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METALLURGICAL LABORATORY DATA ON REDUCTION
AND REFINING OF CERIC OXIDE AND CEROUS
FLUORIDE TO CERIUM INGOT-/

by

E. Morrice,”/ J. Darrah,/ E. Brown,C. Wyche,/ W. Headrick,"/
R Williams,and R. G. Knickerbocker”/

SUMMARY

The metallurgical laboratory data developed in this study indicate an
improved electrowinning process for producing higher purity cerium ingot.

A typical sample of the Reno electrocerium contains 99.9 weight-percent
cerium and the following impurities: Total other rare-earth elements, less
than 0.04 percent; iron not detected; silicon and aluminum, less than 0.02
percent each; calcium plus magnesium, less than 0.01 percent; carbon, 0.01
percent; oxygen, 0.002 percent; hydrogen, 0.0003 percent; and nitrogen,
0.0015 percent.

Equipment under development included the molten-bath container or
electrolytic cell, electrodes, and related items, as well as an enclosure
or cell box resembling that of a vacuum furnace. The cell box is designed
to allow molten electrolysis to be performed In an atmosphere that can be
closely controlled as to composition, temperature, and pressure. The molten
electrolysis was conducted in a graphite cell, in which the temperature was
also under close control and which prevented contact between cerium and car-
bon and permitted deposition of cerium metal at a temperature as close as
possible to 805° C. Cell off-gases were sampled and analyzed. A section of
this report describes these procedures and discusses the relation of cell-gas
composition to metal purity.

In an experimental study of the suitability of several mixtures of
metallic halides as the solvent phase of molten-salt electrolytes, the mix-
ture of cerium, barium, and lithium fluorides in the proportion of 73, 12,
and 15 percent, respectively, showed the greatest promise. Nevertheless,
studies on the compounding and properties of cerium electrolytes are being
continued, as the electrolyte is the cornerstone of the process.

1/ Work on manuscript completed January 1959.
2/ Metallurgist, Bureau of Mines, Region 11, Reno, Nev.

3/ Physicist, Bureau of Mines, Region Il, Reno, Nev.
4/ Chemist, Bureau of Mines, Region I1l, Reno, Nev.
5/ Physical science aid, Bureau of Mines, Region Il, Reno, Nev.

£/ Supervisory metallurgist, Bureau of Mines, Region 11, Reno, Nev.



Electrocerium nodules were formed in the small cells described in this
report. These irregular, rounded nodules resulted from cerium metal being
deposited in a molten condition and slipping down the cathode to the end
where they sank into the bath and solidified. However, it is believed that
in a larger cell and under favorable conditions the nodules will coalesce.

One of the interesting phenomena observed, which is still under investi-
gation in this higher purity cerium electrowinning laboratory, is the large
variation in purity of different nodules of metal from the same cathode in the
same cell run. For example, although 0.01 percent calcium plus magnesium is
typical in electrocerium analysis, a number of nodules of cerium have been
made in which no magnesium or calcium has been detected. A method of comparing
the nodules by air corrosion was used to classify higher- from lower-grade
metal .

As an indicator of metal purity and an aid to learning more about cer-
tain properties of cerium, electrical conductivity measurements of the metal
over a span of temperatures in a low range have yielded valuable data. Equip-
ment for measuring electrical conductivity, like the electrowinning equipment,
is still in a developmental stage. However, data obtained to date have shown
a distinct"correlation between electrical conductivity and metal purity. For
example, at 0° C. the conductivity of a nodule of Reno electrocerium 99.9 per-
cent pure was more than three times that of a sample of 95.8-percent cerium
metal obtained from a commercial source.

A laboratory lithiothermic reduction procedure for preparing cerium
regulus on a 50-gram scale by lithium-iodine reduction of cerous Tfluoride
and the vacuum refining of this regulus to cerium metal are also described.

INTRODUCT ION

The growth and future importance of the rare-earth metals in commercial
industry may depend largely upon improved methods of extracting and refining
these elements. It is proposed to use the data on the reduction and refining
of cerium given in this report for this objective.

Cerium is one of the elements iIn a group comprising 65 percent of the
known metallic elements that have never been prepared in sufficient quantity
and quality to allow development of their important use patterns; more than
80 percent of all known elements are metallic, and only 35 percent of the
metallic elements are being applied commercially to any major extent.

Cerium is the most abundant element of the rare-earth group. Mine-run
ores of cerium from Mountain Pass, Calif., contain 3.6 percent cerium;
monazite minerals from Florida beach sands, South Carolina, India, and Brazil
range from 25 to 26 percent cerium (5, 23) 1/

V  Underlined numbers in parentheses refer to items in the bibliography
at the end of this report.



Cerium is a metallic element with a silvery luster, atomic weight of
140.13, density of 6.9, and atomic volume of 20, which forms crystals of
face-centered cubic and close-packed hexagonal structures (12); it has a
melting point of 804° #5° C., according to F. H. Spedding (@7).

Because of its superreactive nature, cerium alloys or forms compounds
with virtually all metallic, nonmetallic, and gaseous elements. Felix Trombe
(19) reports that cerium metal has distinctive elemental or metallic proper-
ties, such as its volume abnormalities, either under pressure or at low tem-
peratures. In a study of metallic cerium in 1934, a nonreversible magnetic
cycle was identified that did not seem to depend on the quantity of iron (of
the order of 100 p.p-m.) in the cerium. These data have been confirmed after
some years by Charlotte Henry La Blanchetais (12) who succeeded in preparing
cerium with less than 5 p.p.m. of iron. This higher purity metal follows the
Curie-Weiss law; that is, the reciprocal of the magnetic susceptibility is a
straightline function of the absolute temperature. However, with 100 p.p.m.
iron, the temperature-susceptibility relationship was altered markedly, show-
ing that the magnetic properties of cerium are very sensitive to traces of
iron. Other scientists did not confirm this phenomena, and the possible in-
fluence of iron was debated. [In 1945 Trombe and Foex presented new data
showing that the magnetic cycle is accompanied by a dilatation cycle of con-
siderable importance, corresponding to a contraction in volume at diminishing
temperature and an expansion in volume of 10 percent at increasing tempera-
ture. Instead of the 10-percent contraction at 109° K., there is a certain
inertia and expansion around 175° K., then the two curves rejoin.

As the metal already has a dense structure (face-centered cubic) at
ordinary temperatures and a contraction of 10 percent at lower temperatures,
Linius Pauling (20) presented the idea that this phenomenon is electronic;
that is, he considered that an electron changes orbit at lower temperatures,
which caused contraction of cerium®s atomic radius. Actually, cerium is
again face-centered cubic at lower temperatures but has different parameters.

If pure cerium is submitted to successive heatings and coolings within a
certain temperature range, the importance of magnetic and dilatation cycles
diminishes progressively until their suppression is nearly complete. Cerium
is then changed into another form, likewise compact but hexagonal.

Felix Trombe and Marc Foex (23) have established that certain impuri-
ties are responsible for the absence of cycles, regardless of the thermal
treatment of the metal. It has been reported that calcium and magnesium,
especially,are deterrents to obtaining the contracted form of cerium. In
1949 Lawson and Tang (13) obtained a transformation at 15,000 kg. per sg. cm.
corresponding to a decrease in volume of 16.5 rather than 10 percent. This
transformation was produced under pressure at ordinary temperature, whereas
under standard pressure a temperature of 109° K. would be required.

These observations, reported by Trombe and other investigators, illus-
trate the importance of purity on certain properties of metallic cerium.
Even the minute amount of contaminants in the purest cerium that has been
studied may camouflage some as-yet undiscovered properties of still purer



metal . It is possible that one or more of the elusive properties of cerium
will lead to important new uses. Another approach to greater utilization of
this abundant but little-used natural resource is to find less expensive ways
of producing a marketable-grade product. The aim of the Bureau®s research is
to develop processes that will yield high-purity metal that has commercial
potentialities. Refining techniques for producing ultrapure metal, such as
single-crystal or "whisker"™ products, are beyond the scope of present research
at Reno but will become an essential phase of reduction and refining work in
the near future.

Since the work reported by F. Trombe in 1956 and 1957, the Bureau"s
reduction and refining laboratory at Reno has reported the presence of molyb-
denum and tantalum in cerium metal where these metals are held in contact
above 820° C. for any appreciable time.

Cerium metal has been prepared by calcium reduction (20) and has been
electrowon from chloride and fluoride electrolytes (20, 4). W. J. Kroll ((10)
states:

Fluorine metallurgy is in its infancy, and it is much less
advanced than that of chlorine. The advent of large fluorine
cells has brought about considerable advance in organic fluorine
compounds, and it is hoped that this movement will make itself
felt also in the field of inorganic chemistry and its application
to metallurgy.

The electrolysis of aqueous solutions of inorganic salts of cerium does
not deposit pure metal, because the nascent cerium atoms react with water or
hydrogen to form metallic oxide and hydrated oxide, or cerium hydride.

Electrolysis of alcoholic solutions of the anhydrous chlorides of cerium
has been investigated (9).

Recent literature describes the hydrogen reduction of CeC2 to Ce200 and
nonstoichiometric intermediate oxides at temperatures between 250° and 1,400°
C. The extent of reduction increases with the temperature (7).

The Reno process for electrowinning cerium from Ce02 in fluoride elec-
trolytes is similar to electrowinning aluminum from AI1203 in cryolite baths,
except for the more reactive nature of molten cerium. The Reno type of
cerium electrowinning cell, with its controlled temperature and atmosphere,
was a natural laboratory development which was partly suggested by previous
work on the inert-atmosphere, electric-arc welding of tantalum and molybdenum
cans for lithium-bomb reduction of cerous fluoride. In the lithiothermic
work it was found that both tantalum and molybdenum alloy with cerium metal
at the temperatures, pressures, and other conditions encountered in bomb re-
ductions. The analysis of cerium metal from the tests showed tantalum 0.3
percent and molybdenum 2.7 percent.

The development of the 6-inch diameter, laboratory graphite cell was
the result of investigations which proved that graphite was an excellent



refractory or corrosion-resistant material with molten rare-earth fluorides
and oxyfluorides under controlled temperature-and-atmosphere electrolytic
conditions. Graphite also costs much less than any suitable metallic con-
tainer, can be easily fabricated into any size or shape, and is stable at
900° C. in the cell atmosphere consisting of argon or helium with CO2, CO,
and a small amount of Of£.

The following basic data guided the selection and composition of the
CeF3-BaF2”Lif" solvent-phase electrolyte for electrowinning of cerium from
Ce02:

1. The electrolyte has a melting point 75° to 80° C. below that of
cerium.

2. The Tfluorides were chosen instead of the chlorides because they

are less hygroscopic. Hydrogen forms cerium hydrides with molten
cerium.

3. Sodium and potassium fluorides were found to be electrolytically
unstable at the temperatures and pressures used in the cell.

4. The relation of density of cerium metal at 6.9 and the oxyfluor-
ide electrolyte at 4.3 was advantageous.

5. Electrical resistivities of the molten bath were in the proper
range for temperature control, electrolytic oxidation-reduction
reactions, or transfer of cerium cations and oxyfluoride anions.

When these investigations on rare metals were initiated in 1956 at Reno,
Nev., considerable metallothermic effort had been devoted to the preparation
of rare-earth metals at Ames, lowa, by F. H. Spedding and his coworkers and
by the Bureau of Mines station at Albany, Oreg. Therefore, the metallother-
mic work at Reno was limited to lithium-iodine reductants. This phase of
the reduction and refining laboratory work was completed in fiscal year
1958, and the data are given in this report.

PREPARATION OF ANHYDROUS CEROUS FLUORIDE

Anhydrous cerous fluoride was made for the preparation of cerium metal
by lithiothermic reduction and for an electrowinning bath constituent.

Anhydrous cerous fluoride was made by the reaction of ammonium bifluor-
ide with ceric oxide at 500° to 600° C. in air. Attempts to make cerous
fluoride at temperatures lower than 500° C. resulted in contamination with
ceric oxide. When temperatures exceeded 600° C. cerium oxyfluoride was
formed. Platinum dishes or sintered cerous fluoride boats were used as
reaction containers. When porcelain, iron, nickel, and fused alumina con-
tainers were used, the cerous fluoride product contained silicon, iron,
nickel, and aluminum.



Two other methods of preparing anhydrous rare-earth fluorides are de-
scribed in the literature. One method is precipitation from aqueous solution
with hydrofluoric acid and dehydration (6). The principal difficulties are
in the mechanics of washing and drying the hydrated fluoride to prepare anhy-
drous cerous fluoride consistently free from oxyfluorides. Another method is
the gaseous fluorination of ceric oxide with HF or CIF3 (21). According to
Von Wartenberg, CeF3 was made by passing anhydrous HF over CeC>2 in a platinum
tube at temperatures above 400° C. Popov and Knudson describe the fluorina-
tion of the oxides lanthanum to samarium with CIF™ (16).

The ammonium-bifluoride method used at Reno does not require the handling
of a gelatinous precipitate and is simpler than either of the above methods
for preparing small laboratory batches of anhydrous cerous fluoride.

Details of Reno Ammonium Bifluoride Method

Ceric oxide, obtained from a commercial company or from other work at the
Reno station, was pulverized in a porcelain mortar with approximately 10 percei
excess of the stoichiometric quantity of commercial ammonium bifluoride flakes,
The mixture was placed in a platinum dish or CeF3 boat in a laboratory muffle
open to the air. The muffle was maintained at 500° to 600° C. for 2 hours
before the product was removed. Some ammonium Ffluoride collected on the
inside of the muffle.

The purity of cerous fluoride batches was determined by the X-ray and
spectrographic analytical laboratories. A typical spectrographic analysis
indicated that aluminum, calcium, iron, lithium, magnesium, nickel, platinum,
silicon, and zinc were not detected. An X-ray diffraction pattern showed
CeF~. No ceric oxide or cerium oxyfluoride was detected. A sample of the
CeF™ was reported by the Bureau of Mines Boulder City station to contain
0.004 percent nitrogen.

One-hundred-and-fifty grams of cerous fluoride made by this method was
sent to K. K. Kelly, Chief, Berkeley Thermodynamics Research Laboratory, at
Berkeley, Calif. Analyses in the Berkeley station laboratory showed:

Determined Theoretical
Cerium.. .. (. i iieaaaaan percent. . 71.14 71.09
Fluorine. ... .. e e e - do.... 28.87 28.91

In order to prepare larger batches of cerous fluoride without contamina-
tion and to eliminate the use of platinum ware, sintered cerous fluoride
boats were developed. Cerous fluoride, prepared in platinum dishes as de-
scribed, was mixed with Carbowax and pressed at 56,000 p.s.i. into 1-13/16-
inch, i.d. cylinders. The cylinders were cut in half longitudinally and the
resulting boats placed in a 2-9/16-inch i.d. vitrified alumina tube within a
horizontal tube furnace. The boats were heated in air at 250° C. for 2 hours
to remove the Carbowax and sintered by bringing them to 530° C. in 15 hours.

The sintered cerous fluoride boats were loaded with the ammonium
bifluoride-ceric oxide mixture (proportions as previously given), and the



tube furnace was brought from room temperature to 500° C. in 4 hours. The
charge was maintained at 500° to 600° C. in the air for 2 hours. Eight-
hundred-gram batches of cerous fluoride were made by this method.

In a typical spectrographic analysis no aluminum, calcium, iron, Hlithium,
magnesium, nickel, platinum, silicon, and zinc were detected. X-ray diffrac-
tion showed no CeOF2 or CeC2 .

High-temperature heat-content measurements were made at the Berkeley
Thermodynamics Research Laboratory, Berkeley, Calif., on samples of cerous
fluoride prepared by the ammonium bifluoride method in platinum dishes and
in sintered CeF™ boats at the Reno station.

FLUORIDE ELECTROLYTES

A prime requisite of a successful molten-salt electrowinning process is
a suitable electrolyte. Such factors as cathode, anode, and cell construc-
tion materials, composition of the atmosphere surrounding the cell, and volt-
age and current requirements are also essential but are largely contingent
on characteristics of the electrolyte. Accordingly, the electrolyte might
be considered the heart of the high-purity-metal electrowinning process.

Surprisingly little basic data have been published on fluoride elec-
trolytes. Because of the key function they perform and the dearth of infor-
mation on them, considerable effort is being applied to basic studies of
electrolytes--the preliminary of cell-box electrowinning investigations.

The electrolyte experimentation is on a much smaller scale than the electro-
winning studies; its purpose is to define the physical, chemical, and elec-
trochemical characteristics of combinations of fluoride solvent-phase
constituents and of electrolytic baths.

Measurements desired and phenomena about which better understanding are
needed concern melting points, viscosity, density, vapor pressure, tendency
to wet graphite, solubility of solute in solvent, ionization, transfer of
ions, equilibria, polarization, and effects of anode gases.

These investigations on electrolytes require special measuring devices
for use with melting and atmosphere-control equipment. Obtaining accurate
data is complicated by the extremely corrosive nature of the molten fluor-
ides. Many of these studies are in a formative stage, and a search is still
in progress for instruments suitable for making some measurements. However,
during the period covered by this report, melting points, conductivities,
and solubilities of components were measured, and preliminary electrolyses
were conducted on several fluoride baths. The small scale of the operations
conserved time and materials in developing suitable electrolytes for trial
in the larger cerium electrowinning cells.

Several types of small-scale cells were used for fluoride melting-point
determinations and electrolysis of short duration. One cell comprised a
carbon pot (welding-rod carbon) 5/8 inch i.d. and 2-3/4 inches deep, set
inside a 1- by 7.9-inch Vycor glass tube. The anode (a carbon rod 1/8-inch



in diameter) and the cathode (a molybdenum strip 1/32 inch wide and 0.01 inch
thick) were attached to a 3/16-inch-diameter brass rod and insulated from
each other with sheet mica. The brass rod served as the electrical lead to
the anode, and a copper wire served as the lead to the cathode. The elec-
trical assembly was introduced into the cell through rubber sleeves set over
nipples in a Pyrex glass head. The glass head also had outlets, permitting
evacuation and flushing with argon and introduction of a thermocouple protec-
tion tube, and was sealed in place in the mouth of the Vycor glass test tube
with Apiezon wax. The wax was kept cool with a jet of air.

Neidrach and Bearing (13) have suggested that adding small amounts of
chlorides to molten fluoride solvents increases fluidity and electrical con-
ductivity. The described apparatus was used in investigating the effect of
adding 5 percent by weight of MgCl2 to part of a CeF3-LiF-BaF2 bath from the
Reno cerium electrowinning cell. The MgCI2 lowered the bath melting point
from 740° to 690° C., but chlorine gas was produced during electrolysis and
anode effect was noted.

