealed. The cells were placed in an lnconel metal sheath and loaded into the furnace. The temperature in the furnace was controlled by means of a transformer driven by an electric motor through a combination of gears to provide a uniform linear cooling rate. A cooling rate of 0.7"C per minute or less was used for all of the cooling curve studies. The temperatures were measured by chromel-alumel thermocouples which were calibrated at the freezing points of zinc, lead, and tin. The emf responses were accurate to fO.O1 mV; hence, no corrections were used. The calibration of the thermocouples was checked from time to time during the course of the studies.
 
 -
 
 -+
 
 Preparation of Materials Reagent grade NaCl and KCI were' dried initially under vacuum at 400°C and then were mslted slowly under a stream of dry hydrogen chloride gas. When the salts were molten, the hydrogen chloride was flushed out with a stream of argon. Chlorine gas was then bubbled through the molten salt for 30 min. The salt was then flushed with dry argon and allowed to cool under an argon atmosphere. Zirconium metal powder as obtained from Amax Specialty Metals, Inc., was essentially hafnium free (
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