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Zirconium and hafnium, which invariable exist together in

nature, are separated commercially by an aqueous-organic, liquid-

liquid countercurrent extraction i.n order to provide pure zirconium

for use in nuclear reactors. The anhydrous chemistry of zirconium

and hafnium was studied to provide background for the development

of an anhydrous process for the separation of these very similar

elements.

Accurate thermodynamic tables for hafnium IV fluorides,

chlorides, and oxides, were developed as existing tables had been

partially derived from estimates of thermodynamic properties,

which recent experimental work showed in some cases to be quite

inaccurate.



The existing electrochemical, vapor pressure, and

calorimetric studies of zirconium and hafnium chlorides and

fluorides complexed with alkali chloride and(or) fluoride salts have

been reviewed and analyzed for consistency.

An experimental study of the oxidation-reduction equilibrium

of zirconium and hafnium between a molten salt phase and molten

zinc phase via the

Zr(IV)molten salt + Hfmolten zinc = Hf(IV) molten salt+ Zrmolten zinc

reaction was made. The reaction went strongly to the right with an

equilibrium constant of about 200, thus showing promise as an

anhydrous process for separating zirconium and hafnium.

The rate of approach to chemical equilibrium was studied in a

baffled stirred batch reactor. The equilibration rate was found to be

mass transfer controlled. The mass transfer rate could be calcu-

lated approximately from the physical properties of the molten metal

and salt phases, using the Lewis correlation, which was developed

empirically from data taken from low temperature aqueous-organic

systems.
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THERMODYNAMIC PROPERTIES OF THE CHLORIDE AND
FLUORIDE SALTS OF ZIRCONIUM AND HAFNIUM

DISSOLVED IN MOLTEN SALT SOLVENTS

I. INTRODUCTION

Approximately seven million pounds of zirconium metal were

made in the United States in 1973 (4). The principal use for

zirconium metal is as a structural component of nuclear reactors.

Other applications include use as a corrosion resistant container

material for the chemical processing industry, as pyrophoric

material in ordnance and flashbulbs, and as a component in ferrous

and non-ferrous alloys.

Zirconium forms 0.028% of the lithosphere (1), and is the

eighteenth most abundant element. The principal ore, zircon

(ZrO2 SiO2), is especially resistant to weathering and is often

found concentrated in beach sands (2). All known deposits of zircon

contain from 1-5W% of (Hf0
2

SiO2) (3). Hafnium is found immedi-

ately below zirconium in family IV B of the periodic table. Even

though the atomic number of hafnium, element 72, is substantially

greater than zirconium, element 40, the ionic radii is decreased by

the "lanthanide contraction" to nearly that of zirconium. Thus, the

chemical properties of zirconium and hafnium compounds are very

similar.



Early in the development of nuclear power reactors,

zirconium metal was selected as the material of choice for construc-

tion of reactor core components. This selection was based on its

excellent corrosion resistance and low affinity for thermal neutrons.

Unfortunately, hafnium has a high affinity for thermal neutrons and

can not be tolerated in reactor cores. Therefore, the separation of

hafnium from zirconium is required for material to be used in

nuclear reactors.

A crash development program was successfully carried out in

the early fifties at the Bureau of Mines in Albany, Oregon, for pro-

ducing high-purity, hafnium-free, zirconium metal. The process

developed involved the following steps (5):

1) Zircon is combined with carbon at high temperatures in a

carbon arc furnace, volatilizing SiO from the product dur-

ing the process. The product of this step, zirconium

oxycarbonitride, is reacted with chlorine at about 600° C to

form impure zirconium tetrachloride.

2) The impure zirconium tetrachloride is dissolved in an

aqueous solution containing hydrochloric acid and

ammonium thiocyanate. The hafnium is removed from

this solution into methyl isobutyl ketone by countercurrent

liquid-liquid extraction. The purified zirconium is then

precipitated with sulfuric acid and filtered from the



aqueous solution. After this material is hydrolyzed by

repulping with ammonia, it is fired to zirconium dioxide in

a lime kiln.

3) The purified zirconium dioxide is then rechlorinated and

reduced (via the Kroll process) with magnesium metal to

zirconium metal sponge. The excess magnesium and

magnesium chloride are distilled from the sponge leaving

reactor grade zirconium sponge product.

The process developed by the Bureau of Mines, with only

minor changes, has been used exclusively in the free world to pro-

duce zirconium metal. It is a very expensive process, however,

and a substantial effort has gone into development of cheaper methods

for obtaining reactor grade zirconium.

Zirconium and hafnium metals and their compounds have many

properties which complicate conventional ore processing operations.

Zirconium and hafnium form the strongest bonds with carbon

and nitrogen of any known element (6, 7). The oxygen zirconium

bond also is very strong (6). To obtain the ductile metals substan-

tially all of the oxygen, carbon, and nitrogen must be removed. The

melting points (Hfmp = 2227°C, Zrnip = 1852°C) are quite high and

the molten metals are very reactive. Consequently, conventional

slagging techniques for purification from oxygen and carbon are

extremely difficult to carry out. The only known practical route to
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producing the pure metals appears to be by forming one of their

halides, purification of the halide, and reduction of the halide to the

metal.

The Bureau of Mines process uses chlorine, which is the most

commonly available and easiest to handle halide, to crack the

zirconium ore. Although the chlorine is relatively inexpensive, the

chlorination operation is costly and the Bureau of Mines process

requires two of them. Reduction of zirconium tetrachloride with

magnesium metal is also expensive. Most of the effort for decreas-

ing the cost of producing zirconium and hafnium metal has been

directed at obtaining the purified metal halide using only one crack-

ing operation, and finding a cheaper reductant.

Purification of zirconium halide from hafnium halide is a

difficult problem. Since there are no known systems which separate

zirconium and hafnium in a single step, multistaged separation

processes must be used. Most commercially successful multistage

separation processes have at least one liquid phase. Gas phases

have low density and therefore require very fast or large reactors,

while in a solid, mass transfer rates are very slow and reactions

may take excessively long to come to equilibrium.

The halides of zirconium and hafnium do not have a stable

liquid phase at ordinary pressures. However, they can be

reversibly complexed with alkali halides, to produce stable liquid



phases over a wide range of temperatures. Several separation

processes, utilizing differences in vapor pressures of zirconium

and hafnium halides over a molten salt phase have been patented

and a couple developed to the pilot plant stage, but none have yet

been used commercially (8,49).

Many researchers have also studied electrowinning zirconium

and hafnium from molten salt solutions, as electricity is a signifi-

cantly cheaper reductant than magnesium.

Partially successful attempts to electrowin zirconium were

made as early as 1865 (9). But in spite of large scale continuing

research no commercial zirconium electrowinning operations were

established until the USSR began making electrowon zirconium in the

early 1960's (10,11). Outside its limited use in the USSR, electro-

winning has still not gained acceptance over the Kroll magnesium

reduction process.

The limited success to date in electrowinning zirconium and

hafnium in fused salts can be attributed to several factors. First,

systems must be substantially free of carbon, oxygen, nitrogen,

and water, as these electrowon metals are very reactive. Secondly,

unstable, pyrophoric, lower-valent Zr/Hf halide species form in

these systems. A third, and potentially the most troublesome

problem is formation of dendritic, typically non-adherent zirconium

deposits at the cathode. These deposits occlude salt from the bath,



which is difficult to remove.

Studies have demonstrated the feasibility of electrowinning

zirconium into molten zinc cathodes which are capable of dissolving

up to 18 weight percent zirconium at 900° C (12). This system

allows the removal of electrowon material from the cell without the

occlusion of molten salt, but the zirconium product must be subse -

quently separated from the molten metal solvent.

Recent studies have been made of the thermodynamic

properties of zirconium and hafnium in molten salt systems, both

with and without molten zinc cathodes, directed at understanding the

results of earlier electrowinning exTeriment, and to study the

potential for simultaneously carrying out the difficult separation of

zirconium and hafnium. These studies have been made on either

zirconium or hafnium systems, but not on mixtures. Since the

thermodynamic properties of analogous compounds of zirconium and

hafnium are so nearly identical, experimental errors in measuring

individual properties often exceeds the difference between them.

Therefore, little information about a possible separation technique

for these elements can be gained.

Principle goals of the work described herein are to experi-

mentally study the difference in partitioning zirconium and hafnium

between molten salt and molten zinc systems, and to interpret the



results in terms of the thermodynamic properties of the compounds

in these systems.

A further goal is to assemble and evaluate the considerable

research pertaining to the physical and chemical properties of

zirconium and hafnium species dissolved in fluoride and chloride

salt melts, and in molten zinc. The achievement of these goals

hopefully will provide the ground work for assessing the potential

for separating and reducing zirconium and hafnium in molten salt

systems.



II. BACKGROUND

This research is confined to the study of solvent systems

containing chloride and fluoride salts of sodium and potassium.

The literature relating to such molten salt systems containing

zirconium and hafnium salts is extensive and is collected under the

headings basic chemistry, electrochemical studies, vapor studies,

and colorimetric studies below:

Basic Chemistry

The tetravalent oxidation state of zirconium and hafnium

compounds is by far the most stable, with the lower valent states

both difficult to prepare and poorly characterized. Hafnium

difluoride and trifluoride are unknown, but stoichiometric com

pounds ZrC12, ZrC13, HfC12, HfC13, ZrF2, ZrF3 have been pre-

pared (13). Recently non-stoichiometric lower valent chloride com-

pounds have been found to be more stable towards disproportionation

than stoichiometric chlorides (14, 15).

The chloride and fluoride salts of zirconium and hafnium exist

only in the solid and gas phase at ordinary pressures. They sublime

several hundred degrees centigrade higher than the boiling points of

structurally analogous tetrahedral compounds TiC10., CC14, SiC14,

CF4 and SiF . Also the latter compounds form a liquid phase which



will not dissolve any appreciable amount of zirconium and hafnium

tetrachloride crystals. This contrary behavior is due to the greater

size of zirconium and hafnium tetravalent ions which are large

enough to accommodate six chloride or seven fluoride ligands. These

requirements are satisfied by strong polymeric bonding in the crystal

phase. When sufficient energy is added to these crystals to overcome

the bonding energy, the tetrahalides pass directly to the vapor state.

With the addition of an alkali chloride or fluoride salt, strong com-

plexes of the type M2Zr(Hf)C16 or M3Zr(Hf)F7 (where M is an

alkali metal) form which greatly affect the original properties

of zirconium and hafnium tetrahedral compounds. In these com-

plexes the simple chloride and fluoride anions are complexed to form

Zr(Hf)C1
6

= or Zr(Hf)F
7

= anions.

These salt complexes can be easily prepared by mixing and

fusing stoichiometric proportions of the simple satls, although other

preparative methods can be used and have been described in two

very good review articles (13, 16).

In fluoride systems, other complexes are formed such as

MZr(Hf)F5, M2ZrF6, (M = alkali metal) and Na5Zr2F13 and the

analogous hafnium compounds (17, 18). Many of the fluorides exist

in several crystallographic forms. Since the fluoride complexes

are much less hygroscopic than the chloride complexes, and many

can be synthesized in aqueous solutions; they have been widely studied.
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Upon heating alkali chloride complexes of zirconium and

hafnium, they usually liquefy and then decompose to give an alkali

chloride melt and gaseous zirconium tetrachloride (19). The

fluoride compounds, on the other hand, have much higher decomposi-

tion temperatures, with a considerable vapor pressure of MZr
2

F
9(g)

in addition to the MF and ZrF in the vapor above the melt
(g) 4(g)

(20, 21, 22).

The nature of the lower valent chloride compounds in alkali

chloride melts has been studied by Swaroop and Flangas (23) who

determined the phase diagram for ZrC12 in sodium chloride and

potassium chloride melts. In addition they studied the zirconium

trichloride-potassium chloride phase diagram to approximately

0.6 mole fraction ZrCl3, where excessive disproportionation of

the ZrCL, occurred. The analogous NaCl -ZrC13 system could

not be determined as it was too unstable. The phase diagrams

of these compounds are of the simple eutectic type with no indication

of complex formation.

Electrochemistry

Electrochemistry is probably the most powerful tool for the

thermodynamic study of zirconium and hafnium halides in fused salt

melts. Long before any electrochemical studies were made, a

large number of experimental studies had been concerned with the



electrowinning of the metals from fused salt systems. 1 Although

this work typically is not concerned with a detailed understanding of

the chemical nature of zirconium and hafnium in molten salt-molten

metal baths, it provides insight and general understanding of the

practical nature of these systems. Therefore, a brief review of the

literature dealing with electrowinning will be presented, followed by

a section discussing more sophisticated electrochemical studies

from which thermodynamic data can be derived.

Electrowinning Studies

A good review of electrowinning zirconium from molten salt

solutions prior to 1953 has been published as part of the work done

for the AEC by Steinberg, et al., at Horizons Inc. (26). They sum-

marized from prior work the following conclusions:

1) A large variety of fused salt chloride and fluoride baths

containing the chloride or fluoride salts of zirconium, with

or without ZrO2 additions, yield zirconium metal on

1Grenagles patent (24) is the only successful report of electro-
winning zirconium from a system other than molten salt. His bath
was Acetonitrile-10W%ZrC14-1W%0KHF2. The chief problem is that
zirconium salts are soluble only in those solutions with which they
react. Except in the case of molten salts (and possibly SOC12(1) (25),
and the above solution), the dissolution of zirconium chlorides,
bromides, and iodides in a solvent is irreversible. Zirconium
fluoride is not reactive with solvents containing oxygen and nitrogen,
but it has too high a reduction potential to be reduced in these sol-
vents.
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electrolysis, with optimization of the experimental

parameters.

2) Zirconium oxide additions to the bath must be completely

dissolved therein if unoxidized zirconium metal is to be

formed upon electrolysis.

3) Dilution of the zirconium halide in the melt with alkali

halides is effective in increasing the crystal size of the

zirconium metal deposits, and reducing the oxygen level

found in the deposit.

4) Alkaline earth halides can be used to dilute the bath, but

difficulty is experienced in dissolving the salts away from

the resulting zirconium deposit.

5) Zirconium can be obtained from fused salt mixtures at

current densities ranging from 0.27 to 150 amperes per

square decimeter and current efficiencies from very low to

approximately 70%.

6) The nature of the zirconium deposit can be black, pyrophoric

powder, shiny plate-like crystals, or dull deposits, depend-

ing in a largely unknown way on experimental parameters.

Until the time of Steinbergs' review no electrolytic zirconium

had been made which was ductile after consolidation.

Steinberg, et al. , then proceeded to study over eighty bath

compositions at various temperatures and current densities to find
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the optimum parameters for an electrolytic process. Among the

findings were the following:

1) A cover gas of purified inert gas such as argon was

necessary to prevent gross contamination of the electrowon

zirconium deposit with oxygen and nitrogen.

2) Zirconium was plated out on various cathode materials.

Carbon can not be used as ZrC forms. Cathodes of copper

and nickel, under conditions of low current density and

proper bath temperature, gave smooth zirconium coatings

several mils thick, which formed diffusion alloy phases at

its interface with the cathode metal.

3) Molten tin and copper cathodes were used, and dissolved

5W% and 12W% zirconium, respectively. This followed the

work of Pyk who was able to electrowin up to 18W% zirco-

nium into a molten zinc cathode (12).

4) Steinberg, et al., concluded that a K2ZrF6-NaC1 mixture

is the best bath for electrowinning zirconium.

In his experiments he had electrowon zirconium from a

laboratory cell which was ductile upon consolidation and was fabri-

cated by cold rolling into sheet and foil, and drawn into rod and wire.

Steinberg, et al. developed two progressively larger pilot

plants at Horizons Inc. to produce ductile zirconium. The largest
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cell produced 135 lbs. of zirconium per run over a 54-hour time

cycle.

Shortly afterwards Gendvil (27) working with National Lead

patented a basket shaped cathode for electrowinning zirconium from

an all-chloride bath. By this time it was realized that lower valent

chlorides, which were far more stable in an all-chloride bath than

those containing fluoride salts, were responsible for many of the

problems encountered in all-chloride systems. Zirconium dichlo -

ride melts at 715°C and is quite unstable, and is thought to dispro-

portionate to form zirconium metal and zirconium tetrachloride.

Lower valent chlorides also lead to lower current efficiencies

by transferring by convection to the anode where they oxidize to the

tetrachloride, which then migrates back to the cathode to form again

the lower chlorides, etc.

Apparatus by Gendvil was designed so that sublimed zirconium

tetrachloride entered the cell at the center of a basket-shaped

cathode, where it dissolved in molten sodium chloride. By passing

a large (optimized) current through the cell most of the zirconium

species were reduced not only to lower valent species, but to the

metal, thereby preventing lower valent zirconium species from

reaching the anode where they would be rechlorinated to the tetra-

valent oxidation state which would lead to poor current efficiency.

Ductile zirconium was made at relatively high current efficiencies
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in .this cell. This type of cell was modified and tested in an

extensive pilot plant effort by New Jersey Zinc in the mid-fifties to

electrowin titanium (28). A large pilot plant using the modified cell

was built and operated at Titanium Metals Corporation of America

in the late fifties and early sixties for the production of high purity

titanium. The design had evolved to where the basket was replaced

with a box-like sieve completely surrounding the TiC1
4 inlet, and at

least some of the reduction was actually carried out by sodium metal

generated from the NaCl in the molten salt phase. The pilot plant

was operated successfully until the late sixties when it was discon-

tinued due to the low market demand for titanium. The same cell

was later modified and used in a joint venture by Amax and TMCA

to make more than 20,000 lbs. of high-purity zirconium (29). At

this time Amax is considering an electrowinning plant for the pro-

duction of 2.5 million pounds of zirconium per year using the

"basket" cell (29).

Mellors and Senderoff of Union Carbide Corporation were the

first to electrowin zirconium in dense plates of substantial thickness

(30). They found that an all-fluoride bath, at about 750°C (for a

LiF-NaF-KF solvent), with a low current density (10-30 mA/cmz)

gave coherent deposits of fine grained zirconium plates of up to at

least 0. 1" thick with no apparent upper limit. A mass balance on

the system, and chronopotentiometric studies showed that the
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zirconium was reduced in a single four-electron step, with no

detectable lower valent zirconium compounds in the all-fluoride

melt. Cathode current efficiency was between 90-100% even at the

low current densities used which is consistent with the absence of

lower valent zirconium in the cell. These investigators went on to

co-deposit in coherent plates ZrB2, ZrTi, and Zr -Al alloys by

electrolysis from the all-fluoride molten salt bath containing KBF4,

K2TiF6, and A1203 additions, respectively.