The loss of lithium from the CeF3-LiF-BaF2 bath during electrolysis sug-
gested the investigation of a new bath containing less LiF. With the pre-
viously described apparatus and the electrode assembly removed, a series of
melting points was measured on various CeF-LiF-BaF2 mixtures by the thermal-
analysis techniques and visual observations. A bath having a satisfactory
melting point of 735° C. was prepared, comprising 77.3 percent CeF3, 12.7
percent BaF2, and 10.0 percent LiF by weight. P. M. J. Gray"s bath (&) con-
tained 26.9 weight-percent LiF.

MgF2 was investigated as a substitute for LiF in the CeF3“LiF-BaF2 bath
because it has a lower vapor pressure. The melting points of various CeF3"
MgF2~BaF2 mixtures were measured. As the lowest melting point was 930° C.,
no mixture investigated was suitable as a solvent-phase electrolyte for
electrowinning of cerium. However, MgF2 may serve as a bath constituent for
electrowinning of uranium ingot and the rare-earth metals melting above
1,000° C.

Using a KF-LiF-NaF solvent-phase electrolyte and adding CeF3, the authors
carried out electrolysis in a tantalum cell within a controlled-atmosphere
glove box. A pool of molten alkali was noticed around the cathode at the top
of the bath during electrolysis. X-ray diffraction patterns of cell products
showed that no cerium metal had been produced. With a BaCl2“CaCl2“CeF3 bath,
electrolysis in a Vycor cell within the controlled-atmosphere glove box pro-
duced massive cerium metal and chlorine gas. Spectrographic analysis showed
0.01 to 0.1 percent calcium in the cerium metal.

Several small-scale cells were designed and investigated to measure the
electrical conductivity of molten fluoride systems with alternating current.
The fTabrication of a suitable cell has been hampered by lack of a nonconduct-
ing material resistant to fluoride corrosion.

A cell requiring about 75 grams of bath material was built and gave re-
sults in good agreement with values in the literature for the electrical con-
ductivities of molten KC1 and NaCl. All parts of the cell in contact with



the molten bath were made of graphite or molybdenum, except a Vycor glass tube
that provided an insulated electrolyte path between the two molybdenum elec-
trodes. Fluoride corrosion of the Vycor glass prevented good reproducibility
in electrical-conductivity measurements of molten fluoride systems with this
cell. A new cell is being developed in which the Vycor glass tube is re-
placed by a hot-pressed boron nitride tube. Data obtained in this laboratory
and by other workers (2) have indicated that boron nitride is resistant
enough to corrosion by molten fluorides for short periods to serve these
experimental purposes.

Vacuum Drying

The constituents for the solvent phase of the cerium electrolyte, that
is, CeF”, BaF2 (reagent-grade), and LiF powder (reagent-grade), were mixed in
air in the proper proportions. The mixture was placed in a glass-stopcocked
Pyrex flask within a wire-wound resistance furnace. The flask was evacuated
to about 10 microns, and the furnace turned on. All vacuum readings were
taken with a Pirani gage. As the furnace heated, the flask was pumped out
continuously by a mechanical high-vacuum pump with a dry-ice-acetone trap.

A furnace temperature of approximately 280° C. and about 15 hours were neces-
sary for the mixture to reach a vacuum of 10 to 15 microns. The powder mix-
ture was then tested for moisture as follows: Moisture removed after
dehydration of the electrolyte components was captured in a dry ice-acetone
cold trap for 5 to 10 minutes. The trap was then warmed to room temperature
and flushed with dry argon through a sensitive moisture-determining instru-
ment, the moisture monitor. When no moisture was detected above the level

of the argon blank, the sample was considered dry.

The powder, comprising 73 percent CeF3, 15 percent LiF, and 12 percent
BaF2 > contained approximately 1 percent moisture before vacuum drying. This
mixture will be referred to in this report as the Reno fluoride solvent-phase
electrolyte, or the Reno fluoride electrolyte. The procedure removed about
70 percent of the moisture. An experiment indicated that most of the remain-
ing moisture was removed as the temperature was increased to the melting
point of the bath. Ce02, the solute phase of this electrolyte, was vacuum-
dried in a similar manner.

ELECTROWINNING
Laboratory-Cell Development

Cell Type No. 1

A carbon cell 8 inches high by 4 inches i.d. was designed. P. M. J.
Gray (@) used a similar cell. This cell, made of grade CS-31 carbon, was
heated externally by a wire-wound resistance furnace through a type-316
stainless-steel can; the inside bottom of the carbon cell was covered with
molybdenum sheet that extended 1 inch up the sides. A small 1- by 1-3/16-
inch-diameter molybdenum crucible for holding the molten cerium product was
placed under the 0.2-inch-diameter molybdenum cathode. The cathode was pro
tected to 1 inch above the bath by a carbon sheath, which also served as an
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entrance tube for the argon gas that continuously purged the space above the
bath. The small molybdenum crucible was suspended from the carbon sheath with
molybdenum ribbons so that it could be raised above the molten bath when elec-
trolysis was complete. No evacuation of contained air or occluded gases in
the carbon or charge was possible in a cell of this type. A 0.625-inch-
diameter, grade CS-31 carbon anode was used with 1-inch spacing between elec-
trodes. The cell was covered with a water-cooled carbon lid, and the lid was
covered with 2 inches of transite insulation.

In a cell of this type ceric oxide cannot be added continuously during
electrolysis, thus the operation was of short duration or a batch-type one.
It is doubtful whether the data obtained can be compared with continuous-
operation data in which the oxide feed is added during electrolysis.

Preparation of Charge

A fluoride electrolyte composed of 60.8 percent by weight of CeF3, 26.9
percent LiF, and 12.3 percent BaF2 was used. This mixture was reported to be
capable of dissolving 3 to 5 percent by weight of Ce02 at 850° C. The den-
sity of the mixture was approximately 4.0 grams per cubic centimeter. The
dry-powder mixture required to form a bath 2 inches deep in the cell was
calculated to be of the following weight composition:

Grams
Cerous fluoride. ... ... eeaan 972.8
Lithium fluoride........ 430.4
Barium fluoride...... ..o i e 196.8
Ceric oxide .. ... o... 160.0

The cerous Tfluoride (99.8 percent pure) used in this experiment was
prepared from ceric oxide purchased from a commercial source and mixed with
ceric oxide prepared from bastnasite in the Extraction Section of the Reno
laboratory. The mixture was fluorinated with ammonium bifluoride, as already
described. The lithium fluoride powder was reagent grade; spectrographic
analysis showing less than 0.1 percent barium, 0.001 percent magnesium, and
other metallic and nonmetallic elements as traces. The barium fluoride was
also reagent grade, spectrographic analysis showing less than 0.01 percent
calcium, 0.001 percent magnesium, 0.001 percent silicon, 0.1 percent stron-
tium, and 0.001 percent titanium.

The mixed charge was made into briquets in a laboratory hydraulic press
at 20 tons per square inch. This permitted charging the complete 1,760
grams of mixture into the carbon cell where the charge was dried for 16
hours at 140° C. After the briquets were charged and the cell was covered

purified argon was passed through the cell for 30 minutes before initial
heating.

Melting of Charge

While the purified argon continued to flow through the cell, the furnace
temperature was raised. The time required for melting was 4 hours, and the
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bath was molten at a furnace temperature of 900° C. Furnace temperatures
were taken on the outside bottom of the carbon cell with a base-metal thermo-
couple. The actual temperatures of the molten bath were taken at intervals
with a bare platinum-rhodium thermocouple through the port at the top of the
lid. Part of the molten bath adhered to a molybdenum strip. This light-blue
vitreous slag analyzed 0.1 percent iron, 0.01 percent magnesium, 0.1 percent
molybdenum, and 0.001 percent silicon. The slag adhering to the molybdenum
strip indicated a bath depth of 2-1/4 inches.

Electrolytic Operations

The bath was electrolyzed at a temperature of 820° to 890° C. for 108
minutes. The amperage ranged from 20 to 15 and the voltage between the elec-
trodes from 6.3 to 5.6.

The cathode and the molybdenum crucible were lifted above the molten
bath before allowing it to freeze. Purified argon continued to flow through
the cell until the bath had reached room temperature, approximately 13 hours.

The molybdenum crucible, which was easily removed from the supporting
basket, was Ffilled to the top with nodules of cerium metal in light-blue
electrolyte. The cerium metal when cleaned of electrolyte was found by the
X-ray laboratory to contain traces of iron and molybdenum. The cathode den-
sity was calculated to be approximately 6 amperes per square centimeter.

The cerium metal analyzed 0.1 percent barium, 0.01 to 0.1 percent iron,
0.001 percent magnesium, 0.1 percent molybdenum, 0.001 percent silicon, and
traces of other metallic elements.

Five separate electrowinning experiments were made with this cell. The
temperature of the electrolyte ranged from 890° to 820° C., the voltage be-
tween electrodes from 6.2 to 4.4, the amperage from 19.0 to 15.0, and the
electrode immersion depth from 3/4 to 5/8 inch; the distance between elec-
trodes was held at 1 inch. The time of electrolysis ranged from 1.6 to 3.5
hours per experiment. The Tfollowing conclusions were drawn: (1) CO2 gas
was identified as a product of the electrolysis, and ) no fluorine gas
could be detected as a result of the electrolytic action.

The metal made in these five experimental runs in the No. 1 type cell
contained cerium carbide. Considerable electric current was lost through
poor insulation between the electrodes and carbon cell top, and it was dif-
ficult to keep the electrodes adjusted to their proper positions. The
inability to see the molten bath and make necessary adjustments was a major
handicap. Purging the space in the cell above the bath with inert gas at
pressure did not remove air and moisture, as was indicated by the yellow
(CeC2) surface of the solidified bath. The highest current efficiency at-
tained in any of the five runs was less than 35 percent. The melting tem-
perature of the fluoride electrolyte was approximately 715° C.

Cell Type No. 2

The Tfirst alterations made on the No. 1 carbon cell were to line it with
sheet molybdenum, remove the carbon sheath surrounding the cathode, and
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improve the transite bushings on the electrodes in the carbon cell top so as
to eliminate the stray current losses. The charge to cell No. 2 was the

same as that to cell No. 1, comprising the same mixture of CeF3~LiE-BaF2 and
ceric oxide. The molybdenum cup was fastened to the bottom of the molybdenum
liner and not attached to the cathode.

The bath was electrolyzed at 778° to 814° C. for 178 minutes with the
electrodes immersed three-fourths inch. The amperage ranged from 20 to 29
and the voltage from 7.4 to 8.2.

The electrodes and molybdenum cup were allowed to freeze in the bath.
The molybdenum lining was eaten through immediately above the bath, and some
of the bath contacted the carbon cell. The molybdenum cup was displaced
from under the cathode. A small amount of cerium adhered to the molybdenum
cathode, and some nodules were dispersed in the frozen bath.

Cell Type No. 3

Inability to observe the cell operations and control the essential
factors in Nos. 1 and 2 cells led to the development of cell type No. 3,
which was operated in an argon atmosphere. Cell operations were visible
through safety glass and controlled by gloved hands through ports in a
steel box.

The cell, furnace, and electrode assembly were arranged within a mild-
steel glove box. The electrode assembly consisted of a steel frame with an
adjustable electrode holder carrying two electrodes and direct-current con-
ductor arms. The fluoride bath was kept molten by external heating with a
resistance furnace made of nichrome wire wound in a 5-inch-i.d. alundum
sleeve. The box atmosphere was pumped down and purified argon introduced
before melting the "Gray" electrolyte. The argon atmosphere was tested with
a gas master instrument and moisture monitor to control purity. One 0.375-
inch-diameter carbon-rod anode and one 0 .200-inch-diameter molybdenum-rod
cathode were used.

Iron, Vycor glass, carbon, and graphite were investigated as cell mate-
rials. Cerium metal prepared in the externally heated iron cell, but not in
contact with the iron, contained 5.27 percent iron. Vycor glass was corroded
with the molten fluoride bath and the cerium metal. Cerium metal that had
contacted the carbon or graphite cell walls or bottom contained up to 2.2
percent carbon.

When molten electrolyte and cerium metal contacted the CS-31 carbon cell
walls and bottom, cracks developed, resulting in loss of bath. AGX-grade
graphite was substituted for CS-31 carbon and did not crack under similar
conditions.

Cell Type No. 4

Preventing the molten cerium from contacting the graphite cell walls and
bottom was investigated, using the furnace and electrode assembly described
in the cell type No. 3.
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In one experiment with the Reno fluoride solvent-phase electrolyte, a
sintered cerous Tfluoride disk was placed in the cell bottom. The disk pre-
vented the cerium metal from contacting the graphite cell, and no evidence
of carbide formation was noted. However, the CeF3 disk dissolved slowly in
the bath.

In another experiment (CE-30), an air-cooled copper coil was placed
under the graphite cell bottom and a frozen layer of electrolyte maintained.
Two hundred grams of massive cerium metal was deposited and held above the
cell bottom. Analysis of a nodule of CE-30 cerium metal by the Boulder City
station showed 0.01 percent carbon. Table 1 gives analyses of this nodule
for metallic and nonmetallic impurities.

TABLE 1. - Typical cell temperatures and cerium nodule analyses

Elements, weight-percent

Total Ca
Run Nodule rare- +
No. No. earths Fe Si Al Mg Li Ba Mo
CE-301/ 1 0.04 ()) 0.02 0.02 0.01 0.001 0.001-.01 0.02
CE-411/ 1 QN @/ @/ .04 .01 (X)) .02
2 .01 0.03 (%)) .04 -006 .01 QN .02
3 (X)) % @H 06 @)H .01 e 05
CE-42— 2s QN .03 @/ QN (7)) .01 Q) QN
2T QN .06 QN .08 .01 Q) .05
IS .04 .01 .03 .001 QH QhH .04
Total
impuri- Temperature, C.
ties, Bath Anode Cell bottom
Run Nodule Elenlents p.p+he weight, Aver- Maxi- Aver- Maxi- Aver- Maxi-
No. No. C 0 N H percent age mum age _ mum age mum
CE-30i1/ 1 100 20 15 3 0.125 820 850 780 818 622 749
CE-413/ 1 34 523 5 5 .126 845 932 785 822 675 728
é @) @& @) gg
CE-42— 2s (36; (gg% (42) 9 119 878 920 817 869 605 683
2T 55 594 6 4 .266
IS @) @ @ @)
1/ Cell type 4.
2/ Not detected.
3/ Cell type 5.
4/ Not determined.

A mixture comprising 1,178 grams of the Reno fluoride electrolyte and
1,622 grams of old bath was dried using the procedure described under vacuum

drying, page 9.

This bath was melted in a 4-inch-i.d. by 4-5/8-inch-deep graphite cell,
using a wire-wound resistance furnace within the controlled atmosphere and
temperature cell box. A bath temperature of 772° to 850° C. and a cell-
bottom temperature of 590° to 749° C. were maintained during electrolysis.
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A 0.200-inch-diameter molybdenum-rod cathode and a 0.625-inch-diameter
carbon anode, three-fourths inch apart, were immersed 1 inch in the molten
bath.

Ceric oxide was added to the molten bath at a rate of approximately 2.5
grams per 5 minutes during the 510 minutes of electrolysis, and an average
current of 19.6 amperes and 6.0 volts was maintained.

Reno Cerium Electrowinning Cell (Cell Type No. 5

As a result of previous data semicontinuous cell type No. 5 was devel-
oped. It differs mainly from the earlier types in that the electrode arrange-
ment for melting the bath is the same as that for electrolysis. Although this
6-inch-diameter graphite cell is the latest cell development reported at this
time, plans have been made to develop a continuous 12-inch-diameter electro-
winning cerium cell in the near future.

In order to have more positive control of the temperatures of the
cathodes, anodes, cell walls, and cell bottom and maintain a layer of frozen
electrolyte on the cell walls and bottom, a triagonal electrode arrangement
adapted to internal melting was designed and built. A 40-volt, 200-ampere,
silicon, a.c.-d.c. rectifier unit and a 300-ampere, 40-volt, a.c. arc-welding
unit were used as power sources. The No. 5 cell was operated in a controlled
atmosphere and temperature glove box. Figure 1 shows the principal features
of this cell and glove box.

The meltdown of the Reno fluoride electrolyte was initiated by passing
current through the electrodes and through graphite-ring resistors that con-
tact the bottom ends of the electrodes. The resistors are set on minus-10-
mesh old-bath material within the graphite cell and are removed after enough
bath has melted to carry the current.

Electrowinning Cell and Electrode Assembly

The electrowinning cell is AGX-grade graphite, 6-1/8 inches inside top
diameter by 4-1/2 inches deep. The cell tapers to 6 inches i1.d. at a depth
of 2-1/4 inches and to 3-1/2 inches i.d. in the remaining 2-1/4 inches. The
graphite cell walls are 1/2 inch thick and the bottom 1 inch thick. One
thermocouple well is drilled longitudinally in the graphite cell wall; another
thermocouple well is drilled in the graphite cell bottom. Chromel-alumel
thermocouples in sillimanite protection tubes are placed in the thermocouple
wells.

The cell is insulated on the sides with 4 inches of insulating brick
with 1/2 inch of minus-4-mesh fire-clay brick grog between the graphite and
the insulating brick. The bottom of the cell rests on 1-1/2 inches of in-
sulating brick, allowing more heat loss and helping to maintain a bottom
layer of frozen bath or skull. The cell cover is fire-clay brick 2-1/2
inches thick. The central brick of the cell cover is drilled to accommodate
electrodes and feed tube. A 3/8-inch-i.d. sillimanite tube with a Pyrex
funnel for feeding cell charge materials and ceric oxide terminates at the
bottom of this brick cover.



GRAPHITE CELL 16 POWER-CONDUCTOR RODS

I
2 CARBON ANODE 17 TRANSITE BLOCK
3 MOLYBDENUM CATHODE 18. ELECTRODE ADJUSTING SCREW
4. GRAPHITE- RING RESISTORS 19. POWER CABLES
5. MOLTEN-FLUORIDE BATH 20. POWER FEEDTHROUGHS
6. FROZEN-BATH LAYER 21. STEEL GLOVE BOX
7 ANODE THERMOCOUPLE 22. GLASS-VIEWING PORTS
8. CELL-BOTTOM THERMOCOUPLE 23. GLOVE PORTS
9. CELL-WALL THERMOCOUPLE 24. GLOVE-BOX PUMPOUT
10 SILLIMANITE FEED TUBE 25. ARGON OR HELIUM INLET VALVE
Il FIRE CLAY BRICK CELL COVER 26 OUTLET VALVE FOR GAS SAMPLES
12 FIRE CLAY BRICK GROG 27. MOISTURE
13. INSULATING BRICK 28. GLOVE-BOX - AIRLOCK ACCESS DOOR
14. ANODE HOLDER PLATE 29. GLOVE-BOX ACCESS DOOR
15. CATHODE HOLDER PLATE  30. AR LOCK
RIGHT  SIDE

FIGURE 1 - Cerium Electrowinning Cell Type No. 5 Ln
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The electrode assembly consists of an adjustable three anode- three
cathode triagonal system. (See fig. 1.) A thermocouple well is drilled
longitudinally in a carbon anode within 1 inch of the bottom. A chromel-
alumel thermocouple in a sillimanite protection tube is placed in the anode
thermocouple well.

Two copper power-conductor rods from the anode and cathode holder pass
through a transite block that is raised and lowered on a steel frame by oper-
ating an adjusting screw to position the electrodes vertically.

Rubber-insulated power cables carry the current to the conductors from
power feedthroughs, which are vacuum-sealed in a rubber-gasketed Micarta
plate on the end of the glove box. Rubber-insulated power cables carry cur-
rent from the a.c.-d.c. rectifier and a.c. welder heater to the ends of the
power feedthroughs outside the steel glove box.

Steel Glove Box

The electrode assembly and graphite cell are centrally located in the
controlled atmosphere-temperature-pressure (C.A.T.P.) steel glove box. The
glove box and air-lock enclosures are made of welded 1/4-inch mild-steel
plate. (See figs. 1 and 2.) The inside dimensions of the glove box are 24
inches wide by 36 inches long by 26 inches high. The air-lock inside diaen-
sions are 12 inches wide by 12 inches high by 18 inches long. The room air-
lock door and the glove box-air lock access door are sealed with flat rubber
gaskets. A 10- by 18-inch mild steel door is sealed to the rear side of the
glove box with a flat rubber gasket. This glove-box access door is removed
for setting up and dismantling the electrowinning cell and electrode assembly.

The inside of the glove box and air lock were sandblasted and painted
with a water solution of l1l-percent "Siliclad.” No noticeable corrosion had
taken place on the inside surfaces of the mild steel glove box after expo-
sure to vapors from various melting and electrolytic experiments with fluor-
ide baths over a period of 9 months.

The 1-inch-thick, laminated, safety-glass viewing ports were slightly
etched after several electrolytic runs and were removed and buffed to re-
store transparency. A 100-watt light bulb within the box was used for
illumination.

Replacing Air With Inert Atmosphere

Figure 2 shows the oil-diffusion pump, a welded-steel cold trap, and a
mechanical fore pump connected to the end of the glove box opposite the air
lock. The 6-inch-diameter oil-diffusion pump and the mechanical fore pump
can be used to evacuate the glove box through a 6-inch steel pipe and the
air lock through a 4-inch steel pipe. The box and air lock can also be
evacuated through a 2-inch pipe attached directly to the mechanical pump.

Argon or helium is admitted to the glove box through the 1/4-inch copper
tube shown in Ffigure 1. Box atmosphere pressures were measured through this
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tube using a mercury manometer. Samples of box and air-lock atmospheres for
gas master tests and Orsat gas analyses were obtained through the 1/4-inch
valve shown in figure 1. Box atmosphere samples for moisture determinations
were transferred into the moisture monitor through a copper Teflon tube system

connected to a vacuum pump.

FIGURE 2. - Electrowinning Gloved Cell Box and Accessories.

Melting of Bath

Electrocerium fluoride charges were melted by passing direct current
through the graphite resistors contacting the bottoms of the electrodes. The
40-volt 300-ampere, silicon, a.c.-d.c. rectifier unit was the d.-c. source.
Arcing was noted with erratic voltage and current conditions. Moreover,
cerium carbides were formed, as cerium-metal deposition began with the ini-
tial melting of the charge when graphite resistors were present. Analysis of
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a cerium metal sample, where part of a graphite resistor remained in the bath
during electrolysis, showed 5,200 p.p.m. carbon.

Several attempts were made to use cerium metal strips as resistors in
melting with direct current. In all instances the cerium metal melted, break-
ing the circuit before enough molten bath had been obtained to carry the cur-
rent. Additional work on this problem is planned in the future.

Cerium Electrowinning Run (CE-42)

A cerium electrowinning run was made using the Reno fluoride solvent
phase of the electrolyte and Ce02 solute with a.-c. internal meltdown in the
type No. 5 cell.

The C. A. T. P. glove box containing the triagonal electrode assembly
and the 6-inch-diameter insulated graphite cell described previously were
pumped down to 75 microns. High-purity tank argon was run into the glove
box to 3/4-p.s.i. The box atmosphere and high-purity tank argon were com-
pared with the gas master and found to have equal thermal conductivities.

Three thousand one hundred and thirty grams of minus-10-mesh charge,
made from the old bath of a previous electrowinning run and vacuum dried,
were loaded into the cell. Two graphite half-ring resistors, 3/16 inch
thick by 3-3/4 inches o.d. by 3/8 inch wide, were placed on top of the
minus-10-mesh charge. The electrodes were lowered to contact the resistors.
The resistors were placed 1-3/4 inches from the top of the cell, and 1 inch
of vacuum-dried, Reno fluoride, solvent-phase electrolyte powder was placed
on top of the resistors. When the graphite resistors were placed on fresh
powder, arcing was caused by shrinkage of the bath.

Alternating current at an average of 7 volts and 300 amperes was passed
through the graphite resistors for 2 hours using the 40-volt 300-ampere arc-
welding unit. About 1,500 grams of Reno fluoride solvent-phase electrolyte
was added to the cell by the gloved operator through the feed tube during
the alternating-current meltdown. No arcing was noted. When a fluoride
bath was obtained around the electrodes and the bath temperature was 750° C.,
the graphite resistors were removed, using molybdenum tongs.

The current was then switched from a.c. on the welding unit to d.c. on
the 40-volt, 200-ampere silicon rectifier. Ceric oxide (Ce02) powder was
charged into the molten bath by the gloved operator through the sillimanite
feed tube, using a calibrated glass spoon. A ceric oxide feed rate of 2
grams per minute was maintained during the 146 minutes of electrolysis.

An average direct-current voltage of 6.7 and an average amperage of 203
were maintained during electrolysis. The electrodes were immersed in the
bath three-quarters inch, giving an initial cathode current density of 11.3
a. per sq- cm. and an initial anode current density of 4.5 a. per sq. cm.
Adjoining cathodes and anodes were 0.75 inch apart and 1.25 inches from the
cell wall.
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During electrolysis the temperature of the anode having the thermocouple
well averaged 817° C. and the cell-bottom temperature 605° C.

Samples of the cell-box atmosphere were taken for Orsat gas analysis at
approximately 15-minute intervals. At intermittent intervals the box was
partly pumped down, and high-purity argon was introduced to maintain the box
atmosphere at about 66° C. which enabled the operator to work in the box. A
maximum of 17.6 percent CO2 and 1.8 percent CO was reached in the box atmos-
phere. Usually, the pumpdowns and introduction of argon maintained the box
atmosphere below 12 percent C02 and 1 percent CO. Qualitative tests of box-
atmosphere samples for fluoride ion, using zirconium alizarin solution, were
negative.

Some of the bath foamed over the side of the graphite cell during this
run. A small amount of a white, powdery sublimate collected on the anodes
above the bath. Previous X-ray diffraction patterns indicated that this sub-
limate was chiefly LiF. The glass viewing ports were also coated with a
white, powdery sublimate and were slightly etched.

The bath with immersed electrodes was allowed to freeze in the cell-box
atmosphere upon completion of the run and remained there for 15 hours. The
frozen bath was then readily lifted from the graphite cell by means of the
electrodes. The graphite cell was not visibly corroded.

Six hundred and six grams of massive cerium metal nodules, mostly 1/2-—
by 1/2- by 1-inch, were found scattered in the frozen bath beneath the elec-
trodes. None of the cerium nodules touched the electrodes, walls, or bottom
of the graphite cell. Only a very small amount of cerium metal adhered to
the molybdenum cathodes.

Each cerium metal nodule under molybdenum cathode No. 2 in electrolytic
run CE-42 was filed in the air to obtain one or two bright surfaces. The
filed surfaces were examined megascopically after the nodules had remained
in air 40 hours. Some nodules were tarnished and others remained silvery.
Table 2 compares a silvery-surfaced nodule, 2S, with a tamished-surfaced
nodule, 2T .

TABLE 2. - Analytical comparison of two cerium nodules from run CE-42
Elements, weight-percent Elements, Total
Run Nodule Ca+ Ep-m _impurities,
No. No. Fe Si Al Mg Ba Li Mo cC 0 N H weight, percent
CE-42 2S5  0.03 i/ aQ an 0.01 a&) 207 569 6 9 0.12
CE-42 2T .06 aNn 0.08 an .01 O. 55 594 6 4 27

1/ Not detected.

This method has been used to classify low- and high-grade cerium metal
nodules from several electrolytic runs. Generally, nodules with silvery sur-
faces are higher grade than those with tarnished surfaces. Investigation of
the air-corrosion classification method is being continued.



20

Current efficiency, computed from massive cerium metal produced, was %4
percent. Current efficiencies ranged from 70 to 94 percent, depending upon
the amount of old bath reused in the charge and other factors inherent to
small research cells and short electrolyzing periods.

Analyses of Cell-Box Gases

Gas analyses were performed during each run in cell type Nos. 3, 4, and
5. Gas samples were removed from the cell box by means of an evacuated gas-
sample bottle 10 inches long and 1-1/2 inches in diameter with a stopcock at
both ends. The sample bottle was evacuated to 20 microns pressure or less,
then attached with a short piece of rubber tubing to a valve near the top
center of the glove box. After the tubing was flushed with argon to remove
any air, the valve and stopcock were opened and a sample of the glove-box
atmosphere was sucked into the sample tube. The sample was then transferred
to an Orsat apparatus and analyzed for CO02, CO, and 02 by standard Orsat pro-
cedure. The Orsat apparatus had a capacity of 50 ml., and gas volumes could
be measured to 0.1 ml. or 0.2 percent of the total gas volume. Qualitative
tests were also made for HF and F2 by bubbling samples of the box gas through
a zirconium-alizarin solution prepared according to Feigl ().

The major gaseous product of the electrolysis was C02, and small amounts
of CO were present. In this respect the current cerium cell is similar to
the aluminum cell, in which CO2 is known to be the principal anode gas and
CO is formed by the reduction of CO2 by anode carbon or by metal fog (18, 14).
The amount of CO seldom exceeded 2 percent of the total volume of the gas in
the glove box and usually remained within a range of 0.8 to 1.6 percent,
despite the length of the runs. The concentration of CO2 continued to
build up as the runs proceeded. By partly evacuating the glove box and add-
ing pure argon at intervals, the operator diluted the CO2 and CO and con-
trolled the box atmosphere. The maximum concentration of C02 permitted in
any run was 18 percent. The correlation between CO02 content of the box
atmosphere and metal purity is to be investigated. Possibly, a greater CO2
concentration may be tolerated.

CF~ has been reported in the off gases of both aluminum () and uranium
cells (13) and would be expected to be present in preference to F2 in any
electrolysis of a fluoride bath using a carbon anode at temperatures greater
than 450° C. (10).

In the uranium cell the CF4 was usually present in concentrations of
0.19 percent or less, and in the aluminum cell the gas was detected only dur-
ing an anode effect caused by depletion of AI203 in the cell.

There are no convenient chemical tests for the fluorocarbons, because
of their extreme inertness. It is planned to have mass spectrometric analy-
ses made of the cerium cell gas. Attempts to trap out CF™ by means of
liquid oxygen traps did not indicate the presence of the gas in detectable
quantities. It is believed that some CF” and possibly other higher fluoro-
carbons may be present in the off gases of the cell but in too small amounts
to be detected by available procedures.



21

Oxygen has been detected occasionally in the box gas sample, but its
presence has usually been traced to small leaks in the glove box that devel-
oped after the run had begun.

At least 1 percent HF has been reported in the off gases of the aluminum
cell, due to moisture in the fluoride baths and hydrogen from anode hydrocar-
bons (6) . No HF or F2 has been detected in the off gases from the Reno cerium
cell. However, the slow etching of gas-sample tubes, glass viewports, and
other pieces of glass apparatus seems to indicate the presence of at least
small amounts of HF.

Typical moisture analyses of the high-purity argon and helium gave
moisture contents of less than 10 p.p.m. by volume.

The purity of the cell-box gas before melting and electrolysis was deter-
mined by an instrument that compares the thermal conductivity of a sample gas
with that of a standard gas . High-purity argon and helium were used as stand-
ard gases. When the thermal conductivities of the box gas and tank gas
matched, the box atmosphere was considered to be of proper purity.

LITHIOTHERMIC REDUCTION AND VACUUM REFINING

Anhydrous cerous fluoride and chloride have been used by previous inves-
tigators in preparing cerium regulus by metallothermic reductions. P. M. J.
Gray (4 obtained only finely dispersed cerium regulus in the lithium-bomb
reductions of cerous chloride in molybdenum cans. |In similar reductions of
cerous fluoride ce obtained buttons of massive cerium regulus. He attributes
the failure of the dispersed metal to coalesce in the chloride reduction to
an oxide or oxychloride skin on the metallic surface. This skin is derived
from small amounts of water retained by the cerous chloride after dehydration
or picked up from the air during loading.

In the Reno experiments cerous Ffluoride was chosen owing to the relative
ease of preparing it in an anhydrous form and its stability in air at ordinary
temperatures. Cerous fluoride also has a lower vapor pressure than cerous
chloride. Lithium metal was chosen as the reductant because the LiF slag has
a low melting point (870° C.), thus facilitating coalescence of the cerium.
Calcium and magnesium fluorides melt at 1,360° and 1,396° C., respectively.
Cerium from the calcium reduction of cerous chloride contains up to 2 percent
calcium (1) and magnesium forms alloys with cerium (Q0) .

Massive cerium regulus was prepared by the lithium-iodine reduction of
anhydrous cerous fluoride in welded molybdenum and tantalum cans, lime-lined
steel-pipe reactors or bombs, in a Globar resistance furnace. P. M. G. Gray
@ reported that cerium metal prepared by lithium-bomb reduction in a molyb-
denum can had negligible molybdenum pickup. Spedding (17) found that cerium
prepared by calcium reduction in tantalum crucibles contained less than 0.05
percent tantalum. As much as 2.7 percent molybdenum and 0.3 percent tantalum
were reported by X-ray fluorescent analysis in Reno bomb cerium regulus pre-
pared in molybdenum and tantalum cans.
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Because the vapor pressure that builds up in a properly fabricated molyh-
denum or tantalum container is a primary factor in bomb reduction efficien-
cies, techniques for fabricating and welding molybdenum and tantalum cans for
reduction containers were developed in these laboratories. The cans were
welded in a dry argon atmosphere in a glove box using a special direct-current
tungsten arc welder.

A procedure was developed for preparing 50-gram buttons of cerium regulus
by bomb reduction. The cerous fluoride made by the thermal fluorination of
ceric oxide with ammonium bifluoride was heated under a vacuum of 42 microns
300° to 400° C. for 12 hours to remove moisture and other gases. A tantalum
or molybdenum can, 1-3/4 inches in diameter by 2-1/2 inches in height, was
made from 0.005-inch sheet with a welded bottom and side seam. The can was
degassed in the induction furnace, then transferred to an argon atmosphere
glove box and loaded with thin alternate layers of charge comprising 78.17
grams of CeF3, 9.6 grams of silvery Li metal, and 20 grams of resublimed I£.
The purity of the glove-box atmosphere was controlled by comparing the atmos-
phere with high-purity tank argon using the gas master.

A molybdenum or tantalum plug was placed in the top of the loaded can,
and the can was packed in a wrought-iron pipe reactor 2-1/4 inches i.d. by
8-3/4 inches high, with a liner of recalcined lime. The pipe reactor had a
welded bottom and was sealed with a threaded pipe cap using litharge and
glycerine.

The bomb was removed from the dry-argon-atmosphere glove box and charged
in the Globar furnace at 1,280° C. If reduction was begun with a cold fur-
nace, a finely dispersed cerium metal in a lithium fluoride-lithium iodide
slag was produced. The outside of the pipe was maintained at 1,100° to
1,150° Co for 40 minutes, then the reactor was removed from the furnace and
air-quenched for 15 hours before opening.

Recoveries of massive cerium regulus as a button ranged from less than
50 to 95 percent. The lithium-fluoride-lithium-iodide slag broke away read-
ily from the cerium button. When a molybdenum can was used, the molybdenum
adhered to the cerium, making it necessary to machine the molybdenum from
the cerium button. When a tantalum can was used, the tantalum could be
peeled away readily from the cerium button, however, the can was sacrificed
in the reduction.

Leaks in the plugs of the molybdenum or tantalum can and voids in the
lime packing, which allow the reaction gases to force unreduced charge out
of the reduction zone, are believed to be the principal causes for the
failure to reproduce consistently high reduction efficiencies. Extreme care
is required in making and loading molybdenum or tantalum containers and bombs.

Cerium reguli from the lithium-iodine bomb reductions of cerous fluoride
in tantalum and molybdenum cans were melted and refined using quartz-tube
vacuum induction and vacuum resistance furnaces.
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The tantalum and molybdenum cans, 1 inch in diameter by 4 inches high,
were fabricated in the Reno laboratories from 0",,005-inch gage sheet and
welded in an argon-atmosphere glove box. They were degassed in the quartz-
tube induction furnace.

Several pieces of bomb cerium regulus were scraped clean of slag and
oxide with a molybdenum knife and loaded into a degassed tantalum or molyb-
denum can in an argon-atmosphere glove box. Then the loaded can was trans-
ferred under argon to the 3-inch-diameter quartz-tube induction furnace.

To facilitate better low-range temperature control in the vacuum induc-
tion furnace, a secondary coil was connected in series with the furnace coil.
This coil allowed degassing of the cerium regulus below its melting point and
prevented ejection of molten cerium from the can by the sudden evolution of
gases. Vacuum refining experiments also were performed using a resist-
ance furnace surrounding the quartz tube to bring the cerium regulus slowly
from room temperature to its melting point.