In 1960 Nichkov, et al. (31) studied the deposition of zirconium

into a molten zinc cathode from a fluoride-chloride melt. In their

system a cathode current efficiency of 91% at 0.6 amps/cm2

current density was obtained when the molten zinc cathode was

vigorously stireed. They used a NaCl-KC1-K2ZrF6 salt phase at

720° C. A zinc-zirconium alloy was obtained which contained 1.5 to

4. OW% zirconium.

Martinez, et al. , at the Bureau of Mines (32) studied the

electrowinning of hafnium from RbCl -LiC1 and other melts. The

cathode deposit was low in impurities, but was dendritic in nature.

Lower valent hafnium species were largely absent from the melt

and 90 to 100% current efficiencies are reported. This behavior,

contrary to that of zirconium, results from the lower stability of

lower valent hafnium compounds.



In February 1972, Martinez, et al. (4) reported that in

zirconium electrowinning experiments from a NaCl-Na2ZrF6 melt,

the addition of NaF markedly improved the metallic luster and

particle size of the dendritic zirconium obtained.

Shienko, et al. (34,35) has studied the nature of the "metal

fog" of finely divided zirconium, which is almost always found at

the bottom of the salt phase following electrowinning experiments.

In several papers he presents a model in which he attempts to explain

the presence of the "metal fog" by the disproportionation of zirco-

nium sub-halide species in the melt.

An alternative explanation of "metal fog" formation in other

systems has been presented by Bredig (38) at Oak Ridge National

Laboratory. He has shown that a metal typically has a measurable

solubility in its molten salt, but not usually in other molten salts.

Here the term solubility is used in its pure sense, and does not

mean reaction to form sub-halides. For example Cs is soluble in

CsF in all proportions at sufficient temperatures. His conclusion

is that "metal fogs" occur as the molten salt mixture is cooled due

to the temperature dependence of the solubility.

The latter model is supported by the observations of Smirnov

(36) and Swaroop (37) that zirconium will reduce zirconium tetra-

chloride to zirconium dichloride, and that an additional amount of

zirconium will dissolve in the bath, even though the reduction of
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zirconium dichloride is very unlikely. It is also supported by the

latter article, which reports that mixtures of NaC1-ZrCl2 are stable

in all proportions and do not form a fog, when they do not contact

zirconium metal.

Electrochemical Studies

Electrochemical investigations directed at the elucidation of

the chemistry of zirconium and hafnium halides dissolved in molten

alkali halide baths have been conducted in the USSR, US, Canada,

India, and France. A majority of the studies have been concerned

with the determination of the half-cell potential of zirconium and

hafnium di, tri, and tetrahalide compounds dissolved in these melts.

Polarographic, coulometric, amperometric, and potentiometric

studies have been conducted to learn something of the kinetics, and

mechanisms of oxidation-reduction reactions in these melts.

In this section a. literature review of some of these studies will

be made. In a later section, the correlations section, a comparison

and critical evaluation of the important investigations will be made.

The earliest cell potential measurements were reported by

investigators attempting to electrowin zirconium metal. Steinberg

(26) and Plotnikov (39) report cell potentials vs. temperature for

various potassium hexafluorozirconate-alkali halide bath mixtures.

These values were measured using the electrowinning cell anode for
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a reference electrode. Since the reaction occurring at the anode was

not known, the cathode half-cell potential could not be determined.

The first work dealing with the measurement of equilibrium

potential of zirconium halides in fused salt systems with an isolated

reference electrode, appears to be that of Smirnov and Chemizon in

1958 (40).

Zr

They measured the

ZrCl4

in KC1(411V1%)-LiC1

equilibrium potential

KC1(41M%)-LiC1

of the cell

Cl.,, C
L,

The potential of an inert molybdenum cathode, which also served as

the molten salt container was also monitored. These measurements

were made at 560 and 585°C. It was found that these concurrent

measurements gave very different and time dependent equilibrium

potential measurements with the potential at the Mo electrode

initially much less negative than the potential at the Zr electrode

with respect to the chlorine reference electrode. Both electrodes

became more negative with time, the Mo electrode at a faster rate

until they reached the same constant value after two hours, which

was temperature dependent. Measurement of the weight loss of the

zirconium electrode after the system had come to equilibrium

coupled with the interpretation of the time dependent equilibrium

curves lead to the conclusion that the reaction

Zr ZrC1 ---** 2 ZrCIs 4 2

melt melt
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went essentially all the way to the right in this system. The authors

then measured the equilibrium potentials of cell which contained

(after the above reaction) 0.05 to 24.9 W% ZrC1 2' at temperatures

from 400 to 820°C. They noted the EMF isotherms formed straight

lines with a slope which closely approximated RT /2F with suffi-

ciently high concentrations of ZrC12 and particularly at high tem-

perature which substantiates their contention that ZrC12 is the pre-

dominant species in the melt. It was also determined that excess

zirconium metal above that necessary to convert Zr(IV) to Zr(II)

dissolved into the melt to the extent of about 3 x 10-4 molar fraction

and that it interfered with measurements taken on very dilute

solutions.

In 1959, Yang and Hudson (41) measured the equilibrium

potentials of many metal chlorides in KC1-LiC1 eutectic including

ZrC1
4

and HfC14. In these experiments a small amount of metal

was reduced onto a tungsten wire to form the cathode for the cell,

and a chlorine reference electrode was used. The concentration

isotherm for HfC1
4 had a slope equal to RT /4F over the concentra-

tion range of 0.0034 to 0.0211 mole fraction and 800 to 850° K. The

ZrC14 concentration isotherm had an indefinite slope indicating a

zirconium valence of much less than four that the authors did not

attempt to explain. The effect must have been the result of the zirco-

nium metal on the cathode reducing tetravalent zirconium to. lower
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valent zirconium in the molten salt solution. The hafnium tetra-

chloride appeared to be stable in the salt phase, which is another

implication that the lower valent hafnium species are relatively less

stable than the zirconium lower valent halides. It also implies that

the success that the Bureau of Mines had in electrowinning hafnium

from an alkali chloride melt, using the same apparatus and conditions

that gave poor results when electrowinning zirconium, can be

attributed to the relative instability of lower valent hafnium chloride

in the melt.

This paper also pointed out that for the twelve salt systems

studied, the activity coefficient of the active metal chloride was

concentration dependent, but roughly independent of temperature.

Also activities were altered by orders of magnitude by forming corn-

plexes in the melt (i.e. , 2KC1 MgCl2
2

K MgC1
4

).na
na

In 1960 Komarov, Smirnov, and Baraboshkin, studied the

equilibrium potential of zirconium chloride in the cell

ZrC1 in
x

NaC1(50M70)-KC1
Zr NaC1(50M%)-KC1 C12, C

This article contains the method used by the Russians to

calculate the standard cell potentials, E° and E° , fromZrC1
4 ZrC1

2
the raw data. This method was then used on all succeeding articles.

This was unfortunate, because the method is now extremely suspect,

due to their incorrect assumption that ZrC13 is not present in these
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melts (i. e. , that Zr
C14

Z+ rC1
2

2ZrC1
3

). Since pure ZrC1
3

was shown by Larson and Leddy (42) to disproportionate at 450° C

according to the equation

2 ZrC1
3

ZrC1 + ZrC1
(s) (s)

4(g)

and ZrC14, not only did not volatilize from, but was stabilized by

the formation of complexes in the molten salt, the Russians con-

cluded that ZrC1
3

would not be stable in molten salt melts. Sur-

prisingly, it was shown by Swaroop and Flanges (43), that ZrC13

was in fact stable in KC1 solutions up to at least 700° C, and up to

0.6 mole fraction.

The extensive Russian work, then, must be evaluated in light

of this new information. Unfortunately the USSR investigators, at

least until as late as 1971 (114), were using the above method of

calculating their data and appear not to have written anything about

the inconsistency of their assumption with Flengas' work.

In 1965 Smirnov and Kudyakov (45) studied ZrC14 in the LiC1

molten salt system, and in a separate paper the CsC1 molten salt

system (46), analyzing both the same way as described above,

getting questionable values for E° All these results wereZr,Zr(IV)
collected in a summary paper also published in 1965 (47) which
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emphasized that the E° and E° varied directly withZr,Zr(II) Zt,Zr(IV)
the inverse of the radii of the solvent cation,2 and pointed out that the

AH mixing of ZrC1
4 with a given molten salt derived from the vari-

ous E° cell values was not far different than that obtained by earlier

vapor pressure measurements by Morosov and Toptygin (48).

In 1966 (50) V. Ya Kudyakov and M. V. Smirnov studied the

system,

Zr I KC1 + ZrC1x I I KC1 I C1,
2

They used the above-mentioned mathematical method to obtain

E. Zr, Zr(II) and E° Zr, Zr(IV)

Finally in 1966 Swaroop and Flengas (23) in Canada made their

investigation of cell potentials and showed that Zr(III) was stable in

the melt and must be figured into the derivation of cell potentials for

the system. This conclusion was reached on the basis of X-ray

crystallography and other data. The phase diagram for KC1-ZrC13

was determined up to 0. 6 mole fraction ZrC13. The cell used an

inert cathode with various concentrations of ZrC12, ZrC13, ZrC12' 3' 4

in molten NaCl-KC1 solvent to obtain half-cell potentials, instead of

relying on a mathematical treatment of a cell containing only Zr,

and ZrC1
2 at various concentrations and temperatures to get

2The standard potentials are reported by these Russian
workers for oxidation partials rather than reduction partials as
recommended by IUPAC.
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E°. Zr, Zr(IV) values. This approach gives less ambiguous values

In 1968 Smirnov,for E° Zr, Zr(II), r and E°I Zr, Zr(III Zr, Zr(IV)

Loginov, and Rossokhin determined half-cell potentials for Zr(II),

and Zr(IV) in a NaC1 molten salt system (44). These experiments

were very carefully carried out and contained a large number of

measurements at different temperatures. It was the intent of the

authors to show a small departure of E°Zr,
, Zr(II) and E° Zr, Zr(IV)

half-cell potentials from a linear relationship with temperature.

In 1968 Sakahura (51), published a paper dealing with

E° Zr, Zr(II)' E° Zr, Zr(III), and E° Zr, Zr(IV) half-cell potentials in

a NaCl-KC1 melt using a Ag, AgCl reference electrode. The

and E°Hf,Hf(IV) half-cell potentials wereE°Hf ,Hf (II)' E°Hf,Hf(III)'

determined in the same apparatus and discussed in a separate

paper (52).

In 1971 Suzuki (53) published a paper in which the low tem-

perature E° Zr, Zr(IV) cell values in a molten LiCl-KC1 eutectic

were determined. Suzuki demonstrated that Zr(IV) is stable in a

chloride melt at low temperatures. This conclusion is supported by

earlier work by Baboian (54) who studied anodic dissolution of

Zr(IV) into a LiCl-KC1 eutectic at 450° C, and the dissolution of

chiefly Zr(II) at 550° C.

The equilibrium potentials of Hf(II) and Hf(IV) were measured

in a KC1-NaC1 melt from 692C-954°C, by Smirnov, et al. (55).
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They determined the equilibrium constant for the disproportionation

reaction (2 Hf(II) + Hf(IV)) to be 10(0.329+2820 /T) indicating

hafnium tetrachloride is stable in the presence of hafnium metal.

In a follow-up article (56), the authors point out that zirconium

and hafnium could theoretically be separated via the reaction

Hf + Zr(IV) Hf(IV) + Zr with a separation factor of
(1.3+100/T)

10 , except that Zr(II) would form in the molten salt.

The half-cell potential of zirconium and hafnium tetrafluoride

in mixed alkali-fluoride-chloride melts has been studied by Smirnov

and Komarov (57, 58). They show that the half-cell potentials are

strongly dependent on the fluoride concentration in the solvent melt.

References to the electrochemical determination of half-cell

potentials of zirconium and hafnium in solvents containing only

fluoride anions could not be found.

Vapor Pressure Studies

Chlor ides

Hafnium tetrachloride (sub. pt. 318°C) exerts a greater vapor

pressure than zirconium tetrachloride (sub. pt. 331) (59,60,61).

With salts which are of sufficient ionic character such as the alkali

metal chlorides, both zirconium and hafnium form hexagonal corn-

plexes (i.e. , ZrC1
6

and HfC1
6). The greater the ionic character of
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the alkali halide salt the greater the strength of the complex. Com-

plexes have been prepared with the chloride salts of all the alkali

metals, barium, and stronium (19). Zirconium and hafnium tetra-

chloride have a marked solubility in molten tin, zinc, silver, thallium,

magnesium, and calcium chlorides (62), even though stable, solid

complexes have not been reported.

Flengas, et al. (19) have shown that the stability of alkali and

alkaline-earth chloride complexes with zirconium can be inversely

correlated to the square of the distance between the cation (alkali-

alkaline earth) and chloride anion. In other words, the less the

chloride anion is attracted by coulombic forces to its cation the

more available it is to form bonds with zirconium tetrachloride. If

the availability of the halide is insufficient, zirconium tetrachloride

completes a stable hexagonal structure by crystallizing from the

melt. Silver chloride and thallium chloride also form stable

covalent bonds with zirconium tetrachloride, but they are less stable

than would be predicted by the coulombic model supposedly due to

covalent character of the AgCl and T1C1 bonds.

If the complexes are heated most of them melt, and upon

further heating disproportionate into, nearly ideal zirconium and

hafnium tetrahalide gas (64,65), and a chloride melt. Hafnium

tetrachloride forms a slightly stronger complex with alkali chlorides

than does zirconium tetrachloride (65). The result is that the
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zirconium tetrachloride vapor pressure is greater than that of

hafnium tetrachloride over strong complexes. Several researchers

have measured the zirconium and hafnium tetrachloride vapor pres-

sure over their respective solid alkali chloride complexes with the

results shown in Table 1. The relative vapor pressure of hafnium

and zirconium tetrachloride over molten Li 2X C16 - 90M% LiC1 are

also shown in the table. In molten tin chloride, where a much

weaker bond is formed, hafnium tetrachloride vapor pressure is

about 1.7 times that of zirconium tetrachloride under the same

conditions (49).

As the solid alkali chloride-zirconium (hafnium) tetrachloride

complexes are heated they reach a melting point, at which the

tetrachloride vapor pressure over the solid and the liquid are the

same. Detailed studies of Li2ZrC16ZrC1 LiC1, Li
2

HfC1
6

LiC1,

Na
2

ZrC1
6

- NaC1, and K
2

ZrC1
6

- KC1 salt systems, both below and

above the melting point have been made (19). The activities of

Li
2

ZrC16, Na
2

ZrC1
6

, and K
2

ZrC16 , in melts with various mole

fractions of the respective alkali halide, were obtained by Flengas,

et al. , from the data using a modified form of the Gibbs-Duhem

relationship (66). The activity coefficients were calculated from

their activity values and are shown in Figure 1 plotted against the

mole fraction hexachlorozirconate in the solution. The values of



Table 1. Vapor pressure of zirconium and hafnium tetrahalides over their solid phase and complexes
with alkali chlorides.

log Pmm RangeTemp.
Compound X = Zr X = Hf Range log (P r/PHf) PZr/PHf

XC14(s) (86) 11.766- 5,400/T 11.712- 5, 197/T 207-408°C 0.044-203/T 0.418-0.557

XF4(s) (85) 12.569-11,450/T 12.91 -12,460/T 721-905°C -0.331-1010/T 4.84 -3.36

Li
2

XCl 6(s) (19) 7.90 - 3,970/T 7.57 - 3,810/T 350-496°C +0.33 -160/T 1.18 -1.32

Na
2

XCl6(s) (65) 8.54 - 5,640/T 8.47 - 5,690/T 432-630°C +0.05 - 50/T 1.32 -1.27

K
2
XCl

6(e)
(65) 13.40 -11,300/T 13.33 -11,830/T 650-790°C +0.07 -530/T 4.41 -3.70

Cs
2

XCl6(s) (65) 11.80 -11,360/T 10.24 -11,930/T 700-800°C +0.56 -570/T 13.99-12.34

LiC1 (i) -10M%

Li
2
XCl6(/) (19) 7.18 - 3,820/T 6.34 - 3, 110 /T 585-630° C 0.84 -710 /T 1.029-1.13



X = Li

X = Li @ 808°K

X = N @ 919°K

X = Na @ 1023°K

X = K @ 1072°K

X = K @ 1173°K

0.1 0.2 0.3

2

/:/

0.4 0.5 0. 6 0.7
Mole fraction X

2 6
ZrC1 in XC1

0.8

4/

0.9 1.0

Figure 1. Activity coefficients of X ZrC16 in XC1 melts (X = Li, Na, and K).



30

the activity coefficients have been extrapolated to infinite dilution in

these figures.

There does not appear to be enough information available in

the literature to determine whether alkali hexachlorohafnates have

approximately the same activities in molten alkali halide solutions

as do the alkali hexachlorozirconate species, and whether solutions

of alkali halide and alkali hexachlorozirconate (hafnate), would

show similar tetrachloride vapor ratios as in the solid alkali hexa-

chlorozirconates (hafnates). Due to the very similar nature of

zirconium and hafnium tetrachloride, both of the above, could be

assumed as a first approximation.

Fluorides

The vapor pressure over lithium, sodium, and rubidium

fluoride-zirconium tetrafluoride molten salt mixtures have been

measured by U.S. and Russian investigators (67,68,69). Over

dilute mixtures of zirconium tetrafluoride, nearly all of the vapor

over the molten salt is pure alkali halide and a strong zirconium

fluoride complex; probably XZr2F9 (X = Li, Na, Rb). The

XF - ZrF
4 bond is very strong even in the gas phase, with one

article giving EHf = -67 kcal/g mole and ASf = 29 eu for the

NaF
(g)

+ ZrF4(g) NaZrF5(g) gas phase reaction.



A Russian investigation found, using a mass spe trometer,

that NaZrI
5(g)

was the species present in the saturated vapor above

NaF - ZrF
4 molten mixtures, with no evidence for NaZr F9 (69).

Calorimetric Studies

Since the most useful index of the chemical reactivity of a

compound is its free energy of formation, free energy tables were

developed early for zirconium and hafnium halides (70,71). Unfor-

tu.nately many of the earlier compilations were based on estimates

of such properties as heat of formation, etc. , which were often

seriously in error. For example estimates (72) of the free energy

of formation for HfF4, found to be in error by as much as 25 kilo-

calories, as compared to later carefully carried out experiments (73),

were used in an compilations found before 1960.