In a typical vacuum refining experiment, the cold quartz tube was
evacuated to 3 microns and the temperature of the cerium regulus, measured
by optical pyrometer, was varied from 740° to 920° C. in a degassing period
of 4.65 hours. The vacuum rose from 3 to 230 microns and dropped to 15
microns at the end of the experiment. When Reno electrocerium metr.l was
vacuum-refined, as previously described, the vacuum varied by only a few
microns.

Several pieces of cerium regulus had melted into one ingot with several
blowholes at the top. Machining was necessary to remove the molybdenum, but
the tantalum could be peeled readily from the refined cerium ingot. Some of
these round ingots were cold-rolled in an argon atmosphere and shaped into
0.1- by 0 .2- by 1-inch specimens for electrical conductivity investigations.

In table 3 a Reno bomb cerium regulus, before and after vacuum refining
in a tantalum can, is compared analytically with Reno electrocerium and a
commercial cerium metal.

CERAMICS

Titanium oxynitride crucibles were prepared and used at Reno for vacuum
refining commercial cerium metal. L. S. Foster (3 describes titanium and
zirconium oxynitride crucible preparation and cerium melts under vacuum in
these crucibles. According to Foster, cerium does not attack the crucibles,
but no data are given on contamination of the cerium.

A mixture of 70 percent titanium nitride and 30 percent titanium oxide
by weight with Carbowax was molded under pressure in a steel die. The green
crucibles were calcined at 250° C. to remove the Carbowax binder, then fired
in a dry argon atmosphere in the induction furnace at 1,550 to 1,600 C.

Commercial cerium metal was vacuum-melted in the titanium oxynitride
crucibles in the quartz tube using an induction furnace. Approximately
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20 grams of cerium was melted in each crucible, and temperatures of approxi-

mately 1,000° C. were attained. The cerium adhered to the crucible walls and
bottom, and spectrographic analysis indicated contamination of the cerium with
titanium at an approximate weight-percent of 0.1 to 0.01 titanium.

TABLE 3. - Analytical comparison of cerium metals

Elements, weight percent

Total
rare
earths, Ca Ta
weight- + or
Type of cerium percent Fe Si Al Mg Li Ba Mo 1
Reno bomb cerium regulus 0.05 0.05 0.06 0.01 an 1.00 an 0.20 0.31
Reno bomb cerium regulus,
refined.. . ............. .01 .05 06 a7y a/) .01 an .30 (ID
Reno electrocerium...._._. .04 an .02 .02 .01 .001 .005 .02 E|D
Commercial cerium metal?/ 3.1 12 .05 .01 16 an an an N0
Total
Elements, p.p.m. impurities,
Type of cerium C 0 H N percent
Reno bomb cerium regulus an an an an 1.68
Reno bomb cerium regulus,
refined................ an an an an .42
Reno electrocerium...... 100 20 3 15 .12
Commercial cerium metalj”/ 36 147 11 15 3.49

1/ Not detected.
2/ Not determined.

3/ Commercial metal is prepared from an intermediate chloride salt, which may
account for the high concentration of other rare-earth metals.

In summarizing his experimental results, Foster (3) states that CeS is
in no way superior to TiN or ZrN for melting cerium.

Some grades of graphite have proved satisfactory as cell construction
materials at 810° C. in the Reno cerium electrowinning runs. Unlike Vycor
glass and iron they were not attacked by the molten fluoride electrolyte. As
the graphite surface was not wet with the Reno fluoride electrolyte, the fro-

zen electrolytes could be easily removed, making possible reuse of the graph-
ite cells.

In cerium electrowinning runs using cells of a certain grade of carbon,
carbides were formed and the cells cracked when molten cerium contacted the
carbon, resulting in loss of the molten electrolyte. Under parallel condi-
tions in graphite cells, the molten cerium formed carbides on contacting the
graphite, but no cracking took place at temperatures of 810° C.

When a frozen layer of electrolyte is maintained next to the graphite,
as in cell type No. 5, electrocerium low in carbon impurity can be prepared

in a graphite cell under properly controlled atmosphere and temperature
conditions.
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The development of laboratory use of CeF3 as a ceramic liner in the
fluorination tube furnace at Reno is reported on page 6.

ELECTRICAL CONDUCTIVITY OF CERIUM METALS

The Bureau®s Physics of Metals unit has expended much of its effort on
the design, fabrication, and operation of equipment to give reproducible
values of electrical conductivity of cerium from room temperature to that of
liquid oxygen. The purpose is: (1) To assess the relative purity of samples
of electrocerium and () to determine the true electrical conductivity of
cerium over this range of temperature. Progress and development toward these
goals are as follows:

The relative purity of the cerium samples can be measured by their con-
ductivity, as the electrical resistance of most elements of atomic numbers 57
to 71 decreases with temperature, although not linearly, finally reaching a
value independent of temperature. This low-temperature residual resistivity
is a function of the purity of the metal and the strains and dislocations in
the sample. Thus, if the strains and dislocations can be minimized or held
approximately constant, electrical conductivity will be a very sensitive
measure of the purity. Control of strain level and dislocations is not too
formidable a problem, as purity is by far the most sensitive parameter accord-
ing to previous investigators. (@)

In addition to the complications imposed by impurities, the electrical
conductivity of cerium is further complicated by at least three reversible
allotropic changes between its melting point and absolute zero. A study of
the literature shows that the inner state of the metal is not one of equilib-
rium but of simultaneous coexistence of two or more of these changes.

The equipment is being developed so that a wide range of temperature
rates will be possible; thus, the area of the hysteresis loop can be inves-
tigated as a function of the temperature rates.

The Reno electrocerium is usually spectrographically free of calcium
and magnesium, two major impurities in the cerium used by most investiga-
tors. As previous studies (20) of the allotropic transformations have re-
vealed that calcium and magnesium are particularly interfering impurities,
the values of electrical conductivity obtained in this investigation may be
of considerable significance.

Correlation of this type has been done on other elements with great
success. For instance, Bell Telephone Laboratories reports iIn a recent
article on low-temperature resistance of "varistor'-type high-purity copper

(12):

It is planned to use the foregoing correlation as an aid
in selecting some varistor coppers in the near future. However,
while this method may prove useful in selecting varistor coppers,
the present results are reported primarily to call attention to
a particular example of the practical utility of low-temperature
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resistance measurements in assessing the relative purity of metals,
since it is felt that the method may have more general utility as
a criterion of purity than is generally recognized.

The i1mportance of obtaining the true electrical conductivity of cerium,
is evident from examining the atomic structure of the rare-earth elements.
They have similar electronic structures, although their nuclear structures
differ. As the atomic weight of the series increases there is, with few
exceptions, a regular decrease in atomic volume.

The chemical reactivities of the rare-earth elements, which are a func-
tion of their electronic structures, are quite similar. Their physical
properties, which depend on their nuclear structures as well as other fac-
tors, show significant differences. Thus, they offer an excellent opportu-
nity for checking present theories of metals and possible correlation of the
properties of the metals and their structures. However, as they are ex-
tremely reactive and small amounts of impurities can drastically change
their properties, accurate reproducible measurements of their characteristics
are generally lacking.

Investigations With Chamber No. 1

The Tfirst chamber was fabricated from 3-inch-i.d. by 7-inch-long steel
pipe, welded shut at the bottom, and a 3-inch-i.d., 5-inch-o.d. O-ring flange
welded to the top. The cover was a 5-inch-diameter Bakelite disk 1/2 inch
thick, to which the entire bridge circuit was rigidly attached. The bridge
comprised separate current and potential contacts with a copper-constantan
thermocouple at either end of the sample. The sample was held tightly
against the contacting edges by a spring-loaded Bakelite sheet. The cover
also contained an outlet for evacuating the test chamber and a 1/2-inch-
diameter brass rod for supporting the chamber in the Dewar of liquid oxygen.
Vacuum-tight electrical connections were made by sealing the leads in a cold-
setting plastic where they pass through the Bakelite cover.

Temperature of the sample was controlled by variable electric heaters,
one in a thin-walled copper tube connecting the sample block to the bottom of
the test chamber and another between the O-ring flange and the Bakelite cover.

A Kelvin bridge circuit was chosen to measure the resistivity, because
the null detector method of measuring would eliminate errors due to contact
resistances. These resistances will be present when working with reactive
metals such as cerium, and because the total resistance of the sample is
small the errors would be large.

The bridge consists of separate current and potential contacts to the
sample. The potential drop across the sample is measured by a Rubicon type-
B precision potentiometer; the current, which is supplied by five 6-volt,
low-discharge-type storage batteries, is measured by the potential drop
across a standard resistance of 1 ohm.
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The resistance, R, of the sample is given by Ohm"s law as the quotient
of the potential drop and current. The resistivity, p, of specimens is
then computed from the relation p = M, where A is the cross-sectional

area and L the distance between potential contacts. The temperature of the
sample is indicated by two copper-constantan thermocouples, one at either
end of the sample.

Specimens for comparing electrical conductivity were made originally as
follows: Samples of Reno electrolytic and bomb cerium metals and commercial
cerium metals were vacuum-melted in degassed, 1/2-inch-i.d. tantalum cans.
Then these samples were prepared in an argon atmosphere in the glove box for
X-ray lattice constant and electrical conductivity measurements. Disks 1/4
inch thick were cut with bolt cutters from the 1/2-inch-diameter cerium
cylinders. The disks were cold-rolled into strips 1/8 inch thick with a
hand rolling mill. The strips were squared into approximately 0.2 by 0.1 by
1-inch samples with a steel file and polished on grit 1/0 emery paper. All
machining, rolling, polishing, and sample preparation were performed in an
argon atmosphere.

Conductivity values obtained in chamber No. 1 on samples of cerium

produced by three methods showed a distinct correlation with purity. (See
table 4.)
TABLE 4. - Electrical conductivity and purity comparisons of vacuum-

refined, cold-rolled cerium metal samples at 0° C.

Conductivity, Cerium,

Metal, type ohm._“I-cm.“1 percent

Reno electrolytic cerium...._.......... 8.3 x 104 99.8
Reno lithiothermic cerium..... ......... 2.7 x 104 98.5
Commercial cerium.._ ... .. ... . o -... 2.5 x 104 95.8

The apparatus, although useful in gathering preliminary data, had several
disadvantages: @ 1t was extremely difficult to achieve zero flow of heat
at the start of the run without considerable fluctuation in temperature. As
the resistivity of cerium is a function of the thermal history of the metal,
it would be necessary to duplicate this cycle every run. (@ The temperature
gradient across the sample could not be held at the desired maximum of
1/2° C., because the heat was being exchanged primarily from either end of
the sample. () The danger of thermoelectric effects was present, as the
bridge circuit was not in an isothermal region. @ Finally, it was very
difficult to reproduce the thermal cycles.

After some effort was made to eliminate these faults from the equipment,
it became apparent that a drastic change was needed in the basic design, and
chamber No. 2, was designed and constructed. This chamber proved very
successful .
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Investigations With Chamber No. 2

Chamber No. 2 was fabricated from high-conductivity copper and has pro-
visions for running three samples simultaneously. The chamber is surrounded
by several inches of polystyrene foam, and temperature is controlled by cir-
culating gases at various temperatures through coils soldered to the outside
of the container. The same bridge circuit used with chamber No. 1 was also
used with chamber No. 2. A technical paper, describing the equipment in
detail, 1is being prepared for publication. The use of a small jeweler®s
lathe in making the samples did not introduce as many dislocations as rolling.

As it is impossible at present to remelt cerium without introducing
impurities, the length of the conductivity samples is limited to that of the
nodules. The average conductivity sample is approximately 0.125 inch in
diameter and 1 inch long; thus, uniformity of cross section and measurement
of the 0.8 inch between potential edges represent the largest uncertainties
in the computed conductivity, being plus or minus 1.5 percent.

An axis is chosen through the longest dimension of the irregular nodule
so that the finished sample will be as long as possible. A cold-setting
plastic is cast around the nodule in a 3/4-inch cylindrical tube with the
chosen axis of the nodule coinciding with the axis of the cylinder. The
cylinder is mounted in a jeweler"s lathe and machined under vacuum oil to
approximately 0.135 inch in the section containing the metal, leaving plastic
knobs on the ends for mounting for the final cut. The semifinished samples
are then stored in a desiccator. Just before measurement they are mounted
again in the lathe and machined to 0.125 inch plus or minus 0.0005 inch,
then mounted in the inert-atmosphere test chamber. Although much work re-
mains to be done on controlling grain size, orientation, stress level, and
dislocations the polycrystalline samples, preliminary investigations indicate
that these factors were approximately constant in the samples used in this
investigation.

By means of chamber No. 2 it was possible to compare Reno electrocerium
with commercial cerium at liquid-oxygen temperatures. Samples for the com-
parison were machined, then measured simultaneously. A constant temperature
rate of 0.2° C. per minute was used throughout the experiment, and the sam-
ples were held at the low point for 36 hours to insure equilibrium before the
return cycle was begun. As was true with chamber No. 1, the conductivities
with chamber No. 2 were greater for the purer metal. (See table 5.)

TABLE 5. - Electrical conductivity and purity comparisons
of machined cerium metal samples at -187° C.

Conductivity, Cerium,
Metal, type ohm. ""A—-cm."™™N percent

Reno electrolytic cerium (Sample No.
CE-42-2S) e 17.8 x 102 99.9
Commercial cerium.. ... ... . . ... ....-- 13.0 x 102 95.8
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No direct comparison can be made between the data from experiments in
chamber Nos. 1 and 2 because of differences in temperature and sample fabri-
cation. The large temperature gradient in the bridge circuit of chamber No.
1 probably affected the values obtained.

No low-temperature transition was evidenced in the commercial metal, nor
was there any hysteresis. Reno electrolytic cerium (CE-42-2S) showed a normal
transition and hysteresis pattern with the curves rejoining at minus 90° C.
The measurement given for CE-42-2S is valid only for this sample, as the
nodules produced in the same ru”™ vary. For example, another sample, CE-42-2,
had a conductivity of 18.0 x 10 , ohm."l- cm.“L.

DISCUSSION

High-purity cerium ingot was prepared in Nos. 4 and 5 cells by maintain-
ing a cell liner of frozen electrolyte and a controlled argon-carbon dioxide-
carbon monoxide cell atmosphere. Control of the anode and cell-bottom
temperatures in the cerium electrowinning runs given in tables 1 and 6 pre-
vented molten cerium from contacting the graphite.

Analyses for metallic, nonmetallic, and gaseous impurities show that the
cerium nodules from the same electrowinning run, as well as those from dif-
ferent runs, vary widely in composition. (See table 1.) Each set of analy-
ses represents only the nodule sampled and illustrates the extreme reactivity
of cerium metal.

The authors believe that the carbon in the cerium comes from the CO2
released at the anode. The variation in carbon content of the nodules shows
the need for careful control of the composition of the cell-box atmosphere
and the temperature and viscosity of the electrolyte. For example, samples
of cerium metal nodules from CE-30 were analyzed for carbon at the Rolla
(Mo.) station of the Federal Bureau of Mines, using the conductometric carbon
analyzer. Ten determinations averaged 1,590 p.p.m. carbon with a low of 20
p-p-m. and a high of 6,200 p.p-m. The nodules were exposed to the atmos-
phere, and pieces picked from nodules having the least surface corrosion
on four determinations averaged 35 p.p.m. carbon with a low of 20 p.p.m. and
a high of 50 p.p.m.

The aluminum, silicon, and iron impurities in electro-cerium are attrib-
uted mainly to the fire-clay-brick cell cover and the carbon-welding-rod
anodes. Iron also may be introduced in crushing old electrolytes for reuse.
Lithium and barium impurities in cerium are low, although their fluorides
are solvent-phase electrolyte constituents. Molybdenum cathodes and a molyb-
denum tool used to remove the graphite resistors after meltdown are the
sources of molybdenum contamination of the electrocerium.

During the 3.65 hours of electrolysis it is doubtful whether the elec-
trolyte reached a state of equilibrium, regarding either oxyfluoride content
or cation versus anion balance. The considerable difference in the analysis
of separate cerium nodules indicates that the selective purification of the
electrolyte did not proceed to completion.
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Before bath temperatures, cell-box-atmosphere temperatures, pressures,
bath equilibrium, and compositions can be correlated with the amounts of im-
purities in the electrocerium, electrolytic runs of 72 hours or more are
believed necessary. A cerium electrowinning cell has been designed for semi-
continuous operation of 72 hours or more. A mechanical feeder for CeC”™ will
be used in operating this cell.

Coalescence depends upon the surface condition of the metal and upon sur-
face tension, viscosity, and relative density of metal and electrolyte, manner
of feeding ceric oxide, and possibly other factors. The authors believe that
longer runs in a larger cell, with a deeper zone of electrolyte at a tempera-
ture above the cerium melting point, would aid in nodule coalescence.

The work in the Reno laboratories has been confined solely to fluoride
electrolytes, the electrowinning of cerium from CeC2 , and the lithiothermic
reduction of CeF3 . The problem of rare-earth metal coalescence in chloride
systems has been reported by other workers.

P. M. J. Gray () reported on the metallothermic reduction of cerous
chloride with lithium metal:

This reaction was carried out in a manner very similar to
that for the reduction of the trifluoride but was not nearly so
successful. In every run a reaction took place satisfactorily
but the metal produced would not coalesce and remained finely
dispersed throughout the reaction cake * * * The failure
of the metal globules to coalesce is almost certainly due to
the presence of oxide or oxychloride which forms an infusible
skin on the surface of the metal.

Table 6 compares the apparent current efficiencies of three cerium elec-
trowinning runs. The short duration of the runs, the presence of old elec-
trolyte, lack of information as to the exact valence of the cerium in the
compound being electrolyzed, and other cell conditions prevented calculation
of actual current efficiencies. For example, in run CE-30 the bath was kept
molten by external heating with alternating current, whereas in runs CE-41
and CE-42 direct current was used both for electrolytic and thermal energy.

Apparent current efficiencies, calculated on the basis of total direct
current and a valence of 4 for cerium, although useful in comparing one
electrolytic run with another, should not be regarded as absolute values.

Average and maximum CO2 and CO in the cell-box atmospheres for runs CE-
30, 41, and 42 show no correlation with the amounts of carbon and oxygen in
the cerium metal nodules. (See table 7.)