The free energy of formation values given for the oxide,

tetrachloride, and tetrafluoride of zirconium by the JANAF tables

(158) appear to be based on carefully obtained data. Unfortunately,

the JANAF tables do not include compilations for hafnium com-

pounds. As the older compilations were seriously in error and no

new ones could be found for hafnium compounds, tables were derived

from the best data that could be found in the literature. This effort

utilized the computer programs developed by Ed King and the

assistance of L. Pankratz, both at the Bureau of Mines in Albany,
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Oregon. The results of this work are given in Appendix II.

No direct determination of the heat of mixing of zirconium

tetrachloride in alkali halides appears to exist, although the heat

capacity of several of the alkali hexachlorozirconate complexes has

been determined by Darken and Gurry (74). This is unfortunate as

it would provide a direct test of the vapor pressure work.

The heat of mixing of various mixtures of sodium fluoride and

zirconium tetrafluoride, as well as the heat capacity of sodium

hexafluorozirconate has been determined by Fontana and Winand

(75, 76).

Activity of Zirconium and Hafnium in Molten Zinc

The phase diagram for zirconium and zinc has been determined

and is reported in Constitution of Binary Alloys, first supplement

by Elliott (77). Chiotti (78) did an extensive vapor pressure study

of various zirconium-zinc compositions from which were calculated

the free energy of formation of the various solid alloy phases, i.e. ,

ZrZn, ZrZn2, ZrZn
3

and ZrZn
6. This information does not give,

however, too much insight into the activity of zirconium dissolved

in molten zinc. The phase diagram for hafnium-zinc has not been

determined.

The Russian investigators Ivanovskii and Petenev (79)

determined the activity of zirconium and hafnium in zinc by



comparing the potential of the cells

Zn , Zr I KC1, NaC1, K
2
ZrF I KC1, NaCl I Cl

(1-x), x

and

Zn, Hf I KC1, NaC1, K2HfF6 I I KC1, NaC1 I C12, C
(1-x), x

33

with similar cells which had corresponding pure Zr or Hf cathodes

(80,81). The results of these experiments gave widely different

activity coefficients for Zr()
I

and Hf(f) dissolved in molten zinc.

The activity coefficient for zirconium was concentration

independent in the dilute range studied and varied from

0.015 @ 973°K to 0.13 @ 1123°K. Over the same temperature

range the hafnium activity coefficient varied from 1.5 to 56. These

wide deviations of the activity coefficient from unity are often found

in metal mixtures, particularly in those which form strong alloy

phases (82).

It is unfortunate that no vapor pressure work over Hf-Zn

alloys has yet been done to compare with the Zr-Zn work of Chiotti,

as this would give a direct comparison of zirconium and hafnium

activity in the solid phase. Work with solid Zr-Zn and Hf-Zn

electrodes at lower temperatures would also be helpful in varifying

and understanding this unusual difference in activity coefficients for

zirconium and hafnium.
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In addition to the above experiments, several investigators

have studied electrowinning of zirconium into molten zinc which

served as a cathode (83,31, 12).
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III. CORRELATION OF THE LITERATURE DATA

Introduction

The object of this section is to correlate the literature

concerning the chloride and fluoride salts of zirconium and hafnium

dissolved in various molten alkali chloride and fluoride melts. The

approach taken in this section is to abstract the thermodynamic

information contained in the various vapor pressure, calorimetric,

and electrochemical experiments, listed in the previous sections,

and attempt to construct a consistent picture of the chemical

stability of zirconium and hafnium halides in these melts.

The evaluation of the existing information is confused by three

glaring problems:

1) The available thermodynamic tables for hafnium fluorides

and chlorides have been based partially on assumed values

for various thermodynamic properties. The errors associ-

ated with these tables were of such magnitude (up to 25 Kcal)

that any analysis of a zirconium-hafnium separation or

reduction experiment could be seriously in error. Nearly

all of the important thermodynamic properties of hafnium

fluorides and chlorides have been measured recently,3 but no

,See Appendix II.
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new thermodynamic compilations have been as yet formally

assembled.

2) Russian investigators have published the greatest amount of

electrochemical data relevant to the determination of

thermodynamic properties of zirconium and hafnium halides

in molten salt melts. Their results, however, are incon-

sistent with those obtained by other researchers. Thus

certain data must be rejected, or at least the results

re-evaluated in light of new experimentation.

3) If equilibrated systems containing molten alkali-halide

salts, zirconium chloride or fluoride, in contact with

zirconium metal, either bulk or dissolved in molten zinc,

are cooled and examined, a layer of small particles of

zirconium metal can be found at the bottom of the salt

phase. This "metal fog" has been extensively studied by

Russian investigators and attributed to the disproportiona-

tion of lower valent halides of zirconium to form

ZrC1 and Zr. This interpretation is contrary to the4(melt)

typical cause of "metal fogs" in salt-metal systems, which

is a temperature dependent solubility of metal in a molten

salt containing one of that metal's halides. Since the

mechanism of "metal fog" formation is important in the
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interpretation of electrochemical data, this problem needs

clarification.

The first problem was overcome by developing tables of the

thermodynamic properties of hafnium tetrafluoride and tetrachloride

compounds based upon recently obtained experimental data. The

data and accompanying calculations are given in Appendix II.

An attempt is made below to bring together and critically

evaluate that data which has a bearing on the inconsistency of the

electrochemical data.

The "metal fog" problem has been discussed earlier.

Vapor Pressure and Calorimetry Correlation

The most consistent and reliable information concerning the

stability (free energy of formation) of zirconium (hafnium) tetra-

chloride in various alkali chloride melts comes from consideration

of the following reaction:4

Zr(Hf) Cl + X NaCl(melt) Zr( Hf )C14
(NaC1)4(g) x(melt)

The free energy of formation for Zr(Hf)C1 is fairly accurately4(g)

known from calorimetric data. The heat of mixing of the gaseous

4Sodium is representative of any of the alkali metals.
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tetrachloride and the alkali halide solvent can be determined quite

accurately from vapor pressure data. By combining these values

the free energy of formation of the tetrachloride in molten salts can

be calculated.

The heat of mixing of ZrC1
4(g) into NaC1-ZrC1

4
and KC1-

ZrC1
4 melts was calculated from the vapor pressure data and

derived activity coefficients obtained by Flengas, et al. (66). The

procedure used to obtain the free energy of mixing is as follows:

1)
5 2XC1(melt) + ZrC1 X ZrC14(g) 2 6(melt)

ZrC16(rnelt)
2) K=

XCl PZr (atm)
(melt) C14(g)

A Gmix mix= -RT In K = ©Hmix

4) A G
mix = +2.303 RT[-log 760 +2 logaXCl

- log ax2zrC16(melt)

TA.Smix

(melt)

P(mmlog P mm Hg)
ZrC14(g)

Since Flengas, et al. (66) gives log
10

P (mm Hg) as anZrC14(g)
equation in the form -A /T + B, the A Hmix and ASrnix can be

expressed as,

5This model is assumed to represent the dissolution of
ZrC14(g) as in Flengas` article.
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Hmix = -2.303 RA

ASmix = 2.303 R[-log 760+2 log a XCl -log a X ZrC1 + ]

2 6

The values of .61-Imix and ASmix for Flengass data are given in

Table 2, together with the values extrapolated to infinite dilution.

The free energy of mixing at "infinite dilution's was extrapolated

somewhat arbitrarily, and its accuracy is undoubtedly, much worse

than Flengass data.

The free energy of mixing of zirconium tetrachloride gas in

molten NaC1 and KC1 melts can be combined with the known free

energy of formation of gaseous zirconium tetrachloride to give the

free energy of formation of zirconium tetrachloride in the respective

melts. These values, thus derived, are given in Table 3 and

plotted in Figure 2.

Electrochemical Data for Zr(IV)

Two approaches have been used to calculate half-cell potentials

for Zr(Hf)C1 4(melt)' which can not be determined directly due to the

greater stability of lower valent zirconium chloride species in the

melt. The first approach was taken by Swaroop, et al. (23) and

involves making potential measurements of each of the following

cells:



Table 2. The free energy of mixing of gaseous zirconium tetrachlorides in NaC1 and KC1 solutions.

Mole %
X

2
ZrC16(i)

1/ Temp.log = A/T+B-
10

P mHgm Range a. -1/ aXCl X Zr Cl
2 6

Gmix = off -TLS1/ cal cal
A °C mole LS mole° C

Na2 Zr CL
6

87.3 -3992 7.204 624-650 0.36 0.96 18,268 15.79
78.4 -4187 7.242 601-687 0.41 0.925 19,160 16.57
71.0 -4960 7.916 573-712 0.48 0.89 22,697 20.36
62.7 -5453 8.354 553-723 0.51 0.865 24,953 22.65
57.6 -5475 8.265 516-745 0.53 0.815 25,054 22.52
50.7 -5282 7.980 605-762 0.59 0.755 24,171 21.80
25.4 -5400 7.720 716-850 0.70 0.51 24,711 22.06
10.5 -5417 7.261 770-960 0.83 0.23 24,789 22.22

At infinite dilution -24,700 -22.00
K ZrC1

2 6
100 -4689 7.124 804-831 . 0.24 1.0 21.457 13.74
88.8 -5250 7.455 785-875 0.26 0.985 24,024 15.61
81.9 -6234 8.213 773-896 0.30 0.965 28.527 19.69
58.8 -7853 9.100 709-990 0.53 0.775 35,936 26.44
51.3 -7527 8.620 696-1040 0.59 0.68 34,444 24.93
29.5 -7495 8.136 875-1080 0.78 0.456 34,298 24.62
16.8 -7216 7.736 890-1100 0.88 0.345 33,021 23.82
10.9 -7411 7.764 900-1080 0.91 0.265 33,913 24.61

At infinite dilution -33,200 -24.5
1/Reference (66).
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Table 3. Free energy of formation of ZrC1 at infinite4(melt)
dilution in NaC1 (melt) and KCI(melt).

System

2

1/ 2/T°K AG
f

AGmix AGZrC14(m)ZrC14(g)

NaC1-ZrC14 800 -185,749 -7,100 -192,849
900 -183,049 -4,900 -187,949

1000 -180,351 -2,700 -183,051
1100 -177,647 - 500 -178,147
1200 -174,887 1,700 -173,187

KC1-ZrC1
4 800 -185,749 -13,600 -199,349

900 -183,049 -11,150 -194,199
1000 -180,351 - 8,700 -189,051
1100 -177,647 - 6,250 -183,897
1200 -174,887 - 3,800 -178,687
1300 -172,102 - 1,350 -173,452

1/From JANAF tables.

From Table 2.
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Zr ZrC12
I I AgCl I Ag

(salt melt) (salt melt)

Pt I ZrC12, Zr C13 I I AgCl Ag

(salt melt) (salt melt)

Pt I ZrC13 , ZrC1 I I AgCl I Ag

(salt melt) (salt melt)

By combining the various derived half-cell potentials a value for

E° Zr(IV), Zr can be calculated.

The Russian investigators (44) have taken another approach to

obtaining the same information. They used a carbon, chlorine

reference electrode in the cell,

ZrC12 (ZrC1 )2 4 (molten salt) C, Cl
(molten salt)

They assumed that zirconium trichloride was unstable and was not

formed in their cell. They also noticed that the cell deviated some-

what from Nernsts' law in terms of concentration dependence. They

interpreted the concentration dependence to indicate the extent of the

2 Zr(II) Zr Zr(IV)(melt) (metal) (melt)

reaction, and developed a mathematical model in which both the

E° Zr, Zr(I3) and E° Zr, Zr(IV) could be calculated from the data col-

lected from the above cell. It should be noted that the model could

break down if Zr(III) was stable in the melt (as it has been shown to



44

be .by Flengas, et al. (23)), if the activity coefficient changed with

concentration at the low concentrations studied, or possibly by some

yet unknown mechanism whereby zirconium metal which may be dis-

solved in the molten salt leads to an error.

Sukakura (51,52) also used a Ag, AgC1 reference electrode in

his work which largely paralleled that of Swaroop and Flengas.

Sukakura, however, went on to determine the half cell potentials for

the Hf(II), Hf(III), and HfaV) species in a molten NaCl-KC1 melt.

A summary of the half-cell potentials obtained in these studies

are given in Table 4.

A comparison of the E obtained by various investigatorsZr(IV)

is also shown in Figure 2. It appears that the electrochemical data

indicates a lower free energy of formation of zirconium tetrachloride

in molten salt, than does the vapor pressure-calorimetric data. I

feel the latter value is more accurate.

Electrochemical Data for Zr(II)

A comparison of the zirconium dichloride half cell potentials

obtained for the molten salt systems given above is shown in Figure

3. The Russian data indicate that an appreciable amount of

Zr(IV) (melt) is present in a bath in equilibrium with Zr (metal) and

Zr(II)(melt) The less negative E° Zr, Zr(II) obtained by the Russians

is real and not the result of the mathematical manipulations.



Table 4. Comparison of electrochemical data.

Investigator E° Zr (II), Zr E°Zr(III), Zr E° Zr (IV), Zr

Sukakura (51)
(NaCl-KC1 salt melt)

Swaroop (23)
and Flengas
(NaCl-KC1 salt melt)

Suzuki (53)
(LiCl-KC1 salt melt)

Kudyakov (50)
(KC1 salt melt)

Komarov (84)
(NaCl-KC1 salt melt)

Sukakura (52)
(NaCl-KC1 salt melt)

-2.86 + 7.75 x 10-4T
(700-860° C)

670° C-2.225 V
700°C-2.200 V
740 °C -2. 166 V

-2.77 + 8.1 x 10 -4T
(687- 978 °C)

-2.55 + 6.7 x 10-4T
(777 - 977° C)

-2.66 + 6.65 x 10 -4T
(700-800° C)

670°C-2.098 V
700°C-2.071 V
740° C -2.039V

-2.48 + 6.5 x 10-4T
(700-800° C)

670°C-1.888 V
700° C -1.863 V
740° C-1.830 V

2.07 V
(450° C)

-2.82 + 7.7 x 10-4T
(687-978° C)

-2.63 + 6.7 x 10 -4T
(777-977° C)

E°Hf,Hf(II) E° Hf, Hf(III) E° Hf, Hf(IV)

-2.60 + 4.35 x 10-4T
(700-900° C)

-2.97 + 8.50 x 10 4T
(700-800°C)

-2.70 + 6. 1 x 10 -4T
(700-800° C)
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performed on the data. In other words, the half-cell potentials

measured by the Russians are more than a hundred millivolts less

negative than the Canadian or Japanese researchers for cells con-

taining the same concentration range of zirconium cations in

equilibrium with a zirconium cathode. Their data imply that ZrC12

is much less stable than do the data of the other researchers.

Relative Stabilities of the Zirconium and Hafnium
Chlorides in Molten Salts

The data from each of the above electrochemical studies give

widely different relative stabilities for the di, tri, and tetravalent

zirconium (and hafnium) species in these molten salt solutions. It is

frequently important to know the concentrations of each species in a

given melt. For dilute solutions of zirconium and hafnium chlorides

in the systems studied above, the equilibrium constant for the vari-

ous disproportionation reactions can be calculated from the half-cell

potentials as follows:
a+b+()

l) Reaction: (m+n)Zr m+n mZr +a
n.+ Zr +b

2) Disproportionation constant:

(NZr+a)m(NZr+b)nK
)m+n(Y a+b+()

Zr m+n

[Zr+a m rZr+b n

+(a+b

[Zr m +n im+n

From Nernst Law: FLE°TRx = -RT In K where
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of °RX = amE °'
+a

+ nbE°
+b (a+b)E°

Zr, Zr Zr, Zr a+b
)m+nZr

were the prime indicates half-cell potentials are at

for each species.

4) Combining activity coefficients with AE°Rx'

E 0
Rx

RT In 1Zr+ar1Zr+br
nF

+( a+b
)

[Zr m+n ]m+n

= 1

Where the V's are the standard electrode potentials extrapolated

from measurements taken at "infinite dilution, " which include the

contributions of the activity coefficients. The equilibrium coeffi-

cients for the disproportionation reactions are given in Table 5. The

activity of the zirconium has been replaced by its molar fraction as

the activity coefficient is constant at "infinite dilution."

Since the activity of zirconium metal can be varied by several

orders of magnitude by dissolving it in molten zinc, the equilibrium

coefficient was determined with the activity of zirconium taken at

10-3 and 10-5 in addition to 1.0. These values are also shown in

Table 5.

From the disproportionation constants the relative concentra-

tion of each species in the melt can be calculated for a_given_overall

concentration of zirconium ions in the molten salt solution. For a

molten salt solution containing 0.01 mole fraction zirconium cations



Table 5. Disproportionation of zirconium chlorides in chloride melts at 1013°K.

Reaction Researcher AE°Rx

Equilibrium (Salt Part)
a Zr = 1. 0 aZr = 10-3 -aZr = 10 -5

Zr + Zr(IV)melt
2 Zr(II)melt

IZr(II)]2

Sukakura

Flengas
Kudyakov

Karmorov

Sukakura

Flengas

Sukakura

Flengas

1.014 V

1.344 V

-0.24 V

-0.14 V

0.531 V

0.765 V

-0. 150

-0. 584

1 . 1 x 10
5

5.4 x 106

6.4 x 10 -2

2.0 x 10-1

4.4 x 102

6.4 x 103

0.16
-31.24 x 10

1. 1 x 102

5. 4 x 10 3

6.4 x 10 5-

2.0 x 10 4-

4.4 x 10-1
6.4

0.16
-31.24 x 10

1. 1
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6.4 x 10-7
2.0 x 10 -6

4.4 x 10-3

6.4 x 10-2

0.16
1.24 x 10-3

K a Zr [Zr(IV)]

Zr + 2 Zr(III) 3 Zr(II)

[Zr(II)]3

[Zr(III)] aZr

Zr(II) + Zr(IV) 2 Zr(III)

[Zr(III)j2
[Zr(II)][Zr(IV)]

Salt

NaCl-KC1

NaCl-KC1

KC1

NaCl-KC1

NaCl-KC1

NaCl-KC1

NaC1 -KC1

NaCl-KC1



at 1013°K, the relative proportion of each species at several aZr

levels is given in Table 7.

Comparison of the Half-Cell Potentials for
Zirconium and Hafnium Chlorides

The standard half-cell potentials for the di-, tri-, and

tetrachlorides of zirconium and hafnium dissolved in molten NaCl-

KC1 solvent, which were obtained by Sukakura (52) are given in Table

4 and Figure 4. In every case, these data show the hafnium corn

pound is more stable than the analogous zirconium compound. The

difference in stability between

0.26 V, which is equivalent to

and HfC1 is aboutZrC14(melt) 4(melt)

about 24 Kcal /mole in this tempera-

ture range. This difference in stability appears too large, as

ZrC14(g) is about 3.64 Kcal/mole less stable than HfC14(g) and the

heat of mixing is probably not enough to make up the difference as

evidenced in the vapor pressure studies over solid NaCl and KC1

complexes with the tetrachlorides (65).