The present work indicates that the 73 percent CeFj, 15 percent LiF, 12
percent BaF2 mixture is satisfactory for the solvent phase of the electro-
lyte. With longer runs, however, loss by volatilization may necessitate
finding a substitute for LiF.
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TABLE 6. - Typical data and results of electrowinning
cerium from Reno electrolyte

Electrolyte composition,

Apparent weight-percent Current
current Fresh Reno density,
efficiency, solvent-phase old a./cm.”N
Run No. percent.!/ electrolyte electrolyte Anode Cathode
CE-303/...... 85 48 52 1.5 4.8
CE-41A/...... 78 80 20 4.1 10.0
CE-427/............ A 37 63 4.5 11.3
CeC>2 added Electrode Ampere-
Amount, Rate, immersion, minutes
Run No . g- g-/min. inch x 10-3
CE-303/. ... 227 0.6 1.00 10.0
CE-4lit/. ... ... ..... 444 1.8 .75 43.4
CE-42V ... 575 2.2 .75 32.4

1/ Calculated using the weight of cerium ingot recovered, the ampere-minute
value of the run, and a valence of 4 for cerium.

2/ Calculated using the weighted average amperage for the run and the start-
ing electrode curved surface areas.

3/ Cell type No. 4.

4/ Cell type No. 5.

TABLE 7. - Typical cell-box atmosphere and cerium nodule analyses

Cell-box- atmosphere volume. percent Cerium nodule,

Nodule Maximum Average Maximum Average pepema

Run No. No. co2 co2 Co Co C 0
CE-30....-..-... 1 15.2 8.4 0.8 0.6 100 20
CE-41........... 1 15.2 7.9 2.0 7 34 523
CE-42. .. ........ 2S 17.6 9.3 1.8 1.0 207 569
CE-42 .. ___...... 2T 17.6 9.3 1.8 1.0 55 594

Considerable cerium and misch metals are prepared commercially by elec-
trowinning from cerous chloride in the air, using the frozen electrolyte as
a cell cover. At present, cerous chloride is reported to be cheaper than
ceric oxide because it is an intermediate product from the processing of
monazite concentrates for thorium. Future electrowinning investigations
using cerous chloride as the source of high-purity cerium metal, under con-
trolled atmospheric and temperature conditions similar to those described in
this paper, might be worthwhile.

Although there are many important points of similarity between the basic
electrochemistry and mechanics of transfer of ions in the commercial aluminum
cell and the electrowinning of cerium at the Reno laboratories, two essential
differences are apparent to the laboratory investigator.
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The TFirst difference is the smaller working volume of the 6-in-diameter
pilot cerium electrowinning cell as compared to that of the commercial alu-
minum cell. The most direct and harmful effect of the smaller volume is
that it forces a technique of intermittent operation of the cell; that is,
the time of electrolysis is limited by the volume under the electrodes and
above the protecting layer of frozen electrolyte available for collecting
cerium metal. For example, in test run CE-41, 716 grams of cerium metal
accumulated in an electrolysis of 3.65 hours, and the approximate space
occupied by 120 cerium nodules prepared in this period was 50 cubic inches.
The total space available for collecting cerium nodules was 67 cubic inches.
Possibly the nodules did not coalesce into a single mass under the bottom
ends of the vertical cathodes because the temperature gradient was too steep
in this area due to the restricted space and the need for maintaining a
frozen protective layer of the electrolyte above the graphite bottom of the
cell. (See fig. 1, p. 15.) The temperature in the end of the graphite
anode in test run CE-41 ranged from 752° to 822° C. and averaged 785° C.
during electrolysis. The temperatures were higher on the cathode surfaces
than at the anode, as the respective current densities were 10.0 and 4.1 a.
per sgq. cm. Anode density is based on the size and shape of anodes before
electrolysis. In test run CE-41 the temperature in the graphite cell bottom
was 630° to 728° C. and averaged 675° C. The coalescence of the molten metal
droplets at the same temperature depends upon surface tension, viscosity, and
relative density of metal and electrolyte. The molten cerium metal deposits
on the round cathode and slips down to the end of the rod, where it sinks
into the electrolyte and solidifies into irregular, rounded nodules approxi-
mately 1/4 by 1/2 by 3/4 inch in size.

The other important difference in the 6-inch-diameter, graphite, pilot
cerium cell and the commercial aluminum cell is in the geometry of the elec-
trode arrangement and its effect on the cathode products.

The aluminum cell has vertical carbon anodes and a molten horizontal
aluminum cathode. This arrangement of electrodes gives the anode gas more
freedom to exit without contacting the molten aluminum, compared with the
6-inch-diameter cerium pilot cell where both the anodes and cathodes are
parallel and vertical. Moreover, as soon as a molten droplet of cerium metal
leaves the surface of the cathode, it sinks into a zone of decreasing temper-
atures and is prevented from coalescing with the nearest neighboring nodule.
The molten aluminum cathode layer, being horizontal and above the melting
point of aluminum, does not have this temperature gradient problem.

Other electrodes and electrode arrangements for cerium electrowinning
cells are to be investigated in the future.

Electrical-conductivity data are the result of the initial 6 months~
work in the Physics of Metals unit and show only the progress made to estab-
lish the relationship between the several grades of cerium metal and elec-
trical conductivity.
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FUTURE WORK PLANS

The next major phase in the development of a process for electrowinning
cerium ingot from its oxide is to improve the molten, steady-state or equi-
librium conditions. Although the operations in the next phase will be semi-
continuous, the volume of bath will be large enough to permit runs five times
as long as any reported in this paper. Thus, it will be possible to predict
what to expect in a continuous cell, and the investigations will yield data
that can be translated into conditions approaching commercial possibilities.
Present plans are to use a cell 12 inches in diameter by 12 inches deep.

The cell will be enclosed in a larger cell box, designed for closer control
of the composition, temperature, and pressure of the atmosphere in the box
and for closer control of the temperature of the cell and molten bath. The
cell will be equipped with a continuous, mechanical oxide feeder. This
feeder will be an important step forward, because a uniform and controlled
rate of feeding the oxide is essential to maintaining equilibrium in the
molten bath.

Eventually, a method of casting ingot cerium in an inert-atmosphere
chamber connected to this cell box will be developed, thus permitting more
continuous cell runs.

The longer runs and steadier conditions in the 12-inch cell and associ-
ated equipment will provide better control for selective refining of elec-
trolyte and will yield data on aspects of the process that could not be
developed with the smaller cell, such as watt-hours per pound of ingot,
currett efficiencies, and current densities. Furthermore, improved coales-
cence of the metal might be achieved in the larger bath unit. This improve-
ment, together with the larger quantities of metal product, would result in
metal that is more homogeneous and uniform in quality. Confidence that con-
ditions necessary for coalescence can be obtained was encouraged when about
50-percent coalescence of 1,055 grams of metal product was achieved in one
run, No. CE-46.

Several months will elapse before the projected cell is in operation.
Meanwhile, plans are being made to investigate certain other process vari-
ables. Among these variables are oxide feed rate, amount of carbon dioxide
that can be tolerated in the box atmosphere, higher purity carbon anodes,
and helium cooling of cell accessories.

Ultimately, it is desired to determine the maximum possible rate of feed.
Subsequent operations have shown that feed rates higher than those used in
the runs described in this report are feasible. A rate of 5.2 grams of ceric
oxide per minute at an amperage of 276 has been used successfully for a 3-1/2-

hour test run.

Future electrolyte studies will continue the efforts to measure molten-
state properties of the currently used electrolyte, such as solubilities of
CeC2, and will continue research on the nature of the phenomena that occur

during electrolysis of ceric oxide.
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Electrical-conductivity studies on higher purity cerium ingot will be
continued to establish more precise data on the relation of purity to spec-
ific contamination and to develop data on the true resistivity of higher
purity cerium. Investigations will be initiated on the coalescence of indi-
vidual nodules of cerium using ultrasonics. Methods will be developed for
helium cooling the electrowinning cell boxes and accessories.
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ELECTROWINNING CERIUM-GROUP AND YTTRIUM-GROUP METALS1

by

E. Morrice,2 B. Porter,3 E. A. Brown,3 C. Wyche,3 and R. G. Knickerbocker4

SUMMARY AND INTRODUCTION

This report of the Federal Bureau of Mines presents a laboratory proce-
dure, with the requisite equipment, for electrowinning ingot (liquid) cerium
metal from a fused-fluoride bath, the metal purity being about 99.9 percent.
Physicochemical studies, including bath properties and electrochemistry, are
included, with a speculative model of the mechanisms involved.

An historical review of the methods used for electrowinning misch metals
and yttrium-group metals, as well as individual rare-earth metals, is pre-
sented. The electrolytic preparation of metal from fused salt and nonaqueous
media is summarized, along with the unsuccessful attempts at depositing the
metals from aqueous solutions.
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HISTORICAL REVIEW

Electrowinning cells associated with rare-earth technology generally fall
into two types. One type depends solely on the electrolytic current to supply
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the heat necessary to keep the bath molten; the other requires supplemental
thermal energy. Except where specified in the following discussion, all cells
were heated internally by the passage of electrolytic current.

Electrowinning Liquid Metal Deposits

The TFirst comprehensive report on the electrolytic preparation of the
rare-earth metals was that by Hillebrand and Norton (13)B in 1875. They used
a two-compartment cell constructed from two porcelain crucibles, one of which
was porous. Cerium, lanthanum, or didymium chlorides were melted separately
in the porous crucible, which then was plunged into the second crucible con-
taining the NaCl-KCl eutectic. They prepared cerium, lanthanum, and didymium
on an iron cathode. Six grams of cerium was prepared in a single operation.

In 1876, Frey (10) reported that he had prepared rare-earth metals in te
laboratory of Dr. Schuchardt in Gorlitz, Germany, using the fused-salt tech-
nique developed by Bunsen.

In 1902, Muthmann and his associates (34) published the first of a series
of articles on the electrowinning of misch metal, cerium, lanthanum, neodymium,
praseodymium, and samarium from fused salts. They used a water-jacketed
copper container, which was not part of the electrical circuit, to hold the
fused-chloride or fused-fluoride bath. The cathode, a carbon rod, projected
into the cell through the bottom of the copper vessel and was electrically
insulated by porcelain rings. A vertical carbon anode was introduced into
the bath from the top of the cell, completing the electrical circuit. In one
experiment, several pounds of 99.92 percent cerium was produced (34). The
melting point of this cerium was stated to be 623° C. Muthmann and Weiss ()
continued their efforts to prepare rare-earth metals from the fused chlorides,
using the cell described herein (often called the Muthmann-type cell in the
early literature). Large cerium and lanthanum nodules were obtained, but
neodymium was recovered only in the form of very small nodules. Attempts to
prepare praseodymium using the same type of apparatus were not successful; te
authors attributed the failure to the formation of oxychlorides. In a bath
composed of SmCI3-BaCl2, a thin deposit of samarium metal was formed on the
carbon cathode, and the authors noted the formation of samarium carbides.

Muthmann and Scheidemandel (35) prepared cerium by electrolysis of CeF3-
CeOa, using a modification of the cell previously described. The CeF3 was
made by precipitation with hydrofluoric acid and was contaminated with sili-
cates. The cerium metal prepared in this fluoride bath was reported to con-
tain: 12.49 percent SiOa, 86.48 percent Ce, and 0.87 percent Fe.

In 1912, Hirsch (14) reported numerous experiments on the electrolysis of
fused cerium and other rare-earth chlorides, using cells similar to the one
developed by Muthmann, but with the container fabricated from graphite. To
quote Hirsch regarding his experiments: "One of the principal difficulties in
all of the previous electrolyses has been the formation of carbides, which
made the bath viscous and unfit for electrolysis.”

Underlined numbers in parentheses refer to items in the bibliography at the
end of this report.



To eliminate this difficulty, Hirsch replaced the graphite container with
awrought 1iron crucible in which he electrolyzed a molten mixture containing
90 percent of anhydrous CeCl3 and 10 percent NaCl. Five hundred and eighty
grams of cerium was prepared in 4 hours, using 12 to 14 volts and an average
current of 200 amperes. A typical metal analyzed 97.8 percent cerium; the
major impurity was iron.

When electrolyzing rare-earth oxyfluoride baths using graphite or carbon
electrodes, Hirsch had only limited success in several attempts to prepare
misch metal. He attributed the difficulties to the formation of carbides, as
in his previous chloride experiments, and to the high melting point of the
electrolyte (@bout 1,400° C.). To obtain a lower melting electrolyte, Hirsch
used a bath of the same composition and added KF. Electrolysis resulted in
violent explosions, ejecting large portions of the bath.

Attempts to prepare coherent "yttrium mixed metals," presumably the
higher melting rare-earth metals with yttrium, were reported by Hicks (12)
in 1918. When electrolyzing either a fused yttrium-earth chloride bath or a
solution of yttrium-earth oxides in cryolite, he was able to prepare deposits
only in the form of black powders. His cell consisted of a graphite con-
tainer which served as the cathode, a graphite anode, and a molten bath which
was operated at temperatures up to 1,300° C.

Publications since 1923 on the laboratory preparation of the rare-earth
metals by fused-salt electrolysis have been, for the most part, descriptions
of techniques for making only small quantities of high-purity metals. The
small scale of the work was primarily due to the unavailability of large
quantities of individual rare-earth compounds and to the difficulty of find-
ing cell materials resistant to attack by the molten metals and baths.

Starting in 1923, Kremers with different coworkers (20, 22, 23, 45, 46)
published a series of papers on the electrowinning of cerium-free misch metal,
neodymium, lanthanum, cerium, and yttrium metals from molten chlorides. In
most of his work, Kremers used a graphite or iron crucible as the bath con-
tainer and cathode, and a carbon anode. The crucible was set iIn a resistance-
type muffle furnace to supply extra heat as necessary. The lanthanum and
cerium metals contained up to 32 percent iron, and the neodymium metal con-
tained up to 6.5 percent iron. Lanthanum carbide was found when graphite
rather than iron was used as the crucible material.

Kremers, using a cell with a tungsten cathode and a carbon anode, pre-
pared lanthanum metal containing 0.77 percent iron and no tungsten. In this
cell the electrolyte was a mixture of LaCl3-NaCl and KF.

Following the general procedure that they had developed for preparation
of the rare-earth metals, Kremers, Thompson, and Holten deposited yttrium
powder and 4 grams of coherent yttrium metal from a YCI™-NaCl electrolyte.
The bath temperature was maintained below the melting point of yttrium during
the electrolysis and then raised to 1,450° C. to 1,500 C. at the conclusion
of the run. Their attempts to duplicate this run were unsuccessful. They
were unable to fuse the powdery yttrium even by heating to 1,500° C. under

vacuum.



Schumacher and Lucas (39) used a cell consisting of a cathodic graphite
crucible, a graphite anode, and fused anhydrous rare-earth chlorides. They
noted from an examination of the frozen bath that much of the metal was dis-
seminated throughout the bath in the form of small particles. To permit the
metal particles to coalesce at the bottom of the crucible in liquid form, the
temperature was raised at the end of each run by increasing the direct-current
amperage. The product was remelted in a magnesia crucible. These authors
attempted to prepare cerium pure enough to permit study of the crystal struc-
ture of the metal. Their analysis of the metal was 0.03 percent carbon, 0.03
percent iron, and 99.9 percent cerium.

In 1926, Schumacher and Harris (38), using the above procedure, reported
the preparation of small amounts of cerium, lanthanum, praseodymium, neodymium,
and samarium metals. In the case of samarium, external heating was necessary
at the end of the electrolysis to produce a temperature high enough to collect
the metal in a coherent mass. The metals, after remelting in the magnesia
crucible, were reported to contain not more than 0.03 percent carbon and 0.02
percent iron, but the magnesium content was not given.

Billy and Trombe (3) designed an externally heated cell for preparation
of high-purity rare-earth metals. The anode was a carbon crucible, and a
rotating molybdenum rod served as the cathode. To collect the product, a
fluorspar crucible was placed in the melt below the cathode. Fluorspar was
chosen as the material for this crucible after many others (graphite, quartz,
and ceramics) were tested and rejected because they seriously contaminated the
product. However, fluorspar introduced a difficulty in the cell operation
because its solubility in the chloride-fluoride melts increased their
viscosity.

In one experiment, using 25 grams of CeCl3 and 16 grams of CaFa at
850° C., Billy and Trombe prepared 9 grams of cerium in 1-1/2 hours. Analysis
of the cerium showed only a slight amount of molybdenum and no calcium.

Trombe (47) then prepared lanthanum from a LaCl3-KCI-CaF3 bath. The
lanthanum metal analyzed 0.05 percent silicon and 0.006 percent iron. Trombe
also electrolyzed a mixture of NdCI3, KCl, and CaFa at 1,040° to 1,060° C. in
the same cell arrangement (48). The neodymium metal analyzed less than 0.05
percent silicon with 0,02 percent iron and a trace of calcium. When a quartz
crucible was substituted for the fluorspar crucible, the metal contained 0.6
percent silicon.

Modifications of the cell designed by Trombe have been used by several
investigators. The preparation of massive lanthanum metal of 99.86-percent
purity by the electrolysis of a fused mixture of LaCl3, KC1, and CaF2 was
reported by Weibke (563). The molten lanthanum metal was collected in an
alumina crucible below the cathode.

Gray"s work (11) with cerous chloride was essentially a repetition of the
earlier work by Trombe. Gray tried beryllia, stabilized zirconia, and fluor-
spar crucibles below the molybdenum cathode to collect the molten cerium metal.
When a beryllia crucible was used, Gray stated that the pickup of beryllium in



the cerium varied between 0.01 and 1,0 percent. The calcium, iron, and magne-
sium oxides present in stabilized zirconia reacted with the molten cerium
metal. The TFfluorspar crucible dissolved in the molten chloride, increasing

the viscosity of the bath so as to make the electrolytic process unworkable in
about 30 minutes.

Gray’s most successful experiments employed CeOfe dissolved in a CeF3-LiF-
BaF2 electrolyte within an externally heated, 2-1/2-inch-inside-diameter, car-
bon container. A graphite anode rod and a molybdenum cathode rod were
immersed in the melt. Argon gas was passed continuously over the top of the
molten bath to protect the electrode, cell materials, and cerium metal from
reaction with the atmosphere. The molten cerium metal collected in a molybde-
num crucible below the cathode. Gray selected a molybdenum container because
he found that only after oxidation would it dissolve in the cerium metal. He
reported that the cerium contained 0.1 to 0.6 percent calcium and up to 0.3
percent magnesium as the major impurities.