Partitioning of Zirconium and Hafnium between a Molten
Zinc Phase and a Molten NaCl-KC1 Salt Phase

Ivanovskii and Petenev (79) determined that zirconium may have

a substantially lower activity when dissolved in molten zinc than does

hafnium. They determined the zirconium and hafnium activity

coefficients in separate experiments and could not determine



Table 6. Disproportionation of hafnium chlorides in chloride melts at 1013°K.

Reaction

Equilibrium (Salt Part)
Researcher .6E° Rx aHf = 1.0 a Hf 10

-1 aHf = 10-2= Salt

Hf (IV) + Hf
2 Hf(II)

Hf + 2Hf(III)
--'' 3 Hf(II)

Hf(II) + Hf(IV)
2 Hf(III)

Sukakura -1.12 V 3.7 x 105 3.7 x 104 3.7 x 10 NaCl-KC1

Sukakura +0.302 V 1.41 0.141 0.014 NaC1 -KC1

Sukakura +0.0067 V 1.08 0.108 0.011 NaCl-KC1

Table 7. Relative concentration of zirconium species in salt melt.

Reaction AZr
Ratio (R) of Zirconium Species with Zr total 0.01total

Sukakura Flenga s Kudyakov Karmorov

Zr + Zr(IV) Zr(II)

[Zr(II)] /[Zr(IV)] =

1.0 1.I x 109 5.4 x 10 10

10-5

7.3 21.2

110 5000 0.008 0.014

Zr + 2 Zr(III) *-' 3 Zr(II) 1.0 212 832

105 1 3[Zr(II)] /[Zr(III)] = R
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whether or not there existed a synergistic effect of the zirconium

and hafnium on their activities. If the assumption is made that there

is no synergistic effect (either in the salt or metal phase) then the

equilibrium constant for the reaction:

Zr(IV)melt + Hr metal -" HMV)melt + Zr° metal

can be evaluated in terms of the cell potentials the activities were

derived from.

and

The measured cell potentials "of the cells 8

1) Zn Zr I KC1 -NaCI, K2 rF6 I I KC1-NaC1 I ,

( 1 -x) (x) KF

2) Zn Hf I KC1-NaC1, K
2

Hf
(1 -x) (x) KF

H KC1 -NaCl I Cl , C

were found to vary with temperature, fluoride ion, and Zr(Hf)

concentration as follows:

1) Ecell(Zn,Zr,C1
2
) = -3.16 + 2.81 x 10 4T

[zrF6=1
+

1.984 x 10-4T log
[F-] [Zr}zn

8These cells are written as formation cells as in the original
article, which is inconsistent with the IUPAC. According to their
convention the cells should be switched right to left to give Ecell
potentials which are negative, as they correctly have them. The
potassium fluoride in the solvent is termed free fluoride.
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2) Ecell (Zn-Hf,C12) = -3.40 + 3.62 x 10 -4T

+
1.984

x 10 -4TT log

[HfF

[F-]6[Fif]Zn

The value of the Zr-Hf partition reaction given above can be

calculated from the cell potentials as follows:

1) The equilibrium constant for the above chemical reaction is:

[Hf(IV)melt ][Zr° metalK= [Zr(IV) RHf°melt metal]

[HfF ][Zr' ]6 melt metal
[ZrF ][1-If°6 melt metal

2) Subtracting the value for the two electrochemical cells

given above yields:

EZn-Hf,C1 Zn-Zr,
2

- E
C12

[HfF -1
9= -3.40 + 3.62 x 10 -4T T + x 10-4T log
4 6

6

[F-] [Hf ]Zn

[ZrF
-3.16 + 2.81 x 10 -4T T + x 10-4T log L

69 84

[Flu[Zr n]

3) which gives upon simplifying:

AEcell = 0.24 + 0.81 x 10-4T

1.984 }I(fF ][Zr ]6 Znx 10 4T tog4 [ZrF6][Hfzn]
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4) Substituting 1. into 3. and recognizing that at

equilibrium AEcell = 0:

4,838.71to K -
°

- 1.633g T K

The value calculated from this equation for the log of the

equilibrium coefficient as a function of temperature is plotted in

Figure 5. Thus, it would be predicted from this work that the

equilibrium coefficient varies strongly with temperature, but not

with fluoride ion concentration or the relative or actual concentra-

tion of zirconium or hafnium in either phase within the concentration

range studied in the experiment.

Conclusions

The free energy of formation of zirconium tetrachloride in

alkali chloride melts can most reliably be calculated from calori-

metric data supplemented by vapor pressure data as shown above.

The calculation involves an extrapolation of the free energy of mix-

ing of zirconium tetrachloride in molten alkali chlorides to infinite

dilution, but the error involved is only a small part of the free

energy of mixing which in turn is a small part of the free energy of

formation.

The value can also be determined by electrochemical studies,

but the studies given above are badly inconsistent. The Ruisian
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studies, in addition to making measurements which are inconsistent

with other researchers, have made assumptions in the data reduc-

tion which have been shown incorrect, thus making their final half-

cell and derived thermodynamic information particularly suspect.

The inconsistencies of the electrochemical cell potentials measured

several times by various research groups in very similar cells is

particularly unfortunate, as this implies that there are as yet

unknown influences affecting the measurements, which have not

been taken into account or corrected for.

The only data which exist concerning the free energy of

formation of the lower valent zirconium and hafnium chlorides in

molten alkali chloride melts comes from electrochemical studies,

but these are particularly inconsistent. Unless one of the studies is

arbitrarily chosen as valid, (Flengast, et al. , study appears the

most carefully done), about all that can be said about the lower

chlorides is that zirconium trichloride and dichloride are stable in

molten alkali-chloride melts.

Russian investigators have shown that the activity of

zirconium and hafnium are widely different in molten zinc. This

conclusion was drawn from small differences of potential measure-

ments in electrochemical experiments performed over ten years

apart as described above. Certainly any such wide difference in

zirconium and hafnium properties could be of interest as a basis of
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separating these metals. In addition to the question of the

accuracy of the above work, synergistic effects may affect the

utilization of the difference of aZr and aHf in molten zinc as the

basis of a separations scheme. Certainly this difference of activity

needs to be verified with zirconium and hafnium in the same experi-

ment.

If the activity of zirconium metal could be reduced substan-

tially by dissolving it in molten zinc, new information could be

gained about the stability of lower valent chlorides of zirconium and

hafnium in alkali chloride melts by observing the extent of the

reaction.

+ Zr(IV) 2 Zr(II)melt melt



IV. EXPERIMENTAL

Introduction

The object of the experimental portion of this research is to

determine the equilibrium value of the

1) Zr(IV)salt melt + Hf°liquid zinc Zr° liquid zinc

+ Hf(IV) salt melt

59

reaction between various alkali chloride and(or) fluoride molten

salt solvents and liquid zinc. The temperature, salt composition,

and ratio of zirconium to hafnium were varied in these experiments

to determine their effect on the equilibrium of the reaction. It is

the goal of these experiments to determine the difference in

oxidation-reduction properties of zirconium and hafnium in molten

salt-molten zinc systems.

In general, the experiments were carried out as follows: A

weighed amount of various salts, including a zirconium and(or)

hafnium salt, zinc metal, zirconium metal, and(or) hafnium metal

was placed into a suitable reactor. The charge was heated until

both the salt and metal phases were molten, and then stirred to

equilibrate the phases. Samples of each phase were then taken and

analyzed for zirconium and hafnium content. A complete description
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of the various reactors used will be covered under the individual

experiments.

Some work has heretofore been reported in systems attempting

to carry to equilibrium an oxidation-reduction reaction between a

molten salt and molten metal phase at high temperatures (87, 88, 89,

90, 91, 92). Although this type of experiment is difficult in itself,

the experiments performed in this work had to overcome the added

difficulties caused by simultaneously using particularly corrosive

molten zinc metal and molten fluoride salts, and reactive zirconium

and hafnium metals which have particularly high affinity for oxygen,

nitrogen, and carbon. It was necessary to supplement the informa-

tion gained from the literature with considerable preliminary work

to design equipment which gives reliable equilibrium data

The research will be reported as outlined below.

a) Experimental Design Considerations which were studied

during preliminary experiments are discussed. Over sixty

experiments were run during this portion of the work. The

data obtained was intended to give information about

various physical problems in carrying out the experiments,

and not to yield precise information about the fundamental

nature of the system. Therefore the discussion of these

experiments will be in connection with the various problem

areas into which insight was gained, rather than covering;
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chronologically the individual experiments.

b) Mass Transfer Experiments were run to determine the rate

of approach to equilibrium of the molten salt-molten metal

system. These data were analyzed and compared to data

obtained at Oak Ridge National Laboratory for the mercury-

water system to determine whether the rate of approach to

equilibrium was controlled by mass transfer limitations or

by a slow chemical step.

c) A set of Formal Experiments were run to determine the

zirconium-hafnium phase equilibrium values with tempera-

ture, hafnium to zirconium ratio, and salt composition as

independent variables. The data from these experiments

are analyzed to give information about the difference in

thermodynamic properties of zirconium and hafnium corn-

pounds in these melts.

Experimental Design Considerations

The preliminary experiments were carried out to study the

nature of problems that would be encountered working in this sys-

tem. Overall sixty experiments were run to study various experi-

mental parameters, namely corrosion and containment, charging

the reactor, sampling of the phases, and miscellaneous experimen-

tal problems. A description of the experimental system used in the
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preliminary experiments is given first followed by a discussion of

the various problem areas underlined above.

Apparatus

A diagram of the apparatus used is shown in Figure 6. It

consists of a 2 1/4" O.D. x 9" quartz test tube, wrapped with

Briskeat high-temperature heat tape with San-iox insulation, sur -

rounded, by 1" Kaowool insulation wrapped with asbestos tape.

Alumina, glassy carbon, boron nitride, quartz, tungsten, and

molybdenum crucibles have been used in various experiments 'to test

their applicability as container materials. All runs were made with

a tungsten bent rod stirrer rotated with a small Bodine motor.

Crucible covers were always used and were made of pyrophyllyte,

carbon, or molybdenum. For a smaller glassy carbon crucible a

pyrophyllyte crucible holder was used. Temperature was monitored

using Special K Chromel-alumel thermocouples and a Weston milli-

voltmeter with the cold junction at room temperature. All work was

carried out in the confines of a dry box with moisture typically less

than 200 ppm as monitored with a 701 Dupont Moisture Analyzer.

Procedure

A feed mixture of salt and metal are placed in the crucible to

be used in the experiment. The crucible cover and stir bar'are
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Figure 6. Reactor for preliminary experiments.
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placed on the crucible, and the entire assembly lowered into the cold

furnace with a nichrome wire sling. The mixture is heated to the

test temperature, and stirred for a fixed time. The stir bar and lid

assembly are then raised from the liquid salt and metal, the tem-

perature maintained for a short time to allow the phases to disen-

gage, and then the furnace turned off. It took several hours for the

charge to cool to room temperature.

The phases were then sampled, sometimes by using a chisel

and sometimes a drill bit. The samples were then carefully cleaned

and sent to the Teledyne Wah Chang Chem Lab for analysis of

zirconium and hafnium in each phase, and occasionally other ele-

ments of interest.

Containment

The containment of molten zinc (containing zirconium), and

molten fluoride salt simultaneously at high temperature is difficult.

Nearly all of the metals are attacked by molten zinc except tungsten

(93,94,95,96,98,98,99,100,101,102), but attack on molybdenum and

tantalum are slow. Carbon, graphite, silicon carbide, and silicon

nitride show excellent corrosion resistance to molten zinc (103),

while most ceramics show good corrosion resistance. Molten

fluoride salts can be adequately contained in metals, but attacks

most ceramics vigorously. Carbon reacts strongly with zirconium
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and hafnium (104) to form carbides, as does the silicon (105) from

quartz to form silicides. Therefore the only likely candidate for the

containment vessel is tungsten. Tungsten, however, is very diffi-

cult to fabricate as it is too brittle to be machined at low tempera-

tures. It is also somewhat expensive, and because of grain growth

when recrystallized from the liquid state, forms very brittle welds.

It was decided as a result of the above arguments, that except for

the stirrer, other materials of construction would be investigated.

The only stirrer type used in these experiments was fabricated from

a 1 /8" x 6" tungsten nonconsumable weld rod, by heating it to red

heat and bending it with pliers.

Alumina was the first crucible material used in these

experiments. It was known that it would dissolve slowly in a

fluoride melt, but it was felt that it could be used for short term

experiments. Twelve experiments utilizing a molten fluoride salt

phase were carried out for one hour each at 800°C and dissolved

0.5-4 W% aluminum ion into the salt melt. Nevertheless a selective

partitioning of zirconium and hafnium between phases occurred, with

the salt phase considerably enriched in hafnium relative to the metal

phase. The attack was very apparent visually on the side of the

crucible, and runs, each with a new crucible, were limited to one

hour duration.



A number of runs were also made using an all-chloride salt

phase made up of NaC1, KC1, ZrC14' and HfC1
4

in an alumina cru-

cible. These runs appeared satisfactory with no visible etching of

the crucible. Very obvious selective partitioning occurred in these

experiments also. In several other experiments quartz glass was

used as a container for all-chloride salt phase experiments.

these experiments a phase thought to be zirconium silicide formed

at the glass-molten metal interface, and deep pits were found in the

quartz after several runs in the same crucible. The quartz also

began to vitrify badly after several runs in the same crucible, but

all runs showed substantial selective partitioning in spite of the con

tamination from corrosion products.

During all of these early experiments a crucible cover

machined from pyrophyllyte was used. During one of the experi-

ments a piece of the cover fell into the experiment and had sufficient

impurities to oxidize all the zirconium and hafnium from the metal

phase. Thereafter a molybdenum or carbon cover was used.

The literature recommends boron nitride as a containment

material for both molten zinc and molten fluoride salts, so a small

crucible of this material was machined from rod, and run in one

experiment. The reaction with the metal phase was so severe that

the phases could not be sampled after the experiment. It is
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suspected that zirconium boride and(or) nitride was formed during

the experiment.

Since carbon is extensively used in the aluminum industry for

containment of cryolyte, a crucible of vitreous carbon was tried

even though several references warned of the probability of zirco-

nium carbide formation. The metal phase did in fact react with the

carbon by forming an interface of zirconium carbide. A microprobe

mount of the interface was made to determine the thickness of the

coat formed at 800° C with 2 hours agitation. A microprobe scan for

zirconium and zinc across the interface, and a visual examination

both showed the interface was abo ut 2 p. thick. The ZrZn C ternary

reported by Jeitschko (106, 107) did not appear to have formed.

None of the containment materials studied to this point were

felt sufficiently inert to contain an equilibrium experiment. It was

decided that even with the difficult fabrication problems, tungsten

may be the only containment material suitable for these experiments.

The same tungsten stirrer had been used in all of the experiments

until this point, with no apparent corrosion, and an analysis of the

metal phase from several of the fluoride salt experiments showed

< 10 ppm W. If tungsten were to form a chloride or fluoride in the

salt phase, it would be reduced by the more active zirconium atoms

into the molten metal phase.
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To test tungsten as a containment material a hot-pressed and

sintered crucible was obtained from Research Organic/Inorganic

Chemical Corporation. In this experiment the crucible cracked dur-

ing cool down on the first run. It appeared the crack was due to an

expansion of the metal phase during cooling. The crack must have

occurred below or near the solidous of the salt which was at 600° C,

as none of the salt had run out of the container. The only phase

transformation below 600° C is the one from ZrZn6 (orthorombic,

a = 12.8 A, b = 12.5 A, and c = 8.68 A) to ZrZn
14

(FCC, space

group Fd3m, a = 14.11 A) (77). We had observed the expansion of

zinc 4-12 W% zirconium alloy when making up these alloys in carbon

crucibles; breaking these after a MgC1
2

-NaC1 eutectic cover salt,

used to reduce the zinc vapor pressure, had frozen (mp 520°C).

After the loss of the rather expensive tungsten crucible, it

was decided that molybdenum should be tried as it was machinable

and chemically very similar to tungsten.

To avoid cracking the crucible as it was cooled, a thick walled

(1/4") molybdenum crucible was used for a set of six experiments.

In these experiments the salt phase was sampled by drilling with a

specially shaped bit and jig on a drill press. The residual salt was

leached from the crucible with hot water, and the surface of the metal

phase, still firmly held in the crucible, pickled with a 5.V% conc. HC1

solution containing about 1 V% HF (70W%) solution. The metal phase
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sample was obtained by drilling just the center of the metal button.

The rest of the metal phase was dissolved from the crucible with the

above pickle acid solution. Only slight attack was observed on the

side of the crucible, but for the first time the selective partitioning

of zirconium and hafnium was slight and variable, and several

thousand parts per million molybdenum were found in the metal

phase. One possible explanation of these experiments, which were

unique in showing a lack of strong selective partitioning of zirconium

and hafnium, is that a molybdenum-zirconium and molybdenum-

hafnium alloy forms which is either selective for hafnium or mass

transfers slowly.

Since the coefficients of thermal expansion are very similar

between molybdenum and tungsten, it was decided to apply a 0.020

protective coat of tungsten by chemical vapor deposition (CVD) onto

the above molybdenum crucibles. The coating process is carried

out by impinging a mixture of hydrogen and tungsten chloride on the

molybdenum surface at high temperature. 9 An evaluation of CVD

tungsten coats for containment of molten salt, molten metal systems

has been reported in the literature (95). These coated crucibles

have been used repeatedly with no apparent attack and with tungsten

9Tungsten was CVD by Ultramet, 12173 Montague St.
Pacoima, California.
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repeatedly analyzed at <20 ppm in the metal phase from the

experiments.

Carbon crucibles coated with CVD tungsten have been used in

later experiments, and have also been successful, so long as the

molten metal is not allowed to cool in them. The means of emptying

the contents of the crucible prior to cool down and after the samples

have been taken, was designed into later experiments.

In summary, it was concluded that alumina, boron nitride,

quartz, carbon, glassy carbon, and molybdenum were unsatisfactory

as a containment material in precise experiments, for a molten

fluoride salt-molten zinc zirconium system at 800° C. Tungsten was

the only material which was substantially, inert at these tempera

tures.

It appears that alumina would also be satisfactory for a molten

chloride salt-molten zinc zirconium system at 800° C.

It is necessary to design for the phase change expansion of the

zinc-zirconium system at 540°C by either building a stout container,

or emptying the molten charge from the container before it freezes.

Machined molybdenum and carbon pieces can be covered with

a very adherent, dense, inert, and reasonably inexpensive, coat of

tungsten by chemical vapor deposition.

Bulk tungsten is both expensive and machinable only at high

temperatures by special techniques.
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Charging and Dumping the Reactor

Typically the reactants, both salt and metal, were simply

placed into the reactor prior to the experiment. Occasionally

special care was necessary to prepare the feed so that the vapor

pressure of one or more of the components would not be excessive.

Of the components used in these experiments, zinc, zirconium

tetrachloride, and hafnium tetrachloride exert sufficient vapor

pressure for a measurable quantity to escape from the reactor dur-

ing an experiment. Once zirconium and hafnium tetrachloride have

reacted with an alkali chloride they have much reduced vapor pres-

sures.

The following problems have been observed during the course

of the experiments.

If the zinc had been placed on top of high melting fluoride salts

when the reactor is charged, a rather high temperature is reached

before the salt melts and covers the molten zinc. The zinc vapor

pressure rises and diffuses from the container, condensing into a

fume as it cools, outside the crucible. Even when the zinc is placed

on the bottom, some fume (zinc dust) will form as the charge is

melted. The fume is either tolerated or another salt (usually sodium

chloride) is added so as to lower the melting point of the salt charge.

Once the salt cover is molten the zinc vapor pressure is small, and
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there is only slight smoking at 900° C. If the boiling point of the

metal phase is exceeded (-920°C for Zn-I2 W% Zr) the solution boils

with large and violent bubbles.

In some early all-chloride experiments, the metal was

charged first, then zirconium tetrachloride, and finally a mixture

of sodium and potassium chloride. As the mixture was heated

zirconium tetrachloride vapor formed, reacting with the bottom of

the layer of alkali halide, forming a partially molten interface

layer. As the temperature increased the vapor pressure of the

tetrachloride exceeded one atmosphere and pushed the plug of

partially molten salt above it out of the reactor. On the other hand

if the salts were well mixed, the melting temperature of the mix-

ture was so high that a great deal of tetrachloride fumes were given

off while melting the charge. The problem was solved by mixing

only enough of the alkali chloride with the zirconium tetrachloride

to form the ZrC1
4 rich low melting eutectic, and placing the rest on

top of the mixture. In this way a liquid was formed by the tetra-

chloride, before its sublimation point was reached, and any zirco-

nium tetrachloride vapor was trapped in the alkali chloride salt

layer. Using this method almost no tetrachloride vapor was

observed while melting the charge.

The reaction between sodium fluoride and zirconium tetra-

chloride was both fast and mildly exothermic. In this case a well
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mixed charge could be placed directly over the zirconium zinc

charge and melted without a noticeable zirconium tetrachloride

fume problem. Later it was found that a mixture of excess sodium

fluoride and zirconium tetrachloride could even be dumped directly

into a reactor at 900° C without excessive formation of zirconium

tetrachloride fumes'.

All fluorozirconate, fluorohafnonate, and alkali halide salts

could be charged mixed or unmixed into the crucible with no excess

fuming.

A problem with zinc vapor pressure was observed when it was

necessary to dump the reactor charge at the conclusion of an experi-

ment. The salt cover layer, being lighter, is decanted first during

the pour, leaving the exposed zinc-zirconium metal. The zinc fumes

from the exposed hot molten metal phase were sufficient to rapidly

obscure the inside of the dry box from view. A receiver was

designed to completely cover the reactor during the pour step for all

later experiments.

Sampling.

During all of the preliminary experiments the phases were

sampled after they had solidified. This practice lead to several

sampling errors which are discussed below.



It was difficult to remove all of the salt from the metal samples.

The metal phase would cool, solidifying first at the wall and later at

the center. Since the solid phase is denser than the liquid phase,

this mode of cooling leaves voids in the center which fill with the

still molten salt. In some of the later experiments which were

sampled after the phases were dumped following an experiment,

salt contamination in the metal was particularly bad, probably due

to mixing during the dump. Even when the phases were sampled by

drawing samples into sample tubes while the phases were molten,

salt contamination in the metal phase samples was a problem. In

this case the salt was not mixed into the metal, but rather clung

tenaciously in cracks and voids in the metal sample. The salt wets

the metal sufficiently to lodge in very small cracks.

The only way to deal with this problem was to clean and

pickle the metal samples repeatedly. When precise later experi-

ments were run, the metal sample was cleaned as well as possible,

milled to small pieces, then leached again, and finally dried. It is

believed, based on careful microscope examination of the metal

phases of later experiments, that salt contamination was probable

in many of the early preliminary experiments.

During the slow cooldown of the phases several types of phase

segregations were found. These undoubtedly lead to errors in

sampling of the phases after cooling and lead to lack of precision in
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interpreting the early experiments.

The most obvious problem was the segregation of the salt

phase, which was most pronounced in the all-chloride salt phase

experiments. Here a variably thick, dark salt phase formed in

between a white salt phase and the metal surface. This interface

layer had the composition given in Table 8.

Table 8. Analysis of interface from all chloride reductive
extraction experiment.

Sample PE 4185 Sample PE 4187
Wt `1/0 Mole % Wt % Mole %

Run No. 35 35 36 36
Hf/(Zr +Hf) 1.0 0.2
(Zr +Hf)02 13.5 9.34 14.7 11.15

( -10.1% Zr) (as Zr(II)) ( "10.8% Zr) (as Zr(II))
Na 3.0.7 19.57 12.7 25.88
K 16.9 17.97 19.2 23.11
Zn 15.2 19.57 5.8 8.33
Cl 28.3 33.54 23.8 31.53

Total 81.2 100.0 72.3 100.0

When the interface layer was mixed with distilled water it

gave off a gas, but left a dark cloudy solution. If hydrochloric acid

was added to the solution it gave a clear, slightly green solution

with the evolution of more gas. The total gas evolved was approxi-

mately equal to the hydrogen that would be evolved from the oxida-

tion of the contained zirconium, assuming an average of two

electrons per atom.



Even in the all fluoride experiments there was a dark interface

layer which evolved gas when dissolved in hydrochloric acid solu-

tion. Treating the white salt layer in the fluoride experiments with

a weak solution of hydrochloric acid did not evolve gas. There are

several possible explanations for this interface layer, which has

been noted numerous times during electrochemical studies in all

chloride molten salt systems. The popular view is that the reaction

Zrmetal + Zr(IV) 2 Zr(II)meltmelt

goes strongly to the right forming ZrCl in the salt melt, which

precipitates as the melt is cooled forming the interface layer. The

phase diagrams for the NaCl- ZrC12, and KC1-ZrC12 systems are

given by Flengas, et al. (43). Very small metal particles are also

found in the interface layer.

Regardless of the mechanism of formation of the dark inter-

face it nevertheless was obviously present, and showed that serious

salt segregation had occurred. This made sampling difficult, as it

was not possible to sample all the salt in many of the experiments

after cooling and it was very difficult to quantitatively separate the

interface layer from either the salt phase or the metal phase.

Phase segregation in the metal phase was hinted in some

microprobe mounts showing dispersed Zn-high Zr alloy phase
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concentrated near the edge of the cooled metal phase in_a Zn-very

low Zr continuous phase. Although it was not known whether the

edge represented the bottom or the top of the metal phase, it showed

segregation had occurred.

To deal with these gross type phase segregation problems it

was decided all samples for precise work would be taken while the

phases were still fully molten, thereby insuring a representative

sample.

A more severe problem was found in experiment #19.

Experiment #19 had a charge of 11.04 g Zn, 2.0 g NaC1, 218 g KC1,

5.0 g Naz-ZrF6, and 0.963 g Hf, and was stirred for one hour at

800° C in a small vitreous carbon crucible. Analysis of the product

phases showed that 0.0075 g Hf and 0.44 g Zr were in the metal

phase and 1.25 g Zr and 0.72 g Hf were in the salt phase. Although

these analyses show good selective partitioning, a microprobe study

of the metal phase, a photograph of which, is shown in Figure 7,

shows it was not as good as it could have been. A small impurity

phase was found concentrated at the edge of grain boundaries which

contained as much hafnium as it did zirconium, while hafnium was

below detection limits (-1% Hf/(Zr+Hf)) in the ZrZn alloy phase.

Here it can be seen that the small amount of hafnium that was pre -

sent in the metal phase was very selectively held in the small

impurity phase forming at the alloy grain boundary. These high
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Figure 7. Microphoto of metal phase.
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selectivities between zirconium and hafnium seen routinely in these

experiments are nearly unique in the history of the separation of

zirconium and hafnium. The phases are undoubtedly ZrC and HfC,

but this has not yet been verified by Auger analysis. From the

microprobe it can be determined that it is not an element heavier

than about iron. This experiment led to two conclusions, that vitreous

carbon should not be used for precise equilibrium experiments, and

that care must be taken to eliminate all possible contaminants from

the experiment.

In summary, phase segregation during cooling makes it very

difficult to sample a solid phase representively. This problem is

avoided in precise work by taking samples while the phases are

above the liquidus temperature. Formation of an impurity phase

which may selectively contain zirconium and/or hafnium must be

avoided by the use of very pure feed materials and inert contain-

ment vessels.

Dry Box

A good dry box was a necessity to prevent oxygen and nitrogen

contamination during this work. Many of the early experiments were

run in a fiberglass dry box which was filled with argon that was

continuously recirculated through 750° C zirconium turnings which

"gettered" oxygen, water vapor, and nitrogen from the stream.
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Using this system it was fairly easy to keep the water vapor at less

than 100 ppm while the box was cold. When the furnace was heated

the water vapor rose to between 200 and 500 ppm. As this upper

level was reached not only was contamination of the experiment a

distinct possibility, but oxidation of the tungsten and molybdenum

parts was observed.

Later experiments were conducted in a mild steel dry box

with its atmosphere recirculated through a "getter." This system

was also monitored with the DuPont 701 moisture analyzer, and was

less than 100 ppm even when the furnaces were heated.

Phase Diagrams

Information about the liquidus and solidus of the various

salt phases used in this work were frequently found in Phase

Diagrams for Ceramists by Levin, et al. (108, 109), or Phase

Diagrams of Nuclear Reactor Materials (110). For tertiary phase

diagrams of the NaF-NaC1-ZrF4 system (111) and KC1-KF-K2ZrF6

and other systems (112) Russian references were found. Data on

some of the physical properties of these systems were published by

Sheinko, et al. (113).



Mass Transfer Experiments

Introduction

Before equilibrium experiments could be run it was necessary

to determine the amount of mixing necessary to equilibrate the

phases with each other. One important question in this regard, is

whether mass transfer of the reactants to the interface, or the rate

of chemical reaction, is the slow step in attaining equilibrium.

It appears that mass transfer in high temperature molten

salt-molten metal systems has not been studied, so the results of

this experiment are compared with results from aqueous-organic

systems (115), and one study by Oak Ridge National Laboratory

using a low temperature mercury-water system (116). The same

shape reactor was used in this study as in the above so that a direct

comparison of results could be made.

Before going to the new shape reactor, it was decided that

experiments would be run to determine a rough value for the mass

transfer rate in the apparatus used for the preliminary experiments.

To do this, one, two, and three hour experiments were run

approaching equilibrium from both directions to determine an

approximate equilibrium value. Twelve equilibrium experiments

were run using an all-chloride salt phase and six using a chloride-

fluoride salt phase. From these experiments it was found that
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equilibrium could be attained in a few hours. The actual data points

are shown in Figures 8 and 9. The arrows on each of the data

points show the direction of approach toward equilibrium used in

that experiment.

The following mass transfer experiments were run to get a

more precise idea of the mass transfer rates in apparatus which

would allow comparison to mass transfer rates in other two-phase,

batch systems. The first mass transfer experiment used two agi-

tator blades one in each phase stirring at a rate less than that

necessary to disperse the phases (117). Samples were taken at

periodic intervals from each phase to monitor the progress of the

reaction. The apparent mass transfer rate of zirconium and hafnium

in each phase could be calculated from the rate of approach to

equilibrium of the phases. This apparent mass transfer coefficient

may be too small in that the mass transfer step may be faster than

the

Zrsalt + Hf metal Hfsalt + Zrmetal

reaction once the reactants reach the interface. To find out whether

the reaction was mass transfer or reaction rate limited, two

approaches were used.

The first approach was to compare the apparent mass transfer

rate with the mass transfer rate of other two -phase systems that

were known to be mass transfer limited. The second method was to
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run a second experiment in which the phases were vigorously mixed

for a short time. In this experiment, the interfacial area was

increased several orders of magnitude due to dispersing the metal

phase in the liquid. Since this experiment contained the same com-

ponents at the same temperature, the rate of chemical reaction

should have been unchanged, but the mass transfer to the interface

greatly enhanced. It could then be concluded that if near equilibrium

could be obtained in a short period of time then it could not be rate

limiting in the earlier experiment which took much longer to

equilibrate. The rate of stirring needed to disperse the phases was

assumed to be near that given for the mercury-water system (115),

as the density of the phases was known not to have a great effect on

the agitation needed for dispersement.

Apparatus

The reactor used in this study has been widely used to study

mixing of two phases in a batch reactor (115). It has two flat blade

agitators with a diameter one-half the diameter of the reactor, and

four equally spaced baffles one-tenth the diameter of the reactor in

width. The reactor was three inches inside diameter, six inches

high, and was machined from graphite. A twenty mil coat of

tungsten was deposited on the surface of the carbon by chemical

vapor deposition.



The reactor was heated with an electrical furnace. The

furnace consisted of a mild steel liner wrapped first with quartz

cloth, for electrical insulation, and then with an eight foot length of

one-half inch width Samox heat tape, and finally covered with a one

inch layer of Kaowool insulation. The furnace was placed inside a

six-inch diameter stainless steel beaker, and rested on a six inch

diameter, one-inch thick layer of Kaowool. The entire apparatus is

shown in Figure 10. A graphite ring was machined to fit snugly

over the top of the reaction vessel. A pour spout was filed into the

graphite ring to aid in pouring the contents of the reactor at the con-

clusion of an experiment.

The stainless steel can which contained the furnace was sup-

ported by two one-half inch diameter by two-inch rods which were

mounted to form a pivot as shown in Figure 11, to aid in the pouring

operation. The frame used to support the furnace is shown in

Figure 12.

The baffles, agitator, thermowell, and heat shields, were

assembled into a separate unit. The baffles were fabricated from

tungsten as shown in Figure 13. These were notched as shown to

support two stainless steel heat shields designed as shown in Figure

14. These were spaced one inch apart and held rigid with 4ea

4-40 x 1-1/4" stainless steel screws each with three nuts tightened

on either side of the heat shields. A thermocouple well was,placed
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in one hole through the heat shields. It was fabricated by boring a

9/64 inch diameter hole, 3-7/8" lengthwise through a 4" long, 1/4"

diameter molybdenum rod, as shown in Figure 15. The rod was

then tungsten coated and fitted into an extension of 3/8" ad by 1/4" id

stainless steel tube, 7" long. The thermocouple well was held in the

extension with a 6-32 set screw which prevented the thermocouple

well from falling away from the extension as the temperature was

raised due to the difference in thermal expansion of the stainless steel

and molybdenum. A small hose clamp was placed on the extension to

hold it at the desired height. The agitator used was a one-foot

length of 1/4 tungsten rod with two tungsten paddles,

1/16" x 1/2" x 1-1/2", welded onto it, and is shown in Figure 16.

Samples of each phase were taken into 6 mm quartz glass tubes by

the vacuum created by a pipet squeeze bulb and controlled with a

glass stop cock. A Heidolph motor, supported on the frame, was

used to power the agitator. A Calla lloy Special K thermocouple

connected to a Weston millivoltmeter was used to monitor the tem-

perature of the experiment. The cold junction was at the millivolt-

meter and a correction for room temperature was made. The

temperature on the furnace was controlled with a 0-140 V variac

transformer.
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Reagent Preparation

Sodium Fluoride and Potassium Fluoride AR-ACS grade from

Mallinckrodt were vacuum dried at 200° C overnight prior to their

use in making up the salt charge. Zirconium tetrachloride was

made from purified zirconium oxide containing less than 100 ppm

hafnium oxide by chlorinating it at 700°C in the presence of carbon.

The condensed tetrachloride was then resublimed giving a pure

white fine flowing powder. Several batches of these salts as shown

in Table 8 were weighed into the tungsten lined carbon crucible and

fused at 800°C for one hour. The fused salt was then finely ground

with a mortar and pestle and well mixed. An analysis of the pre-

pared salt is shown in Table 9.

The zinc was obtained from the Chemithon Corp. and was

analyzed with the impurities shown in Table 10. The zirconium and

hafnium used were purified by the Van Arkel-de Boer process (159)

and had an analysis shown in Table 11. All the metals were pickled

in a 5 V% conc. HC1 - 5 V% HF (70W%) solution prior to their use in

experiments.

Experimental Pro cedure

Experiments were initiated by loading the reactor with salt

and metal phases and heating for approximately one hour and twenty



Table 9. Salt preparation for fused salt mass transfer experiments.

Weight % 2 /ZrC1
4 % ZrClBatch KF NaF Total After Weight /1 4Zr C14No. (gms) (gms) (gms) Weight Fusion Loss (g) Analysis

1

2

3

4

Total

116.5

116.5

116.5

116.5

58.1

58.1

58.1

58.1

84.0

84.0
84.0
84.0

258.6

258.6

258.6
258.6

252.0

255.7

254.0

252.6

6.6
2.9
4.6
6.0

0.4361

0.4443

0.4401

0.4375
466.0 232.4 336.0 1034.4 1014.3 20.1 0.4396 0.4454

1 "AssumingAssuming weight loss due to zirconium tetrachloride volatilisation; the weighed ZrC14 is 0.4505
fraction of the weighed starting materials.

2/By Teledyne Wah Chang Chem Lab.
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Table 10. Analysis of salt mix for mass transfer experiment.

Impurity Conc. Impurity Conc.

wt Hf/wt Zr 19 ppm Ni <100
wt (Zr +Hf)02 23.55% Cr <100
Fe 40 ppm Fe <100
Cr < 10 ppm Mn <100
Ni 30 ppm Si 100
W < 10 ppm Co. <100
Mg <100 B <100
Al 500-1000 P <400
Sn <100 Li <100
Ca <100 Na > 10%
Cu <100 Cb <500
Cd <100 W <500
Zm <150 Hf <250
Ti <100 Ta <250
V <100 Zr > 15%
Mo <100

Table 11. Zinc impurities.

Impurity Conc. Impurity Conc.