Gray"s report represents one of the Ffirst attempts to operate these
electrowinning cells in an atmosphere free from air and moisture. While
atmosphere problems, that is, air oxidation of electrodes, were mentioned by
early workers, no particular efforts to exclude air appear to have been made.

In 1954, Kojima and Sato (19) purified their starting bath materials to
eliminate anything containing oxygen. They electrolyzed a fused mixture of
108 grams of rare-earth chlorides and 99 grams of potassium chloride, taking
precautions to prevent the surface of the melt from contacting air. |In 3-1/4
hours they prepared 22 grams of misch metal and reported current efficiencies
as high as 77 percent.

Lanthanum containing iron, 0,053 percent; silicon, 0.041 percent; alumi-
num, 0.034 percent; and potassium, 0.13 percent was prepared by T. Kuroda (24)
from a LaCI3-KCI system at 900° C. with a reported current efficiency of 91.7
percent. The effects on current efficiency of cathode current density, bath
temperature, time of electrolysis, addition of KCl, and distance between elec-
trodes were discussed.

Eastman and associates (8) have reported preparation of electrocerium
from several fused-salt mixtures. In one case, the LiCI-KCl eutectic contain-
ing either CeCl3 or CeF3 was used at a temperature of 850° C. A second eutec-
tic of CeF3-LiF, in which CeCl3 was dissolved, was electrolyzed at 1,000° C.
Their best results were obtained by electrolyzing the CeCI3-KCI-LiCl system
from which 15 to 100 grams of ingot cerium was prepared in each run, repre-
senting up to 80 percent current efficiency. When a CeF3-CaF2-LiF melt was
electrolyzed, metal was produced in a finely dispersed form.

Eastman ran chloride electrolyses both in air and with air excluded. In
the former, his metal recovery amounted to 82 percent of the theoretical yield
whereas under the latter condition, he obtained as much as 98 percent. It did
not, however, seem to decrease the formation of finely dispersed cerium metal

in the bath.



The apparatus used by Eastman was very similar in principle to that used
by Billy and Trombe (3). Eastman placed a beryllia or zirconia crucible below
the tungsten cathode to collect the molten cerium metal and reported that the
beryllia crucible was not attacked in the chloride systems but was in the
fluoride system. Analyses of his cerium metal were not given.

A novel method of introducing the rare-earth feed into a fused-chloride
electrolytic cell is described in a patent (31). The oxide is briquetted with
carbon and placed in the hollow graphite anode. By passing chlorine gas
through this mixture in the anode, the oxide is converted to the chloride
which then diffuses into the molten bath to be electrolyzed.

Electrowinning Liquid Alloy Deposits

Considerable work was done by Trombe in the laboratories of Georges
Urbain in Paris on the electrowinning of the rare-earth metals from their
molten chlorides, using a liquid cadmium or zinc cathode to form an alloy
with the rare-earth metal. The principal advantage of the alloy technique
is the ease with which the alloy can be separated from the electrolyte. This
technique employs low-melting, Tfused-salt baths.

Using the liquid cathode technique in a cell arrangement similar to the
one used for deposition of pure liquid metals, Trombe (49-51) prepared gado-
linium, europium, and dysprosium in alloys with cadmium. The rare-earth
metals were then recovered by vacuum-distilling off the cadmium.

To illustrate the scale of these experiments, the following details are
included. Trombe used a total of 4 grams of electrolyte, composed of 44 per-
cent GdCI3, 44 percent KC1l, and 12 percent LiCl. The electrolytic current was
maintained for 15 minutes with the bath temperature held between 625° and
725° C. This run produced an alloy containing 6 percent gadolinium. After
removal of the cadmium by vacuum distillation, the gadolinium was melted in a
molybdenum crucible at 1,240° C., forming a semicoalesced mass. Analysis of
the metal following these treatments was reported as 98.4 percent gadolinium,
0.7 percent silicon, and no cadmium.

Trombe and Mahn (52) used a molten alkali chloride bath in their cells at
750° C., to which praseodymium, yttrium, or samarium chlorides were added. A
liquid alloy of Mg-Cd served as the cathode, in which up to 35 percent of the
rare-earth metal was deposited. The magnesium and cadmium were vacuum-
distilled from the alloy, leaving the rare-earth regulus which was then
coalesced by melting. In the case of samarium, difficulty was encountered,
since samarium tended to distill together with the magnesium.

Fischer and others (9) prepared metallic scandium, using a variation of
Trombels alloy cathode cell arrangement, 1in which they employed zinc as the
molten cathode. They used the eutectic of KCI-LiCl, in which the scandium
chloride was dissolved.



Electrowinning Solid Metal Deposits

To minimize inherent problems in formation of liquid deposits, a few
investigators operated fused-salt baths below the melting points of the metals.

In 1932, Canneri and Rossi (6) described a method for preparing praseo-
dymium sponge from a mixture of PrCI3, NaCl, and KCl1 (melting point 535° C.).
During electrolysis the temperature of the molten bath was kept below 600° C.
to avoid polarization and the formation of PrO”~. An Acheson6é graphite anode
and a tungsten cathode were used. The praseodymium sponge later was melted
down in a magnesia crucible.

In 1938, Mazza (28), using a technique similar to that used by Canneri
and Rossi, electrowon solid lanthanum, cerium, and praseodymium at 700° and
750° C. from their chlorides dissolved in a molten mixture of NaCl and KC1.
Mazza stated that it was necessary to exclude oxygen to avoid the formation
of oxychlorides. Purities of his metals were reported as follows: Lanthanum,
99.7 percent; cerium, 99.8 to 99.9 percent; and praseodymium, 99.6 percent.

Electrowinning at Room Temperature

The possibility of preparing rare-earth metals at ambient temperatures
from both aqueous and nonaqueous media has long intrigued many investigators.
Electrolysis in water solutions is complicated by hydrogen formation, even
when the cathode displays a high hydrogen overvoltage, as in the case of mer-
cury. Most efforts in aqueous solutions, alcohols, ethylene-diamine, pyridine,
and other organic solvents, have been unrewarding, although McCoy (29) has
reported preparation of europium and ytterbium amalgams from potassium citrate
solutions.

Audrieth and others (1, _15, 17, jJ0) starting in 1931, published a series
of reports on the preparation of neodymium, lanthanum, cerium, samarium, and
yttrium amalgams from their respective salts in aqueous solution, as well as
in organic solvents, using a mercury cathode. Their best results were obtained
by electrolyzing concentrated solutions of the anhydrous chlorides dissolved
in absolute ethyl alcohol. The various amalgams were then vacuum-distilled to
remove the mercury. By subsequently heating the rare-earth powders in cruci-
bles lined with the respective rare-earth oxides, they were able to make small
pellets of lanthanum, neodymium, and cerium (7).

Amalgams reported to contain 0.5 to 1.2 weight-percent cerium were pre-
pared by Sklyarenko and Sakharov (41) by electrolysis of solutions of CeCl3 in
absolute ethyl alcohol, in methyl alcohol, and in methyl-ethyl alcohol

mixtures.

In 1954, Moeller and Zimmerman (32) reported qualitative indications of
yttrium, neodymium, and lanthanum metals from the electrolysis of anhydrous

sReference to specific makes or models of equipment is made to facilitate
understanding and does not imply endorsement of such brands by the Bureau

of Mines.



ethylenediamine solutions of Y(QAc)3, NdBr3, and La(N03)3, using platinum
electrodes.

Electrowinning as Practiced Commercially

Information received from several rare-earth producers in the United
States indicates that rare-earth metals and alloys, prepared commercially by
electrowinning, can be divided arbitrarily into the following groups: Misch
metal, cerium and lanthanum metals, and didymium metal. With the exception
of cerium and lanthanum, the preparation of individual rare-earth and yttrium
metals is largely by metallothermic reduction. Many of these reductions
closely parallel the techniques developed by Spedding and Daane (42, 43).

From the standpoint of the amounts utilized in industry, misch metal is
the most important of the rare-earth metals. Approximately one-quarter of the
rare-earth compounds produced in the United States goes into the manufacture
of misch metal and cerium (25).

One of the largest European producers of misch metal in 1939, according
to a British Intelligence Report (40), was the Treibach Chemical Works in
Austria, reputed to have produced 61.4 metric tons in that year.

Misch Metal

Misch metal is a mixture of the cerium group rare-earth metals and varies
in composition, depending on the raw material, and is available for purchase
in the form of pig, rod, pellet, turnings, and powder. Commercial producers
furnished analyses of three of their products, as shown in table 1.

TABLE 1. - Analyses of three commercial samples of misch metal

Weight-percent

Element Sample 1 Sample 2 Sample 3
O = 1 52-56 48-52 53
Lanthanum. ... e e e e e i e 24-25 23-27 26
Neodymium. . ieaaaaaaaaa- 14- 15 15- 17 16
Praseodymium. ... ... iiiiiiiiiiaan 5-6 5-7 5
Samarium. ... e ieeeeeaaaaa 2-3 c1) 1

0.2-0.5 0.2-0 .5 .05
Aluminum, carbon, oxygen, nitrogen, etc........ . aL___ 0.3-0.5 (3)
1Not detected. - -
2Trace.

"Not reported.

Large-scale commercial production of misch metal is presently limited to
the electrolysis of fused anhydrous chlorides (21). The analysis of a
hydrated chloride supplied to this industry by a commercial manufacturer is
given in table 2.

The requisite dehydration of rare-earth chlorides prior to electrowinning
normally is accomplished by one of two methods. In the Ffirst method, the



chloride is melted in cast iron, steely or ceramic vessels from which air is

largely excluded (21).

Heating is continued until a porous, solid, nearly

anhydrous product is obtained, which contains up to 10 percent water-insoluble

basic chlorides.

The second method for drying these chlorides is in a vacuum chamber. One
supplier to the German misch metal industry dried the hydrated chloride at

370° C.

under a vacuum of 700 millimeters of mercury (26).

The anhydrous chlo-

ride was reported to contain 1.5 percent oxychlorides.

TABLE 2. - Analysis of one commercial hydrated rare-earth chloridel
Weight- Weight-
Compound percent Compound percent
CeC D e e e 21.1 P20b - oo 0.05
150003 & e e e e 10.5 V= o 2.0
(o o 0 7.5 Ca0 + MgO - oo oo i i e e o 2.0
Pr, O oo e e e e e e e e 2.2 Fe,0, + AloO, ... ... .. ...... 5
1.3 Silica..... .. ... .. ... .... 5
GAgO03 oo 9 Fluoride. ... .. ... ... ... .... )
Y, 0, e e e e e e 1 Acid-insoluble. ... .. _....... 5
Other rare-earth oxides.... 4 Water-insoluble._____._____. 5-1.0
Thorium oxide (maximum).... .05 Pb. . 01
] O .05 Fe203 ..o 005

1The values are reported as oxides by the manufacturer, although they are

present as chlorides.
sNot reported.

Most cells for electrowinning misch metal have an iron, carbon, graphite,

or refractory-lined steel vessel to contain the molten bath.

The bath con-

tainer, or an iron or carbon block at the bottom of the container, serves as

the cathode.

One or more carbon or graphite rods extend vertically into the
cell through its top and serve as anodes.

A cell of this type, used in

Germany in the 1940"s, has been described in the literature (26).

A mixture of anhydrous rare-earth chloride and NaCl, KC1, or CaClg is
charged into the pot, and in one procedure, the charge is melted by external

burners.

to melt the electrolyte.
positions.

In another procedure, the anodes are lowered until they contact
broken pieces of cerium metal placed at the bottom of the pot.
packed around the bottom of the anodes,

Solid bath 1is

and the direct current is turned on
The anodes are then raised to their operating

Some producers use steel covers on their electrowinning cells, while

others prefer to leave them uncovered.

In each case the chloride bath is

raised to a temperature between 800° and 900° C. by passage of the direct

current.

External heating normally is not required during electrolysis.
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The electrolytic action is continued until the current efficiency or the
metal quality declines. The product is removed from the cell at fixed inter-
vals determined by such factors as the size of the cell and the amperage.
Comparison of this metal with that obtained in the previously operated cells
permits the operator to decide whether to continue operating or to shut down.
If the cell is to continue to operate, additional chloride is introduced as
needed to replace that used in the electrolysis.

The misch metal product can be collected in various ways. One procedure
is to remove the liquid metal by ladling. Other manufacturers prefer to pour
the entire contents of the cell, bath included, into molds. Once the misch
metal has settled to the bottom of the mold, the liquid bath is returned to
the cell, and electrolysis is recommenced.

One example of electrolytic cell operation data is given in the British
Intelligence Report, previously mentioned (40). Two rows of Ffive cells each
were installed. The cells within each row were connected in series and the
rows in parallel. Each cell required 14 direct-current volts at a current of
2,300 amperes. Individual cell production was 40 to 50 kilograms per day of
misch metal, which corresponded to an energy consumption of 15.6 Kkilowatt-
hours per kilogram of metal and a current efficiency of 45.1 percent.

Cerium, Lanthanum, and Didymium Metals

Cerium, lanthanum, and didymium metals are electrowon commercially from
their anhydrous chlorides, using essentially the same procedure as that pre-
viously described for misch metal. Didymium metal is an alloy of the rare-
earth metals, consisting of neodymium and praseodymium, with minor amounts of
lanthanum and the other rare earths. Three commercial producers of cerium,
lanthanum, and didymium metals have furnished analyses of their products as
shown in tables 3 and 4.

TABLE 3. - Manufacturers 1eanalyses of commercial cerium metal samples

Weight-percent

Element Sample 1 Sample 2 Sample 3
Rare-earth elements other than cerium 0.08 0.70 0.10
Iron. ... i .07 .70 .19
Silicon. ... ... - .02 .02 .002
Calcium. ... i e a C) Cl) .02
Magnesium. .. ... ..iiioo-.---- C) < .02
Aluminum. .o (2) (B) 0
Manganese.........oiiinii i cl) Cl) .02
Barium. ... C1) 1) (2)
Lead. ... cl) 0 (2)
Thorium. . ... . @) (2) C)
Phosphorus. ... . ... .o ... .. c1) C) .001
Carbon. .. i .03 .03 .05
OXYQgeN. . cneeeiaceiiiecaeaeasaanaanas . o) 0 (X)
Nitrogen.... ...................o.. CfJ . ocl) -

1Not reported.
2Trace.
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TABLE 4. - Manufacturers®™ analyses of commercial lanthanum
and djdymium metal samples

Weight-percent

Element Lanthanum metal  Didymium metal
sample sample
Lanthanum. .. ... 99.6 0.95
CermUM . e eiaaaaan .09 20
NeodymEUM .« o o e e i i e i e e ccceacccaaaaaaan .04 72.1
Praseodymium. ...t i i i e e e e .05 27.2
Samar UM . & e e aaaaan .03 3
Other rare-earth elements.... ... ... ........ c1) 1)
AlUumENUM . e .01 .10
Calchum. e .01 .10
11 .05
Magnesium. . ... ..o .10 .10
SHliCON. Lo .04 .07

INot detected.
ELECTROWINNING CERIUM

Previous work on electrolytic preparation of higher purity cerium metal
at these laboratories was reported (33). Data from this and more recent work
have resulted in the design of a 6-inch-diameter graphite cell with a con-
trolled atmosphere-temperature-pressure (C.A.T.P.) gloved cell box and acces-
sories. Figure 1 shows a portion of the metallurgical laboratory for electro-
winning higher purity rare-earth and other ingot metals.

Cell Design

The present 6-inch-diameter electrowinning cell yields higher purity
cerium metal than generally available, at the rate of 0.8 pound per hour. it
is similar in design to cell type No. 5 previously described (33). It has
three 0 .4-inch-diameter molybdenum cathodes and three 1 .0-inch-diameter carbon
anodes extending down into a 6-inch-diameter graphite container through its
cover. This electrode arrangement is used with alternating current to melt
the bath, and later with direct current for the electrolysis. Cell type No. 6
is located within a C.A.T.P. steel box, and all necessary manipulations, such
as raising and lowering of electrodes, are made by a gloved operator.

The main difference between cell types is that in the No. 6 the CeOs is
fed continuously into the bath by a mechanical feeder, while in the No. 5 the

feed was introduced intermittently.

Ceric oxide powder is fed into the molten electrolyte in the 6-inch cell
by a vibrating horizontal stainless steel helical screw enclosed in a stain-
less steel pipe. The screw is operated by a variable-speed Graham drive and
can be set to deliver from 1 to 40 grams of CeOg powder per minute.

The feeder and hopper are mounted outside the cell box, but are connected
with the cell box so that they operate in the same controlled atmosphere.



FIGURE 1 - Portion of Metallurgical Laboratory for Electrowinning Higher Purity
Rare-Earth and Other Ingot Metals.



Cell Operation

The solvent-phase electrolyte, 73 percent CeF3, 15 percent LiF, and 12
percent BaF2, was vacuum-dried in Pyrex glass flasks at approximately 280° C.,
then transferred to the cell chamber. The chamber was repeatedly pumped down
and back-filled with helium to assure an inert atmosphere. Cerium ingot has
been electrowon from CeC” both in high-purity argon and in helium atmospheres,
with no difference noted in electrolytic conditions or in the purity of the
metal prepared.

The dried electrolyte was packed into the graphite container by a gloved
operator. A graphite resistor ring was placed on top of the powder, and the
electrodes were lowered to make contact. Alternating current was used to melt
the powder. When sufficient melt was obtained to carry the current, the
graphite ring was removed and alternating-current melting continued until the
bath reached a temperature of 810° to 830° C.

The vibrating-screw feeder was turned on and 10 to 20 grams of previously
vacuum-dried CeO” powder was added to the bath. At this point the alternating
current was disconnected, and direct current was turned on. During the elec-
trolysis, CeOg powder was fed continuously into the molten bath at a rate of
about 7 grams per minute.

Samples of cell gases taken during the electrolysis contained carbon mon-
oxide and dioxide, oxygen, traces of moisture, and Tfluorocarbons.

Electrolysis was continued, usually for about 2 hours, until massive
cerium nodules bridged the gaps between anodes and cathodes, necessitating
that cell operation be terminated. The bath was allowed to solidify within
the cell atmosphere and, once cold, was removed from the cell box. The bath
then was broken up to recover the cerium nodules.

The data obtained in a typical run (CE-55) are presented in table 5. Con-
tinuous controlled feeding of the CeOg powder into this cell resulted in a
marked decrease in the number of interruptions to the direct current used to
electrowin the metal. This is believed to be one of the reasons for the
recovery of massive cerium nodules weighing up to 1.6 pounds. The small size
of this cell makes it unwise, however, to compare its operating data with
those from cells of commercial size.