Al < 50 Sn <100
Fe < 50 Cu <100
Cr < 50 B <100
Ni < 10 Ca <100
Pb <100 Co <100
Cd < 10 Mn <100
02 100 Mo <100
Mg 250 Si <100
Zr <500 Ti <100
Hf <250 V <100
Cb <500 W <500
TA <250.



minutes to melt most of the reactants. The baffle assembly was

then inserted. The stirring motor was mounted and attached to the

stir bar. The reactor continued heating until it reached 773° C.

After reaching temperature, the phases were sampled by preheating

quartz sampling tubes above the melt for a few seconds, and then

lowering them into the melt while blowing a stream of argon (the

dry box atmosphere) out of the tube using a rubber pipe-bulb, then

closing the stopcock as the desired sampling height was reached.

The desired height was indicated by a mark on the quartz tube that

was lined up with the top of a baffle strip. Since the pipet bulb was

at this time pulling a vacuum against the closed stopcock, a sample

could be taken by rapidly rotating the stopcock by the open position.

A stir rate of 200 RPM was then set on the agitator and

samples of each phase taken as above at periodic times. After the

last sample was taken, the stirring assembly was removed with a

pair of pliers and the contents of the reactor dumped into a carbon

crucible. All power to the experiment was shut off and the furnace

was allowed to cool. The samples were removed from the quartz

sample tubes, cleaned up, and analyzed for percentage by weight of

(Zr + Hf)0
2 by the mandelic acid precipitation method and the ratio

of Hf (Zr +Hf) by weight obtained by X-ray fluorescence if greater

than 1000 ppm and by arc source spectrography if less than 1000

ppm. The metal samples were cleaned by pickling with a 5 V%
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HC1-5 V% HF (70W%) solution prior to analysis, and the salt samples

analyzed as obtained. All analysis were performed by the Teledyne

Wah Chang Chemical Laboratory.

Data

The salt and metal inputs to both experiments are given in

Table 12. The metal samples from the first experiment were

divided into halves. Both the top and the bottom sample were

analyzed separately, but in an identical manner to give some idea of

the accuracy to be found in the analytical procedure. The data from

the non-dispersing mass transfer experiment is given in Table 13,

and those of the dispersing mass transfer experiment given in Table

14. Also contained in these tables is information derived from the

original data by the calculation procedure given in Appendix I.

Discus sion

If the approach to equilibrium is in fact mass transfer

controlled, then the rate of flow of the reactants (zirconium or

hafnium species) to the reaction site (salt-metal interface) is

dependent upon the driving force acting on them at any given time.

This driving force is the concentration gradient of the reacting

species in each phase. Thus the flux, j, of any species, i, is

equal to the concentration gradient (Cr_ Ci) times the mass
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Table 12. Analysis of zirconium and hafnium used in
mass transfer experiment.

Zr Hf
Impurity Run # ZXB-153 Run # HXB-769

C 40 ppm <30 ppm
U 0.9 ppm <O. 5 ppm
O <50 ppm <50 ppm
N 8 ppm < 5 PPm
Hf 82 ppm 98+ %
Zr 99.9+ % 1.8 %
Cb <75 ppm
Ta <100 ppm
Fe <50 ppm 85 ppm
Cr <50 ppm <20 ppm
Ni <35 ppm <25 ppm
Cu <25 ppm <25 ppm
Al <35 ppm <35 ppm
Mo <25 ppm 25 ppm
Ti <25 ppm <25 ppm
W <25 ppm <10 ppm

Table 13. Salt and metal input to mass transfer experiments.

Experiment
Metal Phase (gms) Salt Phase'

Zn Zr Hf (grams)

1. Non-dispersed
2. Dispersed

1360.77

1360.63

55.48

55.63

1.1879

1.1883

364.79

364.79

1 Salt mix was calculated to be:
44.535 W% ZrC14
22.685 W% NaF
32.78 W% KF.



Table 14. Data and derived information from non-dispersed mass transfer experiment.
Sample Number

1 2 3 4 5 6 7

Input feed
1. Zn 1360. 77 1351.33 1343. 59 1336.22 132 6.53 1319.93 1313.29
2. Zr 55.48 64.06 57.73 55. 94 55.74 65.84 57.42
3. Hf 1.1879 0.3204 0.1847 O. 08112 O. 02609 O. 0202 1 O. 01447
4. NaF 119.58 119.00 117.80 116.51 115.24 112.86 111.42
5. KF 82.75 82.34 81.5151 81.62 79.74 78. 10 77. 10
6. ZrC14 162.44 162.06 153.20 149. 70 145.94 13 6. 59 133. 84
7. HfC14 O. 015 O. 5761 1. 1842 1. 3675 1. 3526 1. 4396 1. 4111

Measurements
1. Reaction time 0.0 0.25 1. 0 2.0 3.0 4. 0 5.0
2. Salt: Hf(Zr+Hf) O. 0073 0.0110 O. 0130 O. 0140 0. 0150 O. 0150 O. 0150
3. Salt: (Zr+Hf)02 O. 2372 0.2267 0.2293 0.2274 0.2 199 O. 2211 0. 2222
4. Metal: Hf/(Zr+Hf) O. 005 0. 0032 0.00145 O. 000468 0. 0003 07 0.000252 O. 0002 18
5. Metal: (Zr-+Hf)02 O. 0614 0.0558 0. 0544 0.0545 0. 0 642 O. 0566 O. 0543
6. Salt sample weight 1. 7930 3.5867 3.8145 3.8625 3.7776 4.1829 4. 18 68
7. Metal sample weight 9. 8810 8.0759 6.0557 6. 6796 10. 0947 6. 9246 10. 5579

Calculated values
1. Wt. Zr in salt 63.75 59. 97 59.25 87.70 54. 59 53. 07 52.59
2. Wt. Hf in salt 0. 4654 0.6599 0.7705 1. 228 0.8191 O. 7965 0.7892
3. Wt. Zr in metal 64. 51 58.06 56.25 56. 15 66. 17 57.71 54. 99
4. Wt. Hf in metal 0. 3226 O. 1858 0.0816 O. 0263 0. 0203 O. 0145 0. 0120
5: Zr recovery To 108 92.6 98.2 126 107 92. 9 98
6. Hf recovery To 65.9 132 101 149 108 98. 7 100
7. (Zr+Hf) salt rec. To 10 1 94.9 99 150 95. 7 99. 3 100
8. (Zr+Hf) metal rec. To 115 90. 6 97.4 100 119 87. 6 95. 8 10

1,4
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transfer coefficient, k, i.e., j = k(C
oo

-C.). The flux of a species

into a well stirred volume, V, through its surface or part of a surface,

A, for a given time, dt, leads to a concentration change, dC, in that
dC.

Vvolume, i. e . , jAdt = VdCi or j
A. dt Combining these

expressions for flux gives
00

V d ln(C. -C.)
I Igives k.

A dt

To determine a mass transfer coefficient from this work it is

necessary to assume that the mass transfer rate for a zirconium

species was the same as for its hafnium analog. Owing to the very

similar chemical nature of these two elements this assumption

appears to be reasonable as a first approximation.

dC:
V 00

ki(Ci -C.). Solving this equation

ooSince the true CI-11 in the metal phase, i.e., equilibrium
coconcentration, was not reached in these experiments a CHf was

picked so that a plot of ln(erif -C Hf ) vs gave the best
m m

approximation to a straight line possible in a least square sense.
ooThe result of this choice of CHf gave the data shown in Table 15.

The best straight line through the data was

t = -(1.739 x 104 + 2.6015 x. 103 ln(C00
-C ) )m m which had a correla-

tion coefficient of 0.99453. From the slope of this line a value for
mcthe mass transfer coefficient of k

Hf sec= 0.001850 is obtained
m

for hafnium in the metal phase. To find the mass transfer coeffi-

cient in the salt phase is more difficult as hafnium accumulates in
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Table 15. Data and derived information from dispersed
mass transfer experiment.

Sample Numbers
1 2

Input feed

1. Zn 1360.63
2. Zr 55.63
3. Hf 1.1883
4. NaF 119.58
5. KF 82.75
6. ZrC14 162.44
7. HfC14 0.015

Measurements

1. Reaction time
2. Salt: Hf/(Zr + Hf)

0.00
0.0100

0.83
0.0140

3. Salt: (Zr + Hf)(D2 0.2370 0.2250
4. Metal: Hf/(Zr + Hf) 0.00285 0.000227
5. Metal: (Zr + Hf)02 0.0457 0.0578
6. Salt sample weight -6.5 -1.8
7. Metal sample weight -3.0 -9.0

Calculated values
1. Weight Zr in salt 63.54
2. Weight Hf in salt 0.6418
3. Weight Zr in metal 47.52
4. Weight Hf in metal 0.1354
5. Zr recovery 93.2
6. Hf recovery % 65.0
7. (Zr + Hf) salt recovery % 84.6
8. (Zr + Hf) metal recovery % 101.0
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the salt phase. The method of analysis, i.e., X-ray fluorescence,

is simply not precise enough to give an accurate value for

CHf -CHf as equilibrium was approached. A better value for
cos

(CHf -CHf ) could be calculated from CHf by assuming that all the
s s

hafnium that was leaving the metal phase was entering the salt phase.

The value of CHf calculated by this method are also shown in Table

16. The CHf calculated by this latter method are used for the last
s

four entries in the table and have been circled, together with the

actual salt data for the first three entries. The best straight line

through this data was t = -(1. 508 x 104 + 2.4367 x 103
ln(C00 -C s ),s

which leads to a mass transfer coefficient in the salt phase of

0.001752 cm/sec.

To ascertain whether these observed rates of approach to

equilibrium were dominated by the mass transfer of chemical

reactants to the salt-metal interface or to the rate of the

Hfmetal + Zr(IV)melt Zrmetal + Hf(IV)melt reaction at the

interface, an attempt was made to compare these equilibrium rates

with those from other chemical systems which were known to be

mass transfer controlled. The only other systems which have been

studied in this type of reactor have been aqueous-organic systems

and an aqueous-mercury system. A study of many aqueous-organic

systems by Lewis (115) showed that the rate of mass transfer was

almost wholly related to the turbulence of mixing within the phase,



Table 16. Hafnium concentration vs. time in each phase.

Salt
Time Hf. Conc.

No. Sec. g/cc

Metal Calculated Salt
Hf. Conc. Hf. Conc.

g/cc g /cc

1 0

2 900

3 3,600

4 7,200

5 10,800

6 14,400

7 18,000

0.00420

0.00436

0.00438

0.00440

0.01443

0.008235

0.003586

0.001186

0.0000912

0.0000618

0.0000594

0.0000580*

0.002869

0.003554

0.004069

C0.:02439734

( 0.00440000)
0.00440155*

'These values were calculated as explained in text.
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and, as a first approximation, independent of the diffusion coeffi-

cients of the reacting species, the surface tension, or density of

the phases. The relation which correlated the data from eight sys-

tems was simply 60 k1 /vl = 6.76 x 10-6(Re1+Re2 x z /z
1

)1.65 + 1,

where

1,2 relate to phases 1 and 2

k = mass transfer coefficients g/cm
2v = kinematic viscosity cm /sec

z = viscosity g/sec-cm

= Reynolds No. = D2 N/v

D = diameter of agitator cm

N = rev. per sec. of agitator.

This relation was found to hold for mass transfer in an

aqueous-mercury system at ORNL (116), which was used to simu-

late a molten salt-molten metal system.

For our system using the physical properties of the phases

shown in Table 16, the Lewis correlation gives Ksalt = 0.01358,

Kmetal = 0.00476.

A correction factor needs to be applied to these numbers to

account for the difference in depth of phases of the two experiments.

In Lewis' work both phases were 10 cm deep, and in this work the

salt and metal were 4.27 and 4.81 cm deep respectively. The depth
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of the agitated phase would surely not be the width over which the

reacting species diffuse to the interface, since the diffusion coeffi-

cients for these species in this system are about 10 -5 cm2 /sec the

width of the diffusion layer next to the interface is effectively about

0.02 cm. Table 17 compares the experimentally obtained, and cor-

rected calculated values for the mass transfer rate.

Table 17. Comparison of mass-transfer
values.

Phase Calc. Exp.

Salt 0.0058 cm/sec 0.00175 cm/sec
Metal 0.0023 cm/sec 0.00185 cm/sec

The second experiment in which the phases were dispersed by

stirring at 1200 RPM, brought the phases in near equilibrium in only

five minutes, thereby implying that the first experiment was indeed

mass transfer controlled. A comparison of the extent of partitioning

shows the non-dispersed and dispersed experiments had equilibrium

coefficient values of 70.0 and 62.7 respectively. This implies

that both reactions went to near completion. The accuracy of

measurement of the hafnium concentration at low concentrations as
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determined by the dual analysis of the metal phase sample appears

to be on the order of 10-15% and could even account for the small

difference observed in equilibrium coefficient.

Table 18. Physical properties of the salt and metal phases of the
mass transfer experiment.

Property Salt Metal

1. Liquidus

2. Solidus
3. Density
4. Surface tension
5. Viscosity

650 °C

550° C

1.82 g/1 (900°C)

106 erg s/cm2 (900° C)

0.015 poise (900° C)

0.024 poise (800°C)

6.25 g/1 (800° C)

-500 ergs /cm2

0.0173 poise (772° C)

Equilibrium Experiments

Three equilibrium experiments were run to determine the

extent of the

Zr(IV) + Hfmetal + Zrsalt melt Hf(IV)s.alt melt metal

reaction using three different salt melts. The salt melts contained

sodium, potassium, zirconium, and hafnium, and either chloride-

fluoride (experiment #1), fluoride (experiment #2), or chloride

(experiment #3). The apparatus was only slightly modified from that

used in the mass transfer experiments. The chemical analysis of
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the ratio of Hf/(Zr+Hf) in each phase was accomplished by neutron

activation analysis.

Apparatus

The same apparatus used for the mass transfer experiments

(Figure 10) was used for these experiments except for the modifica-

tions below. A third heat shield made of tungsten coated

molybdenum was added below the two stainless steel heat shields

as shown in Figure 17.

Iron, chromium, and nickel, probably from the stainless

steel heat shield, contaminated the mass transfer experiments.

A new stirrer was machined from molybdenum and coated

with tungsten as shown in Figure 18, as the stirrer used in the

mass transfer experiments failed several times at the weld points.

A carbon receiver was machined to fit snugly onto the top of

the reactor during the pouring operation at the conclusion of the

experiment, as shown in Figure 19.

A proportional controller was installed to automatically

control the temperature of the reactor and hold it precisely at a set

temperature.

Standard filled-ceramic, nichrome-wire, tube heating elements

were incorporated into the furnace, replacing the heat tape which

had failed following the mass transfer experiments.
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Figure 17. Modified baffle assembly.
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The entire apparatus was moved to a large mild steel, argon

filled dry box. The argon was recycled through a zirconium "getter"

tube held at 750°C, with one dry box volume going through the

"getter" every fifteen minutes. The atmosphere of the dry box was

monitored continuously for water vapor with a DuPont 701 moisture

monitor.

The phases were sampled by selecting, via a three-way

stopcock, an argon pressure or vacuum to be placed across a criti-

cal orifice, which in turn was connected to a tantalum sample tube

for the salt phase, or a tungsten tube for the metal phase. The

metal sampling tubes were used as some attack was noted on the

quartz tube used for sampling the phases; during the mass transfer

runs. The molten sample was then cast into 1/2" inside diameter

x 1/2" high carbon molds which had been drilled into 1" outside

diameter x 1" high graphite rods.

Reagent Preparation

Zinc, zirconium, hafnium, sodium chloride, and potassium

chloride from the same batches, and prepared in the same manner

as that of the mass transfer experiments, were used in this experi-

ment. The sodium and potassium fluoride were both (AR-ACS) .grade

and obtained from Mallinkrodt. The potassium fluorozirconate was

prepared from the zirconium crystal bar by dissolving it in
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hydrofluoric acid and precipitating it with potassium fluoride

according to the method of DeMarignac (160). After recrystallizing

the potassium fluorozirconate from aqueous solution the crystals,

were vacuum dried overnight at 250° C and were analyzed for

zirconium (as (Zr+Hf)0
2) which was 43.40% compared to 43.48%

theoretical for K2ZrF6.

Procedure

An experiment was carried out by placing the salt and metal

reactants into the reactor and holding them at 380° C overnight to

remove any traces of moisture. The charge was then melted at

about 750°C and the baffles, heat shields,- thermocouple, and

stirrer assembly fitted into the melt. The temperature of the first

experimental point was then set on the controller. After reaching

temperature the melt was stirred vigorously for twenty minutes

(-700 RPM), which was determined from our mass transfer experi-

ments to equilibrate the phases. Samples of each phase were taken

with the sampling apparatus and cast in the small carbon crucibles.

Then either a new temperature was selected, or (and) an addition of

fluoride salt or hafnium metal was made to the melt with a metal

funnel. This procedure was continued until the end of the experi-

ment, when the contents of the reactor were dumped, (after remov-

ing the stirrer assembly) into the specially designed carbon' receiver
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which was fastened tightly over the reactor.

Three experiments were run, each utilizing a different salt

phase. In each experiment the temperature was varied, hafnium

concentration was varied, and in one experiment two additions of

sodium fluoride were added to give various levels of "free" fluoride

anions in a solvent containing only chloride anions. In each case

the zirconium and hafnium concentration in each phase was kept low

to approximate infinite dilution.

Chemical Analysis

The samples of the salt and metal phases were weighed,

cleaned and analyzed for zirconium and hafnium concentration.

The salt phase sample was uncontaminated with metal phase,

and was weighed, and sent to the Teledyne Wah Chang Albany

chemical laboratory to quantitatively extract the zirconium plus

hafnium as their oxides.

The metal samples invariably contained salt contamination.

The molten salt strongly wet the molten metal, which would form

fairly smooth castings, with occasional voids or cracks upon cool-

ing. Due to the greatly increased level of hafnium in the salt over

that in the metal, a complete removal of salt from the metal sample

was necessary. The weight of the metal sample was taken before

removing the salt which was less than 1% of the weight of the metal.



The salt was physically removed as well as possible, and then the

metal given two consecutive etches with 50 W% hydrofluoric acid,

each of which removed a couple of mils of metal from the sample.

The metal sample was then milled to fine chips, and given one final

quick etch with the 50 W% hydrofluoric acid. The cleaned metal

chips were given a thorough examination under the optical micro-

scope, and sent to the Teledyne Wah Chang Lab for quantitative

zirconium and hafnium oxide extraction.

The arc spectrograph used for low level Hf/(Zr-I-Hf) ratios

analyses at the Teldyne Wah Chang Laboratory required a 300mg sam-

ple, lacked precision below 100ppm, and was a destructive analysis.

The level of hafnium anticipated in some of the metal samples was

far less than 100 ppm, and the minimum possible zirconium and

hafnium levels in each phase were desired so as to approach infinite

dilution. For these reasons neutron activation analysis was chosen

for analyses of the Hf/(Zr+Hf) ratios.

The analysis was performed at the Oregon State University

Triga Reactor. The samples of zirconium and hafnium oxide from

the Teldyne Wah Chang Chem Lab were loaded into one-half gram

polyvials which were in turn placed in two gram polyvials and

activated at one megawatt (1.3 x 1012 nicm2 /sec) for three hours.

The samples were taken out of the reactor and stored seventeen

days to allow short lived isotopes to decay away, particularly W187
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with a twenty-four hour half life which was found in our samples

and gave a 479.5 Key gamma, which could not be resolved from the

482 Key gamma from Hf181. The gamma ray spectrum from the

samples was detected on a 40 cc Ge (Li) detector, and counted with

a 2000 channel analyzer, calibrated to give 1 Key per channel. The

spectrum surrounding the 482 Key Hf181 peak was typed onto paper

tape. The data thus obtained was processed, as shown in Appendix
181I, to give the specific activity of Hf in counts/second/gram cor-

rected for the amount of decay that had occurred since it was

removed from the reactor.

Five of the zirconium plus hafnium oxide samples which

contained from 2000 ppm to 5% Hf/(Zr+Hf) were analyzed in dupli-

cate by the X-ray fluoresence technique at Teledyne Wah Chang.

These were used as secondary standards and their specific activity

was compared to the rest of the oxide samples to give the hafnium

content of the oxides. Other analyses were performed as needed

for zinc in the salt phase samples and tungsten in the metal phase

samples by the Teledyne Wah Chang Chemical Laboratory.

Data

The zirconium plus hafnium oxide samples which were to be

used as secondary standards had the specific activity and X-ray

fluoresence analysis shown in Table 19.
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Table 19. Analysis of secondary standards for neutron activation
analysis.

Specific Activity X-Ray Analysis Specific Activity
Sample counts/sec/gm Hf(Zr+Hf) % Hf/(Zr+Hf)

8805 40906 3.87 10,625
8812 3032 0.265 11,442
8813 3040 0.260 11,692
8814 3133 0.255 12,286
8815 3195 0.245 13,040

Ave. 11,817±7.7%
c/s/g

% Hf/(Zr+Hf)

Using the conversion factor of 11,817 counts per second per

gram as equal to one percent Hf/(Zr+Hf) the hafnium content of the

oxide samples was determined as shown in Appendix I. These

values together with the experimental data are shown in Tables 20,

21, and 22 for the experiments containing the chloride-fluoride, all

fluoride, and all chloride experiments respectively. These tables

also show the result of calculations performed on the raw data which

are derived in Appendix I.

Discussion

A mass balance of the zirconium and hafnium into and out of

the experiment showed that good recovery was obtained in both the

salt phase and metal phase for experiments one and three. In the

all-fluoride experiment recovery in the metal phase was constant,



Table 20. Data and derived results of equilibrium experiment #1.

Sample Number
1 2 3 4 5 6 7 8 9 10 11 12

Input and Additions
Zr 12.0053
Hf 0.0113 0.1104 1.0044
NaF 0 1.1508 2.3016
KF 0 1.5923 3.1847
NaC1 166.75
KC1 233.25
K2 ZrF6 15.526
K

2HfF6 0.00409
ZrC14 0
Zr(Hf) free 410.53
Salt phase Zn 817.73
Measurements
Salt % Hf/(Zr+Hf) ISS ISS 0.249 0.239 0.229 0.211 0.266 2.61 24.1 24.0 22.5 26.3
Salt % (Zr+Hf)02 ISS ISS 1.67 1.61 1.53 1.67 1.60 1.71 1.72 1.74 1.24 1.80
Metal ppm Hf/( Zr+Hf) 175 190 74.7 98.6 101.3 76.1 181 406 1300 1270 795 1192
Metal % (Zr+Hf)02 1.80 1.79 1.78 1.74 1.72 1.85 1.73 1.76 1.81 1.89 1.83 1.79
Salt sample wt. gms 1.90 12.17 11.45 7.30 9.90 17.20 13.00 15.01 9.83 639 8.56 10.75
Metal sample wt. gms 19.60 19.81 14.94 22.12 19.00 23.47 15.43 20.46 14.60 19.40 19.16 23.23To C 764 792 737 874m 754 754 757 757 757 812 726 869Zn in salt phase ISS ISS 55 150 140 31 36 110 74 180 N. A. N. A.W in metal phase 10 24 39 53 77 92 95 103 111 107 116 112
Calculated Values
Equilibrium coef. 11.9 14.0 33.4 24.3 22.6 27.8 12.5 130.2 210.5 217,7 318.9 254.1
Percent Zr metal 1.332 1.325 1.318 1.288 1.273 1.369 1.281 1.303 1.339 1.399 1.354 1.325
Percent Zr salt ISS ISS 1.235 1.191 1.132 1.236 1.184 1.257 1.191 1.202 0.862 1.238
Ppm Hf metal 2.33 2.52 0.98 1.27 1.29 1.04 2.32 5.29 17.42 17.77 10.77 15.80
Ppm Hf salt ISS ISS 30.79 28.49 25.94. 26.09 26.78 331.5 3170 3300 2130 3630
Wt. Zr metal gms 11.0 10.7 10.4 10.0 9.6 10.0 9.1 9.1 9.02 9.23 8.67 8.37
Wt. Zr salt grns ISS ISS 4.96 4.64 4.33 4.64 4.31 4.41 4.00 3.92 2.75 3.85
Wt. Hf metal e.gms 1931 2039 774 983 970 763 1646 3672 11741 11725 6894 9976
Wt. Hf salt Rgms ISS ISS 12.37 11.11 9.92 9.80 9.74 116.4 1065 1076 679 1130
% Hf recovered ISS ISS 101.1 96.0 87.8 87.3 98.2 98.5 92.2 95.7 61.5 103.9
% Zr recovered ISS ISS 90.7 88.2 85.8 92.2 87.4 90.1 89.5 92.4 82.3 90.2
% metal phase rec. 92.0 91.5 91.1 89.0 87.9 94.6 88.5 89.5 8'7.4 91.3 88.4 86.5
% salt phase rec. 155 ISS 90.4 87.1 96.9 97.4 86.6 93.1 98.9 100.2 70.9 104
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Table 21. Data and derived results of equilibrium experiment #2.

Sample Number
1 2 3

Input and Additions
Zr 24.0
Hf 0.05 - 0.240 2.4062
NaF 167.8
KF 232.2
NaC1
KC1
K2ZrF6 15.528
K2HfF6 0.00409
ZrC14
Zr(Hf) free salt phase 410.53 384.10 361.23 336.62
Zn 860.34 828.17 799.07 763.97

Measurements
Salt % Hf /(Zr+Hf) 0.258 0.636 3.46 28.7
Salt % (Zr+Hf)02 1.50 0.96 0.94 0.96
Metal ppm Hf /(Zr+Flf) 99.4 101.6 427 3070
Metal % (Zr+Hf)02 3.25 3.01 3.15 3.31
Salt sample wt gms 26.73 23.03 24.78 14.90
Metal sample wt gms 32.25 29.76 35.94 30.25
T° C 788 786 788 781
Zn in salt phase 140 63 96 180
W in metal phase 260 420 550 500
Calculated Values
Equilibrium co ef. 53.3 62.8 82.7 109.9
Percent Zr metal 2.41 2.23 2.33 2.45
Percent Zr salt 1.11 0.71 0.70 0.65
Ppm Hf metal 2.29 2.26 9.96 75.25
Ppm Hf salt 58.67 45.23 242 2117
Wt Zr metal gms 21.21 18.87 19.08 19.17
Wt Zr salt gms 4.60 2.74 2.54 2.19
Wt Hf metal Ilgms 2019 1914 8149 58,931
Wt Hf salt p. g m s 24.4 17.5 88.0 717
% Hf recovered 50.2 38.1 33.4 48.6
% Zr recovered 87.1 75.6 77.9 79.4
% metal phase rec. 88.6 82.0 85.4 84.8
% salt phase rec. 81.3 52.0 51.9 55.1
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Table 22. Data and derived results of equilibrium experiment #3.

Sample Number
2 3 4 5 6

Input and Additions
Zr 13.6944
Hf 0.0231 0.2195
NaF
KF
NaC1 166.75
KC1 233.25
K2 ZrF6
K2HfF6
Zr C14 18.07
Zr(Hf) free

salt phase 411.0 402.59 394.05 383.35 374.96 363.60
Zn 797.54 772.67 752.02 739.12 713.88 689.73
Measurements
Salt % Hf /(Zr+Hf) 0.252 0.257 0.257 0.265 0.270 3.48
Salt % (Zr+Hf)02 2.27 2.37 2.23 2.19 2.31 2.28
Metal ppm Hf/(Zr+Hf) 51.4 69.6 61.9 90.8 44.6 271
Metal % ( Zr+Hf)02 2.75 2.55 2.49 2.51 2.51 2.51
Salt sample wt grns 8.55 8.70 8.84 10.56 11.56 10.43
Metal sample wt gms 25.39 21.05 13.14 25.72 24.60 17.30
Tr'C 733 730 776 820 745 745
Zn % salt phase 1.06 1.04 1.07 1.09 1.03 1.07
W ppm metal phase 21 <10 <10 <10 <10 <10

Calculated Values
Equilibrium co ef. 52.2 36.9 41.6 29.2 60.7 130.8
Percent Zr metal 2.036 1.888 1.843 1.858 1.858 1.858
Percent Zr salt 1.679 1.753 1.650 1.620 1.709 1.670
Ppm Hf metal 1.05 1.31 I. 14 1.69 0.83 5.04
Ppm Hf salt 42.36 45.10 42.44 42.98 46.19 590.0
Wt. Zr metal gms 16.58 14.87 14.12 13.99 13.51 13.06
Wt. Zr salt gms 7.02 7.18 6.61 6.35 6.52 6.18
Wt. Hf metal 1.i.grns 855 1012 873 1273 604 3542
Wt. Hf salt p. g m s 17.7 18.5 17.0 16.8 17.6 218
°./o Hf recovered 79.0 84.5 78.7 81.0 83.5 92.0
% Zr recovered 113.7 109.7 106.0 106.2 108.2 107.7
% metal phase rec. 120.5 111.8 109.1 110.0 110.0 110.1
°70 salt phase rec. 99.4 103.8 97.7 96.0 101.2 100.6
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but somewhat low, and in the salt phase was both variable and very

low. There were extra salt samples from three of the four sample

points and reruns showed that the (Zr+Hf)0
2

recovery had not been

quantitative. This problem had been observed previously by the

Teledyne Laboratory, when fluoride was incompletely removed from

the zirconium before the mandelic acid precipitation was carried out.

The fluoride prevents the formation of the zirconium and hafnium

mandelate precipitate. The fluoride is removed by fuming the

sample in sulfuric acid in the presence of boric acid which causes

BF
3(g)

to be driven from the sample. If insufficient boric acid is

present or if the sulfuric acid is not fumed vigorously, incomplete

removal of the fluoride salts results and a poor recovery of zirco-

nium and hafnium as the oxide is inevitable. Although there may be

some selectivity in the conversion of zirconium and hafnium to the

oxide if it is not quantitative, the effect will not be significant.

The equilibrium constant varied between about 10 and 300 in

these experiments, but did not appear to vary with the anion used in

the salt phase. The equilibrium constant varied with hafnium con-

centration, and was smaller at the lower hafnium concentrations, as

can be seen in -Tables 20, 21, and 22. This variation was rather

suprising, as these experiments approximated "infinitely dilute"

hafnium concentrations, in order to insure a constant activity coef-

ficient for the hafnium, leading to a constant equilibrium constant.
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The variation of the equilibrium coefficient is most likely due to a

subtle effect of impurities in the experiment. Tungsten was meas-

ured at the 10-100 ppm in the metal phase, or 10-100 times the

hafnium concentration in the experiments with the lowest hafnium

concentration.

Tungsten forms both ZrW2 and HfW2 which have a peritectic

at 2260°C (77) and 2540° C (161) respectively. The higher peritectic

temperature for HfW, is an indication that it is more stable than the2

ZrW2* The carbon compounds of zirconium and hafnium which

were found in the preliminary experiments and were selective for

hafnium, with respect to zinc also illustrates the same point. The

hafnium carbide and zirconium carbide have 3830° C and 3420° C

melting points (104) and a free energy of formation of

-54.2 ± 1.0 Kcal/mole and -48 ± 1.5 Kcal/mole (104) respectively.

Since hafnium has a greater activity in zinc than does zirconium by

almost two orders of magnitude according to Ivanovskii et al. , it is not

too surprising that hafnium should be enriched in the alloy phase. When

molybdenum, which is very similar to tungsten chemically, was used

as a container material during the preliminary experiments, 1000-

2000 ppm molybdenum was found in the metal phase and the selectivity

of the salt phase for hafnium was greatly diminished even at high con-

centrations of hafnium used in the experiment. To test the question

of hafnium enrichment in a HfW2 phase directly, a serious effort was



made to find a Zr(Hf)W
2
alloy phase in the zirconium-zinc metal phase

microscopically on pollished specimens of the metal phase of these

experiments. No such phases could be found. It may be that the

Zr(Hf)W
2 was in solution surrounded by zinc atoms during the run,

and when cast into the small carbon crucibles, during the sampling

procedure, cooled so rapidly as to either crystallize as very small

grains, or formed a solid solution with the zirconium-zinc. Whatever

the explanation of the variable equilibrium constants at low hafnium

concentrations, it greatly affects the data, and permits only limited

and qualitative statements about the effect of other experimental

parameters on the equilibrium coefficients, with conclusions drawn

principally on the data from the experiments containing high concen-

trations of hafnium.

The equilibrium constants derived from the chloride-fluoride

experiments which had high levels of hafnium in the metal phase at

equilibrium (i. e. -0. 1W%) are plotted against temperature in Figure

20. These data, taken over a 150° C temperature range, are scattered

and are probably affected by the tungsten impurity as described above.

There is no discernable linear temperature dependence of the equi-

librium constant on temperature. The maximum variation of the

equilibrium coefficient over this temperature range consistant with

this data is less than a factor of two, which is less than that derived

from the data of Ivanovskii et al. (see Figure 5, p. 56) by a factor of
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at least three.

The equilibrium constant was insensitive to the salt chloride/

fluoride anion concentration in these experiments, which is in

agreement with the work of Ivanovskii et al.

The excellent recovery of zirconium in the metal phase even

in the all-chloride molten salt experiment implies that the reaction

Zr Zr(IV)moltenZn molten salt 2 Zr(II)molten salt

did not occur. As pure zirconium metal will reduce Zr(IV) cations

in both fluoride and particularly chloride salt melts, the inability of

the reaction to occur in these experiments must be the result of a

large decrease of the zirconium metal activity when it is dissolved

in molten zinc.
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V. CONCLUSIONS

Tables of thermodynamic properties of hafnium IV oxide,

chloride, and fluoride vs temperature have been calculated from

measurements of specific heat and heat of formation data reported in

the literature. These values closely approximate those of the respec-

tive zirconium compounds and corroborate the observed chemical

similarity of these elements in the plus four valence state.

Molten salt solvents for Zr(Hf)C14(g) were studied to determine

their potential for use in an anhydrous zirconium-hafnium separation

process.

A literature search for data pertaining to the stability of

zirconium and hafnium chlorides (fluorides) dissolved in alkali chlo-

ride (fluoride) solvents was conducted and led to the following conclu-

sions about the relative stability of Zr(Hf)C1 , dissolved in molten4tg)

salt baths:

1. Electrochemical investigations, though widespread and

internally consistent, are inconsistent with each other to the

point that only qualitative information can be derived from

them.

2. Vapor pressure studies of Zr(Hf)C1
4(g) over molten salt

baths are consistent, and show hafnium tetrachloride is

absorbed more strongly into alkali-chloride baths than
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zirconium tetrachloride. The vapor pressure data is

incomplete and only roughly agrees with the inferior elec-

trochemical data.

3. The stability of the lower valent zirconium chloride com-

pounds dissolved in molten salts has been studied only by

electrochemical means. These data are inconsistent, and

no conclusions about their stability can be drawn from these

experiments.

The reaction

Zr IV + Zrmolten salt + Hfmolten
Zn HfIVmolten salt molten Zn

was shown experimentally to go strongly to the right with an equi-

librium constant of at least 200. The results of these experiments

were probably affected by tungsten from the reaction vessel which

dissolved in the molten zinc phase during the progress of the experi-

ment. Equilibrium constants derived from the experiments were

consequently scattered. It was concluded from these data that the

equilibrium constant was independent of the relative amount of chloride

or fluoride anion in the solvent salt, or temperature (from 725°C to

875° C), within a factor of 2-3. The large separation factor between

zirconium and hafnium obtained in this system is highly unusual, and

appears to result from the product of several factors, as follows:
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1. The free energy of formation of HfC1
4(g) is greater than

ZrC1 by 3.7 Kcal/mole. At the temperature the equi-4(g)

librium reactions were carried out (-800° C) this corres -

ponds to a contribution to the equilibrium constant of -6. 5.

2. The free energy of mixing of HfC1
4(g) into a potassium

chloride solvent is greater than that of ZrC1 4(g) by -2. 8

Kcal/mole, which corresponds to a contribution to the

equilibrium constant of 4. 0.

3. The relative affinity of zirconium for zinc must account for

the remainder of the observed equilibrium constant, and

thereby must be at least a factor of ten greater than that of

hafnium.

The rate of approach to equilibrium for the above reaction was

studied in a stirred interface batch reactor. It was found that the

reaction was mass transfer controlled. The mass transfer coefficient

for the reaction could be approximated from the physical properties

of the molten salt/molten metal phases, using the Lewis equation,

which was developed empirically from the study of aqueous /organic

systems.

The equilibrium of zirconium and hafnium between molten salt

molten zinc phases is useful for the study of the relative stability of

zirconium and hafnium in molten salt systems. The method would be

useful in ascertaining detailed information about the effect of molten



130

salt constituants and temperature upon the above if only an inert

container for the reaction could be found. It appears that there are

no containers known which will simultaneously contain a molten

fluoride salt and molten zirconium-zinc. If work was restricted to

an all chloride salt phase, experiments performed in the preliminary

phase of this work indicated that high purity alumina would be as

suitable as a containment material.
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APPENDIX I

DISCUSSION OF CALCULATIONS

For Zirconium and Hafnium Concentration

The concentration of zirconium and hafnium in each phase

was measured for each of the experiments carried out in this work.