TABLE 5. - Data obtained from electrowinning cerium metal in run CE-55
Average direct-current voltage ... ... ... =---=--=s--ecmnaaannonn volts 11
Average direct-current amperage.......... -----=-=-s-s-s-s-2-ux amperes 249
Initial cathode current density.......... --.. amperes per square inch 66.0
Initial anode current density... .. ... .... =---------=----- do.... . 26.4

minutes 132
pounds 1.76
3.4

Duration of electrolysis..... ... .. ... ... ="--=-=------------n-

Direct current power consumed, per pound of cerium..... kilowatt-hours
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Table 6 shows the values obtained by analysis of a 750-gram nodule of
cerium prepared in run CE-55. For comparison, the values obtained by analysis
of a nodule from another run are included.

TABLE 6. - Analyses of cerium nodules from runs CE-55 and CE-49

Element in cerium nodule,l1

Element weight-percent

Run CE-55 Run CE-49
Fe i eiaaaaaas . 0.02 @)
Al e e me e . <.01 <0.01
Ca + MO .o e aaaa. <.004 < .004
Ll e e e e e e e e e e e aeaeaaaaaaan .002 .001
C e e e e e e e eeaaaaa . .016 .004
G .036 .006
0 .0003 .0003
N @) .0006
o - ) <.005
Total rare-earth elements other than cerium, ®) @)
Sl : 0 o)
Cp T 0 0

0 @)

1

1Spectrochemical analysis.
2Not detected.
3Vacuum-fusion analysis.
4Not analyzed.

Several cerium nodules from run CE-55 were submitted to the Oak Ridge
National Laboratory for neutron activation analysis. The results are given

in table 7.
TABLE 7. - Neutron activation analyses of cerium nodules from run CE-55
Element , weight-percent
Nodule No. Fe Si Al Cr Mn
e LR R 0.0102 C) <0.0100 0) Q)
L e 0055 @) a) a) C)
2 x) <0.0010 a) <0.0007 C)
B a) ) Q) Q) 0,0003
3 - .C) -0001

INot analyzed.

Electrical resistivity measurements made at 27° C. showed that cerium
metal prepared at Reno had a resistivity approximately seven microhm-
centimeters lower than that of commercial metal, indicating the former to be
of higher purity.
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A gas sample was taken from the area immediately above the cell in run

CE-55 after 30 minutes of electrolysis and submitted for mass spectrometric
analysis (table 8).

TABLE 8. - Mass spectrometric analysis of cell gas from run CE-55
Gas Mole-percent
Hel BUM . e e e e e e e e e eeeeaaa 83.32
Carbon dioxide. ... ... ... .. 13.58
OXYQEN L o e iiiaaaaa- 1.24
Carbon monoxide. ... ... .. .43
0 o o o =Y o I .78
Silicon tetrafluoride. ... ... e e e e e aees .25
Hexafluoroethane. . ... ... .o i i e aeeaaaann .20
Carbon tetrafluoride. . ... ... . i iimi e eaaannan .13
Hydrogen. .o oo e e et e e e cccceaaem e aaaan .07

In order to study the formation of gases at the anode, two electrodes
were placed in a small laboratory cell so that they could be observed during
an electrolysis to prepare cerium metal. Bubbles were observed to form at
discrete locations on the surface of the anode during the electrolysis, grow,
and break away. A new bubble appeared to form immediately at the identical
site. High-speed (750 frames per second) motion pictures taken at the begin-
ning of a run confirmed visual observations. The meaning of "anode current
density" is therefore doubtful because of the impossibility of determining the
active anode surface area. A consideration of the term "cathode current
density"” leads to a similar conclusion. It is understood, however, that such
descriptive terms will continue to be used until more concise ones can be
defined, but the limited meaning of such terms should constantly be kept in
mind.

ELECTROLYTE STUDIES ON CERIUM SYSTEMS

Studies were carried out to obtain necessary chemical and physical data
to promote the electrowinning efforts for preparation of higher purity,
reactive metals. Both a rapid, possibly less thorough, search for these data
and a long-range investigation were carried out simultaneously.

The quality of the metal which can be prepared in an inert-atmosphere
chamber depends, in large measure, on the purity of the atmosphere itself.
Control is only as good as the methods used to evaluate it. The instruments
described, some of which were mentioned in a previous report (33), are used
with all controlled-atmosphere equipment.

The moisture content of the gaseous atmosphere is determined by use of a
commercial moisture monitor that can detect as little as 1 part per million
water in a gas. The instrument is based on a quantitative electrolysis of the
water in the gas passing through a special tube at a controlled flow rate.
This tube was described by Keidel (18).



16

Several instruments are used for determination of CO, (OOfe, and Qg, based
on absorption of the component into a reactive solution whose volume or titer
is then measured. Precision gas analysis equipment of the Orsat type, with a
minimum reading of 0.1 percent, is employed when sufficient time is available.
When a quicker analysis is desired, a Kwik-Chek instrument, calibrated for a
minimum reading of 0.25 percent, is employed.

To allow an overall test of the quality of the atmosphere, the thermal
conductivity of the gas in the chamber is compared to that of pure reference
gas (either argon or helium) by a gas master.

By careful use of the above instruments, the quality of the atmosphere
in any of the controlled-atmosphere chambers can be determined. Replacement
of the atmosphere a sufficient number of times to obtain minimum readings on
these instruments prior to electrolysis creates the proper environment for
initiation of electrowinning of higher purity, reactive metals like cerium.

Capsule Design

A controlled atmosphere-temperature-pressure capsule was designed in
which it is possible to obtain rapidly the inert atmospheres essential to
higher-purity-metal investigations (fig. 2).

The capsule is a steel cylindrical work chamber 24 inches in diameter by
34 inches high, with a steel plate welded in place for the bottom. Top closure
of the capsule is made by means of a hemispherical dome forced against an
O-ring. Domes constructed of Plexiglas and steel are available for particular
experiments. Each capsule is provided with the following:

1. Two glove ports which permit manipulations inside the work area
without loss of the inert atmosphere.

2. Vacuum valves for taking gas samples and for evacuation and refilling
of the inert atmosphere chamber.

3. Thermocouple leadthroughs to permit temperature measurements.
4. Power leadthroughs for both induction and resistance furnaces.

5. Additional power leadthroughs to permit electrolyses inside the
controlled-atmosphere work chamber.

6. A combination of mechanical and diffusion pumps, together with
required manifolds, cold traps, and valves for evacuation of the chamber.

7. Thermocouple and cold-cathode ionization tubes and gages with which
the vacuum inside the capsules can be measured.8

8. Safety blowout disk to prevent accidental overpressures building up
in the work chamber.
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9. Air-lock arrangement for introduction or removal of equipment and
materials during an experiment.

Some of the specified performance characteristics for the capsules are
as TfTollows:

1. The empty chamber, with glove port covers in position, is to reach
a vacuum below 0.5 micron.

2. The chamber (as specified above) is to reach a vacuum below 5 microns
in less than 20 minutes, using the pump system provided.

3. The empty chamber must not lose vacuum at a rate exceeding 15 microns
per hour, the test to commence at 15 microns.

4. The induction power leadthroughs must be capable of maintaining a
6-kilowatt induction furnace inside the chamber in an argon atmosphere.

The capsule, shown in figure 2, is one of two currently in use, both of which
meet the specified requirements.

One unit, designated the low-temperature C.A.T.P. capsule, 1is used for
studies at temperatures below 1,000° C. Resistance furnaces are used to reach
the required temperatures. The use of a resistance furnace permits holding
temperatures at desired levels, but introduces several complications. One
problem is the time required to reach reaction temperatures. A second problem
is the increase in temperature of the gas in the working chamber. Little can
be done about the first problem at present, but the second problem has been
minimized by cooling the shell of the capsule and equipping the tools with
heat reflectors.

Composition of the Cerium Electrowinning Bath

The cerium electrowinning bath was known to have a liquid phase, and a
more dense, solid phase, serving as a skull in the cell. The powder mixture,
73 weight-percent CeF3, 12 percent BaF2, and 15 percent LiF, was prepared,
dried, and melted in the capsule.

Samples of the clear liquid portion of the bath were obtained with small
graphite scoops and ladles. By removing as much as possible of the liquid
layer, samples of the solid skull material were obtained. These were analyzed
by spectrographic, X-ray, and wet chemical techniques. Additional samples were
obtained by freezing the bath in situ without agitation, and then removing
samples from the top and bottom of the solidified bath.

X-ray analysis showed that the skull was largely cerium fluoride grains
in a matrix similar in composition to the liquid portion of the bath. X-ray
analysis of the previously liquid layer indicated that there was an unidenti-
fied phase present which could not be found when checking binary melts such
as LiF-BaF2 or LiF-CeFa. Ildentification of this phase, however, was not under-
taken because it would be impossible to determine whether this phase, so
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obvious when examining the solidified bath, was actually present in the molten
bath or formed on solidification.

Solidified bath samples were submitted for petrographic examination.
From the thin sections it was possible to determine that:

1. The skull layer is mainly small crystals of CeF3 embedded in a glassy
matrix, and on a megascopic basis appears to be grayish in color.

2. There is a sharp dividing line between the skull area, which is on
the bottom of the bath sample, and the previously molten area of the bath.
In the latter the CeF3 crystals are larger and better defined, but also
embedded in the same glassy matrix.

3. Samples taken from baths to which excess ceric dioxide was added show
that the bluish material on the bottom of these baths is CQjg . From this and
the X-ray data, it would appear that the ceric oxide never dissolved in the
saturated melt but merely passed through it. This checks the visual observa-
tions but needs some qualification because of the radioactive tracer work
reported in the oxide solubility section of this report.

The specific gravity of the skull layer was determined to be 5.55, and
the solidified clear layer was determined to be 5.21.

Cooling curves were run on the cerium electrowinning bath to determine
the initial freezing temperature of the liquid mixture. The data and results
can be summarized as follows:

1. The original mixture of powders (73 weight-percent CeF3, 12 percent
BaF2, and 15 percent LiF), when heated to 800° C., forms a liquid whose com-
position is 63, 16, and 21 weight-percent, respectively, of the compounds
based on quantitative analysis for the elements. This composition is called
the standard, clear, transparent cerium electrowinning bath.

2. The solid material at the bottom of the molten standard electrowin-
ning bath is largely CeF3 . It is found interspersed in the liquid but settled
to the bottom of the container.

3. The initial freezing point of the liquid is 699° C., while the
solidus temperature is 660° C.; both temperatures are reported to +5° C.

Oxide Solubility in Cerium Electrowinning Bath

One iImportant operating variable for electrowinning procedures is the
amount of feed that will dissolve in the melt, because only that material is
presumed to be available for reaction at the electrode surface. Gray (11),
using a visual determination of the endpoint, reported the solubility of ceric
oxide to be 3 to 5 weight-percent in his bath at 850° C.

Attempts to repeat Gray"s work were unsuccessful because even the Tfirst
grains of oxide added to the molten bath would not dissolve. The pinkish
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oxide changed to golden-yellow when it touched the surface of the molten bath
so that it was comparatively easy to follow its path. The apparent insolubil-
ity of the oxide indicated that the bath, once molten, was saturated or nearly
saturated, with the oxide.

Oxide could have been introduced into the molten bath in two ways :
1. Being present in the original powders.
2. Formation due to hydrolysis of the powders during the melting process.

In an attempt to remove both of these sources of oxide from the electro-
winning bath, the individual powders were repeatedly fluorinated with ammonium
bifluoride at a temperature of 500° to 600° C., then vacuum-dried at 400° C.
to remove residual gases. In some cases these powders were dried, weighed,
mixed, and melted, all operations taking place in an argon atmosphere to mini-
mize contamination by water or air. On melting the powder to form bath, it
was found that these treatments for removal of oxide had not been successful.

Powders were mixed to give the standard, clear bath composition, then
vacuum-dried at 400° C. for several hours. During the drying, the container
was evacuated and then refilled with dry argon, pump and refill cycles being
repeated to minimize water retention. When placed in the capsule and melted,
these bath mixtures behaved as did those previously tested. In some experi-
ments the molten bath was dropped in temperature to 600° C.; then the entire
capsule was evacuated to remove the water locked out of the chilled bath. The
melt, chill, pump, and refill cycle was repeated and eventually reduced the
amount of water detected in the gas above the molten bath. This procedure,
however, defeated the original purpose of the experiments, for in melting,
some of the powders were hydrolyzed by reaction with water. It appeared to be
virtually impossible to prepare a molten bath that did not contain some oxide.
Published work (27) indicated that the existence of molecular water in fused
salts at elevated temperatures was more prevalent than previously believed.

Another approach to measurement of the oxide solubility in the bath was
to use radioactive CeOg, the oxide containing Cel4l . Visually, addition of
the oxide to the bath caused no reaction, the added oxide dropping to the bot-
tom of the bath container. Samples taken from the melt, however, indicated
that in the time it took for the added oxide to break through the surface of
the bath and drop to the bottom of the container, and for sample removal, com-
plete exchange had taken place. The distribution of the radiolabeled cerium
ions throughout the melt and the remaining oxide at the bottom of the con-
tainer was in the proportion fixed by the relative amount of cerium in each.
This approach was not capable of giving the oxide solubility in the melt but
gave instead an indication of the rapid rate of exchange between solid cerium
oxide and the bath. This would seem to indicate that in a bath not saturated
with cerium oxide, the rate of oxide solution would be extremely rapid,
approaching instantaneous solution.

Bath samples were melted in the argon atmosphere in a C.A_.T.P. capsule,
a large quantity of CeO™ was added, and the mixture was stirred and then held
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at 850° C. for several hours to complete saturation of the bath. Samples of
the clear liquid layer, not containing suspended oxide, were taken for analy-
sis of the oxide-ion content. Identical samples were analyzed by the Ames,
Mallinckrodt, and Reno laboratories. The results of these analyses are
reported in table 9. Three samples were analyzed in the Ffirst series:

1. The standard, clear bath mixture prior to fusion.
2. The bath, once molten but before oxide was added.
3. The bath, after saturation with the oxide.

Converting the reported oxide-ion contents of the bath to CeOfe or CegOa gave
a solubility range of 1.0 to 2.0 percent. The same oxide ion content, when
calculated as CeOF, gave a solubility of approximately 2 percent.

Bath samples were electrolyzed with the intention of depleting the oxide
contents. It was expected that once the bath had been depleted in oxide con-
tent, weighed amounts of oxide could be added to the bath and a solubility
value obtained. Table 9 includes the value which was measured in this fashion,
the end point being taken as that value where the first grain of oxide was
seen not to dissolve.

TABLE 9. - Solubility of oxide in standard, clear
cerium electrowinning bath

Oxide ion, by

Sample, type oxygen analysis, CeQg, Cea03, CeOF, Analysis, source
percent percentl percentl percentl

Cerium electro- 30.11 0.6 0.7 1.2 Ames ,3
winning bath. 2 .09 5 .6 1.0 Mallinckrodt,4
no added 3.11 6 7 1.2 Reno ,3
oxide. .19 1.0 1.3 2.1 Do.

Cerium electro- 2 .20 1.1 1.4 2.2 Ames:
winning bath, 3.11 -6 7 1.2 Mallinckrodt.
saturated with 2 .24 1.3 1.6 2.6 Reno.
oxide. .15 .8 1.0 1.6 Do.

.32 1.7 2.2 3.5 Do.

Depleted cerium -6 Visual observation
electrowinning 7 in !aborat9r¥
bath brought during addition
to saturation. of CeC™ to the

molten bath.

ach value calculated from same oxygen analysis.
Identical sample.
aBy inert-gas fusion, at atmospheric pressure,
4By vacuum fFusion.
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The valence of the added oxide, once dissolved into the bath, became
important. Adding ceric oxide (containing +4 ions) to the bath might have
introduced ions of the same valence into the bath, or they might have been
converted to the +3 valence state during solution. Quenched bath samples
were dissolved into a water medium, then titrated to measure the amount of
ceric ions in the water solution. It was necessary, naturally, to assume
that the quenched solid samples were representative of the melt. The follow-
ing conclusions were reached within the limit of the analytical method:

1. Molten bath, prior to oxide additions, contained only +3 cerium iams,
2. Bath saturated with CeOg contained only +3 cerium ions.

3. The oxide at the bottom of a solidified, saturated bath (shown to ke
approximately Ce02) did contain +4 cerium ions.

4. During oxide depletion electrolyses, +4 cerium ions were being pro-
duced in the molten electrolyte. This will be further amplified in the sec-
tion on oxide depletion in this report.

An attempt was made to see whether there was a surface effect that
restricted the solubility of the added oxide. A definite surface tension
could be observed on the molten bath because the oxide would float for finite
times before entering the bath proper. Oxide was treated with molten LiF in
an experiment intended to alter its surface character. The oxide solubility
rate was not altered by this pretreatment.

Oxide Depletion Electrolyses

The standard, clear cerium electrowinning bath was electrolyzed with ad
without skull in a crucible with a molybdenum cathode and a carbon anode,
oxide not being added during the experiment. To observe the cell at operating
temperatures, a strong spotlight was used which minimized the reddish glow
associated with elevated temperatures. After several hours of electrolysis
the melt was solidified, removed from the container, and broken apart to
remove the metallic cerium produced. The metal was collected, and the solid
bath was returned to the crucible, remelted, and reelectrolyzed. It was noted
that gas appeared to form at the anode only for about the first hour of elec-
trolysis and then ceased. Metal was still produced, but no anode gas was
observed. As the electrolysis progressed, the bath changed from a clear,
transparent state to a ruby-red, translucent condition, passing through vari-
ous shades of brown. The bath quivered like a bowl of ruby-red gelatin and
had a convex appearance except near the molybdenum cathode (fig. 3). Only te
cathode appeared to be wet by freshly melted bath as well as by oxide-depleted
bath. In some of these oxide-depletion runs, all operations, starting with
drying the bath components, mixing, fusing, and electrolyzing, through final
recovery steps, were done inside the capsule to minimize air and moisture
contact.

As the electrolyses proceeded, less and less metal was produced, Ffinally
reaching a point at which the metal was not recoverable. Possibly, a cyclic
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oxidation-reduction steady state
was reached at this time, metal
forming at the cathode and being
redissolved at the anode.