All of the analyses were performed by the Teledyne Wah Chang

Chemical Laboratory. The first step in the analysis was to quanti-

tatively separate zirconium and hafnium from the sample as

(Zr+Hf)02' The sample was dissolved in acid and fumed to dryness

over concentrated sulfuric acid containing boric acid to remove

fluoride ion as BF. The sample was redissolved in 6 N hydro

chloric acid, and the zirconium and hafnium precipitated quantita-

tively as the tetramandelates (Zr(Hf)(C
8

H
7
0

3
) 4 ) by adding an excess

of mandelic acid. The precipitates were filtered, washed, and

converted to an oxide by burning off their organic content in a 900° C

furnace. The resulting oxide was weighed and reported as the per-

cent (Zr +Hf)O2 weight compared to the original sample weight.

The hafnium in the oxide sample was analyzed by arc

spectroscopy if it was <1000 ppm Hf/(Zr+Hf), and by X-ray

fluoresence if it was > 1000 ppm. The concentration was reported

as percent or parts per million Hf/(Zr+Hf) by weight.



It is necessary to perform several mathematical steps to

calculate the equilibrium constant and mass balance of the experi

ment. The steps taken in the calculations are described below.

A. Calculate equilibrium constant, R

Zr
= (

Hf
Zr ) salt phase x (Hf )metal phase

0.0 lxs 0.01xm
(1-0.01x ) (1-0.01x )

Where: x= wt % Hf/(Zr+Hf)

s refers to salt phase

m refers to metal phase

B. Calculate weight fractions.

yp= weight fraction Zr

Y = weight fraction Hf
P 1.35088((1-x ) /x )+1.17927

P P

1.35088+1.7927(x
P

/(1-x
P

))

YP

Where: y = W% (Zr+Hf)02

p= s or m

C. Calculate actual weights.

Zr = A W /(1.0-X -Y )
P m P P P

Hf = Y (W +Zr )/(1.0-Y )
P PP P P
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Where: = weight of phase p excluding zirconium or

hafnium atoms

Zr = weight of zirconium in phase p.

D. Calculate recoveries.

% Zr recovered = (wt Zr m+ wt Zr )/(wt Zr° + wt Zr° salt

% Hf recovered = (wt Hf + wt Hf )/(wt Hf° + wt Hf° )m s m

% metal phase recovered

= (wt Hfm /178.5 wt Zrm /91.22) nwt Hf°m /178.5 + wt Zrm /91.22)

% salt phase recovered

(wt Hf /178.5 + wt Zrs /91.22) /(wt Hf 178.5 + wt Zr /91.22)

Determination of Hafnium by Neutron Activation Analysis

The zirconium and hafnium oxide samples from the

equilibrium experiments were analyzed for hafnium concentration

by neutron activation at the Oregon State University Triga Reactor.

The oxide samples were activated for three hours at one megawatt

power to activate 72Hf180 to 72Hf
181 which has a 42.4 day half-life.

The 482 Key gamma was detected on a 40 cc Ge (Li) detector with a

FWHH resolution of 3 Key, and counted on a 2000 channel multi-

channel analyzer calibrated at 1 Key/channel.
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The counts in the five channels surrounding the
72H f181 peak

were summed to give the activity in the peak channels. The average of

the counts in the three channels on either side of the peak channels

were used as the background level and was subtracted from the

activity of the peak channels to give the activity due to Hf 181, which

is directly proportional to the hafnium in the zirconium plus hafnium

oxide. The Hf 181 activities for each sample was normalized for the

sample weight of zirconium plus hafnium oxide, and for the amount

of decay that occurred since the sample was activated, according to

the equation

specific activity (counts /sec activity/wt(Zr+Hf)0 ) x exp(-Xt)

where: X. = half life of the species in days

t = decay time in days.

The Hf/(Zr+Hf) level of five of the high hafnium level samples were

analyzed by X-ray fluoresence at the Teledyne Wah Chang Labora-

tory and used as standards for the neutron activation analysis. All

numerical analysis were carried out on a Wang computor.



APPENDIX II

THE THERMODYNAMICS OF HAFNIUM TETRACHLORIDE,
HAFNIUM TETRAFLUORIDE, AND HAFNIUM OXIDE

Introduction

The experimental thermodynamic data are substantially

complete for the tetrafluoride, tetrachloride, and oxide of hafnium.

Although the bulk of this data has been available since 1964, there

have been no new compilations in the form of easy to use free

energy, and enthalpy vs. temperature tables made since 1958. This

has resulted in many workers using values from older compilations

which were based on very meger experimental work and very crude

approximations (118, 119, 120). For example, the values listed for

the heat of formation of HfF4(c) based on estimated values in these

compilations, are over 25 Kcal/mole more negative than the

experimental values obtained in 1962 by Hubbord and coworkers

(141). The tables contained herein reflect the experimental work

reported in the literature through 1972.

Metal

Basic Data

The thermodynamic data for hafnium metal has been carefully

reviewed by Hultgren (in press) (121). His values were take'n without
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modification. The discussion dealing with low temperature (1000°C)

data is as follows:

Low - Temperature Data. Selected values agree with Cp
measurements of Wolcott (1957), (122) 1.2° -20° K, and
Westrum (1964), (123) 5.8° -348. 6 °K, except in the tem-
perature range 1° -6°K where the selected values represent
an average of the measurements of Wolcott with those of
Kneip, Betterton, and Scarborough (1963), (124) 1.1' -4.5`K.
Values of Burk, Estermann, and Friedberg (1958), (125)
10° -200°K, after correction for the Zr in their sam-
ple, agree between 10° and 40°K, but deviate above 40°,
becoming -t" 4% higher at 100°K. Cristescu and Simon (126)
(1934), 13° -210°K, found considerably different Cp values,
including an anomaly between 50° -80°K. Burk and Darnell
(127) (1952), 40° -190°K, made Cp measurements and
report that the anomaly found by Cristescu and Simon is
completely absent. They give no Cp values in their report.
The value of y was taken as the average of the values of
Wolcott and of Kneip, Betterton, and Scarborough. The
selected value of Sst is 0.50 e. u. less than the value
chosen by Stull and Sinke (128) (1956) and Kelley and King
(119) (1961) without the more recent data.

High-Temperature Data. Selected values agree with the
heat content measurements of Hawkins, Onillon, and Orr
(129) (1963), 388.9° -1346.5°K, and the single measure-
ment of Adenstedt (130) (1952), 373°K. Heat content
measurement of Fieldhouse and Lang (131) (1961), 534° -
1884 °K, scatter widely and have been rejected.
AS = (0.8, ASm = (2. 3), Cp

(P)
= (8.8), and Cp

(I)
= (8. 0)

were estimated.

Oxides

Monoclinic hafnium dioxide is stable to about 1873°K (132).

The low temperature heat capacity (52° - 298° K) was measured by

Todd (133) and the entropy given as S°298.15 = 14.18 ± 0.10 cal/

degree mole. Orr (134) measured the heat capacity of Hf02 to



l,804°K. These values were used in this work.

The heat of formation of Hf02 is given by Humphrey (135) as

-266.06 ± 0.28 Kcal/mole, by Huber and Holley (136) as -273.6,

and by Turnbull (137) as -268.3 ± 0.85 in the same experiment he

determined 260.3 Kcal/mole for Zr0
2

by calorimetric titration of

ZrC1
4(c) with aqueous NaOH solution. Although the NBS uses the

Huber and Holly value, we feel it would be better to use the average

of the two former values. The results thereby obtained are in

keeping with the Cl/F and F/02 metathesis experiments carried out

at Wah Chang and the other metathesis type experiments reported

in the literature (138, 139, 140). Thereby oH298. -269.9 is

selected as the heat of formation of Hf02.

Tetrafluoride

The heat of formation of Hfr4(s) at 298.15 was determined

calorimetrically by Hubbard, et al. (141) as 461.4 t 0.85 Kcal/mole.

The entropy at 298.15 was taken as 27.0 as estimated in NBS270-5

(157). Enthalpy was determined by Smith, et al. (142) over the

temperature range of 298.15 to 1100° C. The heat of formation of

HIF4(g) was taken as -399.100 from NBS 270-5 (157) which used the

vapor pressure of Fischer, et al. (143) over the temperature range

721° -956°C in this calculation. These vapor pressure measurements

are in close agreement with those of Korenev, et al. (144), Who
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showed there was also a "13" phase of HfF4(c) which is tetragonal

(a = 7.86, c = 7.71, d = 7.14 g/cm3), and a Ily" cubic phase

(a = 7.88, d = 6.43 g/cm3), in addition to the well known monoclinic

form (145, 146). The enthalpy of the gas was estimated by E.G.

King at the Albany Bureau of Mines from the vibrational constants

estimated by comparison of the known halides of hafnium, zirconium,

and titanium, which were compiled by D. K. Rai, et al. (147).

Tetrachloride

Hafnium tetrachloride probably forms the same solid crystal

structure as zirconium tetrachloride which exists in the monoclinic

space group P21C-C42h with a = 6.361 * 0.004 A,

b = 7.407 ± 0.004 A, c = 6.256 ± 0.004 A, 13 = 109.30 ± 0° , and

z = 2 (148). This can be visualized as ZrC1
6

octahedrons which

chare two edges to form a zig-zag chain. The heat of formation

selected in this work is -236.7 ± 0.5 Kcal/mole, which is the

average of eight measurements in a bomb calorimeter, by Gross

and Hayman (149). The entropy at 298.15 was determined by Todd

(150), and Orr (151) measured the enthalpy from 298.15° -485.7°K.

This data was extrapolated to 1273° K by L. Pankratz of the Albany

Bureau of Mines and was used in this compilation.

Gaseous hafnium tetrachloride is a monomeric ideal gas

with the chlorides bonded tetrahedrally to the hafnium center atom
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with a Hf-Cl bond distance of 2.33 A (152). The free energy of

formation has been determined from the free energy of formation of

the solid together with vapor pressure measurements (153, 154, 155)

over the solid. The NBS 270-5 (157) bulletin gives

-211.4 ± 0.5 Kcal/mole as the best available value for All298.15*

The temperature variation of entropy and enthalpy has been obtained

by Ramon spectra measurements by Rippon, et al (156).

Reactions

Two reactions which have been proposed as the basis for

anhydrous separation schemes for zirconium and hafnium have been

given in. Table XIV, namely the chloride-fluoride and chloride-oxide

metathesis reactions. In the last column a comparison is made

with the free energy of reaction determined from the older compila-

tions.

The computer programs of E.G. King and L. Pankratz at the

Albany, Oregon, Bureau of Mines were used to compute these

tables. Their suggestions and supplementary information contributed

much to these tables. Also J. Haygarth at Teledyn Wah Change

Albany provided references and through helpful discussions con-

tributed to these tables.
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Table I. Hf(s).

Temp. Cp H-H298

298.15 6.150 0.000 10.410
300.00 6.150 .011 10.450
400.00 6.340 .636 12.240
500.00 6.520 1.278 13.680
600.00 6.700 1.939 14.880
700.00 6.880 2.618 15.930
800.00 7.060 3.316 16.860
900.00 7.250 4.031 17.700
1000.00 7.430 4.765 18.470
1100.00 7.610 5.517 19.190
1200.00 7.790 6.287 19.860
1300.00 7.980 7.076 20.490
1400.00 8.160 7.882 21.090
1500.00 8.340 8.707 21.660
1600.00 8.520 9.550 22.200
1700.00 8.700 10.412 22.720
1800.00 8.890 11.291 23.230
1900.00 9.070 12.189 23.710
2000.00 9.250 13.105 24.180
2013.00 9.270 13.225 24.240
2013.00 8.800 14.835 25.040
2100.00 8.800 15.601 25.410
2200.00 8.800 16.481 25.820
2300.00 8.800 17.361 26.210
2400.00 8.800 18.241 26.580
2500.00 8.800 19.121 26.940
2500.00 8.000 24.871 29.240
2600.00 8.000 25.671 29.550
2700.00 8.000 26.471 29.850
2800.00 8.000 27.271 30.140
3000.00 8.000 28.871 30.690
3500.00 8.000 32.871 31.920
4000.00 8.000 36.871 32.990
4500.00 8.000 40.871 33.930
4876.00 8.000 43.879 34.570
5000.00 8.000 44.871 34.790

Reference: Hultgren (in press) "as is."
Entered by *SQUIB Apr. 16, 1973.
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Table II. HFO2(s). Hf 298 = -273.600.

Temp. Cp H-H298 S

298.15 0.000 0.000 14.180
300.00 0.000 . 027 14.270
400.00 0.000 1.540 18.610
500.00 0.000 3.170 22.240
600.00 0.000 4.900 25.400
700.00 0.000 6.710 28.190
800.00 0.000 8.570 30.670
900.00 0.000 10.450 32.890

1000.00 0.000 12.350 34.890
Hf 298' Huber and Holley (1968).

Todd (1953).5298:
H -H298: Orr (1953).

Table III. HfC14(s). Hf
298 = -236.700.

Temp Cp H-H298

298.15 28.800 0.000 45.600
300.00 28.830 .053 45.778
400.00 30.050 3.006 54.264
500.00 30.750 6.048 61.049
600.00 31.280 9.150 66.704
700.00 31.760 12.302 71.562
800.00 32.210 15.501 75.832
900.00 32.660 18.744 79.652

1000.00 33.130 22.034 83.117

Hf 298' Gross and Hayman (1964).
S298: Todd (1953).

H -H293: Orr (1953) and estimated.
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Table IV. HfC1
4 (g). Hf

298 = -211.400.

Temp. Cp H-H
298

298.15 23.650 0.000 89.030
300.00 23.670 .044 89.180
400.00 24.540 2.459 96.120
500.00 24.980 4.937 101.650
600.00 25.230 7.448 106.230
700.00 25.380 9.980 110.130
800.00 25.490 12.524 113.530
900.00 25.560 15.076 116.530

1000.00 25.610 17.635 119.230
Hf 298' NBS 270-5.

High temp. : Clark, Hunter, and Rippon (1972).

Table V. HfF (s). Hf 298 = -461.400.

Temp. Cp H -H298

298.15 0.000 0.000 27.000
300.00 0.000 .045 27.150
400.00 0.000 2.610 34.510
500.00 0.000 5.400 40.730
600.00 0.000 8.320 46.050
700.00 0.000 11.320 50.680
800.00 0.000 14.400 54.780
900.00 0.000 17.530 58.470

1000.00 0.000 20.700 61.810

298: Greenberg, Settle, and Hubbard (1962).Hf 298'
S298: NBS 270-5.

H-H298' Smith, et al. R.I. 5832 (1961).
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Table VI. HIF4(g). Hf 298 = -399.100.

Temp. Cp H-H298

298.15 21.760 0.000 80.385
300.00 21.800 .040 80.519
400.00 23.240 2.299 87.008
500.00 24.060 4.668 92.291
600.00 24.560 7.101 96.725
700.00 24.870 9.574 100.536
800.00 25.090 12.072 103.872
900.00 25.240 14.589 106.836

1000.00 25.350 17.118 109.501

NBS 270-5.Hf 298'
Molec. Const.: Estimated

= 575 (1), = 135 (2).
Entered by *EQUIB May 1, 1973

= 585 (3), = 153 (3)
= 1.94 x 10-8 cm

I
1

12 13 = 3.173 x 10-113

no electronic contribution.

Table VII. Hf(s) + 02(g) = Elf0 (s).

T, °K

298.15 -269.85 -256.36
300 -269.85 -256.28
400 -269.67 -251.78
500 -269.41 -247.33
600 -269.10 -242.95
700 -268.75 -238.62
800 -268.38 -234.34
900 -268.03 -230.11

1000 -267.69 -225.92
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Table VIII. Hf(s) + 2C1
2

= HfC14(s).

T, °K Hf

298.15 -236.70 -215.42
300 -236.69 -215.28
400 -236.02 -208.25
500 -235.33 -201.38
600 -234.62 -194.66
700 -233.91 -188.06
800 -233.18 -181.56
900 -232.43 -175.15
1000 -231.66 -168.83

Table IX. Hf(s) + 2C1
2(g) = HfC1 ( ).

T, °K Hf

298.15 -211.40 -205.06
300 -211.40 -203.01
400 -211.27 -200.24
500 -211.14 -197.49
600 -211.03 -194.78
700 -210.93 -192.08
800 -210.85 -189.39
900 -210.80 -186.71
1000 -210.76 -184.05
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Table X. Hf(s)+2F2(g) = (s).

T, °K

298.15
300
400
500
600
700
800
900

1000

-461.40
- 461.39
- 460.99
-460.46
-459.87
- 459.25
-458.60
-457.93
-457.27

-437.46
-437.31
-429.34
-421.48
-413.74
-406.10
-398.55
- 391.09
- 383.70

Table XI. Hf(s) + 2F (g) = HfF (g).

298.15
300
400
500
600
700
800
900

1000

399.100
- 399.099
399.005

- 398.892
- 398.784
-398.692
- 398.624
398.574

- 398.549

-391.074
-391.024
-388.346
-385.692
383.065

-380.449
- 377.851
- 375.259
- 372.674

Hf 298' NBS 270-5.

Mol. Const. Estimated.
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Table XII. Hf0 (s) + ZrC14(g) = r02(s) + HfC1 4( ).

Cp Hf Gf LogK

298.15 3.920 4.246 3.112
300 3.919 4.248 3.094
400 3.864 4.365 2.385
500 3.820 4.493 1.964
600 3.747 4.637 1.689
700 3.643 4.796 1.311
800 3.526 4.964 1.205
900 3.418 5.161 1.253

1000 3.319 5.355 1.170

Table XIII. HfC1
4(g) + ZrF ( ) = HfF

4
(g) + ZrC1

4
(

T, °K H
g Gf

LogK

298.15 4530 3636 -2.665
300.00 4530 3631 -2.645
400.00 4593 3321 -1.814
500.00 4639 2999 -1.310
600.00 4674 2669 - .972
700.00 4700 2331 - . 728
800.00 4720 1994 - . 544
900.00 4737 1646 .399

1000.00 4750 1307 - .285



Table XIV. Free energy of reaction for the oxygen-chloride and chloride fluoride metathesis
reactions of zironcium and hafnium.

Reaction
600°K

Hafnium Book
(120)

LG Reaction (Kcal/mole)
1000° K

This Work Hafnium Book
(120)

This Work

1. ZrC1 + HfF4(g) 4(g)

HfC14(g) + ZrF4(g)

2. Zr0 + HfC1
2(8) 4(g)

Hf02(s)+ ZrC14(g)

+37.58 -2.67

-17.43 +4.64

+98.65 -1.31

+17.07 +5.35