Addition of Ce02 to the
oxide-depleted baths after the
cessation of electrolysis changed
the color of the baths from ruby
red to the original clear, trans-
parent state. Foaming of the
bath occurred at the same time.
The foaming always appeared when
ceric oxide was fed to oxide-
depleted bath, regardless of the
previous treatment of the oxide.
Baths not depleted in oxide con-
tent did not foam under the
identical test conditions regard-
less of the previous history of
the oxide. This addition of
oxide to the bath to discharge
the color permitted the visual
measurement of the solubility of

o the oxide, as earlier indicated.
P ortcnuZiinninn Toll

Some characteristic voltages were measured:

1. The voltage between molybdenum-carbon and molybdenum-graphite in
cerium electrowinning melts prior to electrolysis was 0.2 volt, while for
carbon-graphite no measurable voltages were observed.

2. After oxide-depletion electrolysis of a bath, the back electromotive
force measured across the molybdenum-carbon electrode couple was approximately
0.9 volt. If the electrodes were connected to a voltmeter for a period of 6
hours, the voltage decayed from 0.9 to O volt, accompanied by a color reversal
of the molten bath from ruby red to colorless.

3. If after electrolysis the molybdenum electrode contacted cerium metal
in the bath, the measured voltage was 3.5 volts. If the molybdenum rod sepa-
rated from the cerium metal, this voltage fell immediately to 0.9 volt.

4. Measurement of molybdenum-carbon and molybdenum-graphite pairs to
determine the thermoelectric electromotive force at the same temperature gave
readings of the order of 0.010 volt.

It was obvious that competing reactions were occurring simultaneously at
the electrodes in the cerium bath. As indicated, electrolysis to deplete the
oxide contents of molten baths was discontinued every few hours and the bath
was frozen to allow removal of the metal prepared during the run. This metal
was analyzed for molybdenum content with the following results:
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1. After 1 hour of electrolysis cerium contained 0.01 to 0.02 percent
molybdenum.

2. After 12 hours of electrolysis cerium metal contained approximately
0.2 percent molybdenum.

3. After 16 hours of electrolysis cerium metal contained 0.2 to 0.7
percent molybdenum.

The presence of molybdenum in the cerium metal when the oxide content of the
bath is very low represents another possible electrochemical reaction.

Decomposition Voltage Curve

During electrolyses of cerium
electrowinning baths at 800° to 850° C.
in the capsule, data were taken for a
decomposition voltage plot. Figure 4
presents the data obtained under three
experimental conditions:

1. No cerium oxide added to the
bath (run EC-5).

2. Cerium oxide added to the bath
as the electrolysis proceeds (run EC-7),

3. No cerium oxide added, oxide
content depleted by previous electroly-
sis of the bath (run EC-3).

All three sets of data fall on a
single curve, within experimental repro-
ducibility. This suggests that the
electrode reactions should be the same
under the three sets of experimental

2 4 6 8 conditions.
VOLTS

FIGURE 4. - Decomposition Voltage Curve. During "normal™ electrolysis, in
which sufficient oxide was dissolved in
the melt, the electrode reactions can be represented schematically as follows:

Ce3+ + 3e —— —— > Ce (metal) at the cathode ()
0 +C -2e— —>CO A} ) @
20 +C - 4e — — > COS H ) Anode (©)
8"+ AD F > 02 Ai ) ®
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Equations (), (), and (@) represent simultaneous reactions that can be

taking place at the anode, each reaction competing with the others for the
available reactive sites on the immersed anode surface. Gases formed at the
anode pass through the bath and then escape from the surface. Secondary chem-
ical reactions of the hot gases with the carbonaceous anode then take place
above the bath. These reactions could be represented schematically as follows:

CQg + C —————————- > 2C0 1 ©)
0g + C ——————————— > CQp ~ ®)
Oa + 2C ........-. > 2C0 ? @

Equations (B), (6), and (7) represent the "air-burn"™ type of reaction
found just above the melt line in fused-salt electrowinning cells.

Equations (@), (@), and () require sufficient oxide ion to be in solu-
tion and to arrive at the anode surface for the reactions to proceed. In the
cases where this amount of oxide is not available in the bath, it would be
anticipated that some other anode reaction will take place. Experimentally,
the following was observed:

1. Under "normal"™ electrolytic conditions: Large amounts of gas leave
the bath, some ruby-red color is observed in the molten bath, and the bath is
under violent agitation.

2. Electrolyzing oxide-depleted bath: No visible gas escapes from the
bath, no anode ™"air-burn,” the ruby-red color in the bath covers a larger
area, total lack of bath agitation, and black scum in bath. A plausible
explanation for the observations would be to postulate a secondary, spontane-
ous chemical reaction that takes place in the body of the bath, but not at the
anode surface, after equations (@), (@), or (4. For example:

COg + 4Ce3 + —————————- > 4Ced4+ + C + 20“ ®
CO + 2Ce3 + ——————————— > C + 0= + 2Ce4+ ®

Either reaction, (@) or (9, would explain the single decomposition curve in
figure 4, the observation of when there is and is not gas coming out of the
bath, the appearance of a black scum (carbon) in and on the bath, and the
formation of ruby-red colors in the bath. From a thermodynamic analysis,
neither equation (8 nor (9 is spontaneous.

Since ceric ions are found in larger quantities during electrolysis of
oxide-depleted baths, the following occurs at the anode:

Ces+ € - > Ced+ (10)

Because the voltage of the cerium electrowinning cell does not change
when the oxide content is depleted, when gas formation appears to stop at the
anode, and when the bath turns ruby-red, it follows that equation (10) must
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also be competing with equations (2), (), and (4) during the "normal" elec-
trolysis. With sufficient oxide ion in the bath for equations (), (), and
(4), there are still some ceric ions produced, as suggested in equation (10).
In support of this explanation is the fact that even with baths saturated with
oxide, a small amount of ruby-red color is observed in the immediate vicinity
of the anode during "normal™ electrowinning.

Under oxide-depleted conditions, therefore, it is suggested that the elec-
trode reactions are (1), that is, cerous ions in the bath being reduced to
metallic cerium, and (10), cerous ions being oxidized to the ceric state.
Because this change cannot be spontaneous, the process has been called electro-
chemical disproportionation, the reactions taking place at the electrodes.

Valence of Cerium Reduced To Form the Metal

As previously indicated, the valence of cerium ion reduced to form the
metal was uncertain because both cerous and ceric ions were present in the
molten electrowinning bath. Evidence was obtained to show that the number of
ceric ions in the bath was markedly limited and that the CeQg feed dissolved
with formation of trivalent ions.

The data in table 5 were used to calculate the current efficiency. With
an average direct current of 249 amperes passed through the cell for 132 min-
utes, and with 791 grams of cerium metal recovered, the current efficiency was
83 percent. This figure compared well with other electrochemical cells used
for preparation of liquid metals, such as an aluminum reduction cell.

Molecular Oxygen in Cell Gas

During some electrolyses the anode was badly eroded at and above the melt
line of the fused salt. Prior to electrolysis the atmosphere in the cell box
was changed often enough to obtain a zero reading on the previously described
control instruments, which indicated total removal of Qg, CO, and COfe. A mini-
mum amount of water remained in the atmosphere but was removed if it increased
during the bath melting operation. Electrolysis of the melt was then initiated
in an inert atmosphere of either helium or argon.

Routine monitoring of the cell gas during electrolysis indicated that
some molecular oxygen was present. This could have come from many places,
including leaks in the cell box, so that a series of experiments was conducted
to determine the source of the oxygen, as follows:

1. A Vycor container was placed in a helium atmosphere, and vacuum-dried
CeOg was fed into the container to determine whether the oxide contained air
that would be released in an inert atmosphere.2

2. Experiment 1 was repeated first with a graphite container at room
temperature and later with the graphite container held at 835° C. The vacuum-
dried oxide was fed by hand and also by a mechanical vibrating screw feeder.
These tests were to determine whether the feeder mechanism was the source of
oxygen and whether the oxide would decompose to form oxygen upon contact with
carbon.
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3. The undried CeOg was placed in a graphite crucible, introduced into
an inert atmosphere, and then heated to temperatures over 800° C. to determine

whether the oxide, prior to drying, would produce oxygen as it was heated in
contact with carbon.

4. The cerium electrowinning bath was placed into a graphite container
and then melted in an inert atmosphere. Vacuum-dried ceric oxide was fed into
the molten electrolyte, but the direct current source was not activated. This
test was to determine whether contact with the molten salt, in the presence of
carbon, would liberate oxygen.

5. Experiment 4 was repeated with the direct current source activated to
produce cerium metal from the bath. This experiment was to indicate whether
the oxygen was made as part of the electrode reactions.

Gas samples were withdrawn from the controlled atmosphere and analyzed
for CO, CO02, and Og . Only in the experiments of type 5 was molecular oxygen
detected. In experiment types 2, 3, and 4, small amounts of CO and COg were
found but not Og. To provide an additional check on the analyses, samples
were analyzed by mass spectrometer (table 10).

TABLE 10. - Mass spectrometric analyses of gas taken

from area above the cell during electro-
winning in C.A_.T.P. capsule

Mole-percent

Identity Sample Al Sample B2
Hvdrogen. ... ... e e aas 0.04 0.06
Carbon monoxide..... ... ... ....... 0 .42
VAT o8 g0 T = o .07 -20
(0D Y40 1= o T .02 31
N oo o 1 o 99.87 89.63
Carbon dioxide...... ... ... ... ..... 0] 9.35
Carbon tetrafluoride3d ............ 0 .03
Total ... e 100.00 100.00
HPO oottt 4 (.io) 4 (-15)

1Bath molten, instruments show absence of impurities prior
to start of electrolysis.

2During electrolysis, note N to O ratio less than unity.

tentatively identified only.

Estimated.

The results confirmed the presence of molecular oxygen in the cell gas
and also discounted the possibility of an air leak because the ratio of nitro-
gen to oxygen was not that of air. Data in table 8 also support this
conclusion.

A recent critique on rare-earth metals (2) indicated the necessity for
identification of the source of oxygen found in the cell box. Anode corrosion
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above the bath level by an oxidizing atmosphere cannot be minimized unless its
source is known. Corrosion of the anode is expected when Qjg, likewise Og, Iis
formed, and the electrode behavior pattern is similar to that experienced in
other electrochemical cells, such as aluminum reduction cells. While incon-
venient, it does not prevent production of large quantities of aluminum or
cerium.

Once the source was identified, the second phase of the problem was to
find means of minimizing the effect. Several possible solutions were pro-
jected, all with one common basis--testing must be done on a continuously
operating electrowinning cell. It may be possible to protect the anode by
shielding with frozen bath or some other material that does not contaminate
the electrowinning medium. An alternate method of protection would involve
removal of the anode gases as they formed. It is possible that a change in
anode current density would affect this corrosion, although this factor is,
to some extent, determined by the necessity for production of higher purity
metal .

The need for continuous operation has been indicated by the formation of
small ingots or nodules rather than a large single one when the current is
interrupted for any reason, such as, anode failure or "anode effect,” so that
anode corrosion may also play a part in this phenomenon. It may be necessary
to accept the corrosion by COg and O as an inherent part of the electrowin-
ning scheme and make adjustments accordingly, such as, the use of continuous
anodes.

Radioactive Cerium Metal

The question was raised whether it would be feasible to prepare radio-
active cerium metal by the procedure now under development. To answer the
question, a standard cerium electrowinning run was prepared, the sole differ-
ence being that radioactive cerium oxide, containing Cel4l, was used as the
feed material.

During a 3-hour electrolysis the oxide was fed by hand into the cell at
a rate of approximately 1.5 grams of oxide every 5 minutes. Addition of the
oxide to the electrowinning bath was accompanied by foaming, and the bath
appeared ruby red in color, indicating that the electrolysis was taking place
in a bath not saturated with oxide. At the end of the electrolysis the carbon
anode and molybdenum cathode were removed, and the contents of the cell were
allowed to solidify. Once frozen, the cell container and contents were
examined, and the following data were obtained:

1. Radioactive cerium metal nodules were prepared. The activity of the
nodules was proportional to the amount of isotopic oxide added to the cell.2

2. The cerium metal that remained attached to the cathode at the end of
the run exhibited the highest radioactivity, comparable to that of the bath
layer in contact with it.
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3. The skull material showed a minimum amount of exchange between the
CeF3 and the labeled cerium oxide added to the bath, notwithstanding the rapid
exchange between labeled CeOg and cerium ions in the bath shown in earlier
experiments.

The electrowinning procedure, therefore, was shown to be applicable to
preparation of radioactive cerium metal by using radioactive oxide as the feed
material.

"Reactivity" of Cerium Metal With Molten Electrowinning Bath

Radioactive cerium metal was added in two pieces to a bath at 850° C.;
the additions were separated by a period of 1 hour. Analyses of appropriate
bath samples showed that cerium metal "reacted” with the bath to the extent
of approximately 0.1 percent. This low value made it unnecessary to elucidate
the reaction mechanism.

As part of the experimental sequence the metal was analyzed for carbon
and oxygen contents before and after immersion in the fused-cerium electrowin-
ning bath. Analyses showed both interstitial impurities to be decreased by
immersion in the bath; the oxygen decreased from 0.06 to 0.01 percent, while
the carbon decreased from 0.04 to 0,01 percent. These results suggest a pos-
sible approach to upgrading metal prepared in a cerium electrowinning opera-
tion which would not involve remelting the product.

DISCUSSION

To aid in electrowinning larger quantities of cerium metal, as well as
metal of higher purity, a model of what may be taking place in the cerium
electrowinning cell was constructed. While speculative, such an explanation
affords a chance to examine the procedure and its boundary conditions.

Table 11 presents the results of one such attempt at speculation. The
equations are shown in ionic form with iio implication that these ions actually
exist, as such, in the molten bath because it is probable that most ions are
present in some form of complexes. To aid in evaluation of the equations pre-
sented in table 11, the estimated free energies and electrode potentials of
similar molecular reactions are presented in tables 12 and 13.

Fusion of the Cerium Electrowinning Bath

Fusion of cerium electrowinning bath takes place with some hydrolysis in
spite of strenuous efforts to remove moisture prior to heating. Equations
(Ia) and (Ib) in table 11 show two possible mechanisms by which the hydrolysis
could take place, both effectively introducing oxide into the molten bath.
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TABLE 11. - Speculative representation of reactions that may take place in
the molten bath from which cerium metal is electrowonl

No. Equation2
la........... 2F" +1°0 —— ——— > 2HF™  + 02"
[ o I 3F" + H20 ... ——— > 2HF”i + OF3™
2 i 2Ce0g + C --———- ---- > 2Ce3+ + 30= + CO 7
3a......--. Ce3+ + 3e.... ——— > Ce (cathode)
3b. ... 02" +C - 26 ——_... > CO ™
3C. i 202" + C - 4e -———— > COg" (anode)
3daeoo 202" - 4¢ —— — > 0Q, "
da ... ... .._.. Ce3+ + 3¢ —— —— > Ce (cathode)
VN o IO - 3Ce3+ - 3e —— ——— > 3Ce4+ (anode)
S5a........... 2Ce4+ + CeOfe — —— > 3/40fe™ + 3Ce3+ + 1/202"
(5] o [ 32Ce4+ + SiIQg — ——— > 1/203" + 2Ce3+ + Sid+ + 02-
6a..._....._... Ced+ + e __._._. ——— > Ce3+ (cathode)
6b. ... ... AMo + X e ——————
4 U Ced+ + € ———— ——— > Ce3+ (cathode)
4 < I Ce - 3¢ ——— ———— > Ce3+ (anode)
8a........... 4 B5Ce0g + 4Mox+ + (4x-15)e------- > 2(MoOg + Mo03)J + 5Ces+
8b........... 10Ce0g + 2MO — —————-——- > (MoOg + Mo03) A + 10Ce3+ + 1502"

1

1Equations are presented in ionic form with no implication that these ions
exist in the melts.
Underlined compounds or elements are in the solid state.
3SiQg added to the bath to test the effect of an oxide other than cerium.
4Valence of Mo, from the Mo electrode rod, given as (X) because exact valence
in the melt not known.
5 (MoOs + MoOs) used to represent Tinoly blue,"™ exact composition unknown.
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1Standard thermodynamic nomenclature is used throughout.

TABLE 12. - Estimated free energies and electrode potentials of reactions similar
to those presented in table 11, calculated from data in table 13

[Temperature equals 1,130° K. (857° C.)]

Equation

2Ce02(c) + c(graphite) ~ Ces°3(in bath) + CO(Q)
2CeQs (¢) + C(graphite) = Ces°3 (i) + CO(@Q)
Ces®3 (in bath) (from reactions A + B)

3 3 (in bath) (graphite) (€)) ()

Ce2°3(in bath) + 3/2C(graphite) = 2Ce(l) + 3/2COa(g)
Ces®3 (in bath) = 2Ce() + 3/20=(0)

2Cea°3 (in bath) = 3Ce(™ () + Ce(@d)

4CeF3 = 3CeF4 + Ce”j
2CeP4(1) +C % (© - 1/6CesO, (In bath) + 8/3CeF3(1) ¢ 3/4% {0)

2CeF*(1) * S1°2 (quartz) * S1F° (@ + 1/3Ces®s (in bath)
+ 1/20g + 4/3CeFa

6Ce(™(c) + Mo(;) = MoOa (1) + 3CesOa (in bath)

4CeCfe(c) + Mo(©) = MoOg(c) + 2Ce20a(in bath)

2Ces®3 (in bath) + CQ®(g) = 4Ce°S(l) + C (graphite)
4CeFa(l) + C0s (@ = 3CeF4 + Ce0s (1) + C (graphite)

reaction is not spontaneous, as written.

sThis reaction was observed to be spontaneous in the experiments,

in equations (®) and (B) is of the order of 0.1 atmosphere.

3No comparative equation included in table 11.

©).

therefore AF < O.

See section on Decomposition Voltage Curve,

Thermodynamic
quantitiesl
AF <0

AF = + 19 kcal.
AF° < - 19 kcal.

AF° > + 197 kcal.;
E° < - 1.4 volts.
AF° > + 208 kcal.;
E° < - 1.5 volts.
AF° > + 350 kcal.;
E° < - 2.5 volts.
AF° > + 112 kcal.;
E° < - 1.6 volts.
AF° = + 277 kcal.;
E° = - 4.0 volts.
AF° < - 40 kcal.

AF° < - 13 kcal.

AF° < + 54 kcal.;

E° > - 0.4 volts.
AF° < + 19 kcal.;

E° > - 0.2 volts.
AF° > + 11 kcal.

AF° > + 176 kcal.

Comparison
eguation,
table 11

2

None
Do.
3a + 3b

3a + 3

3a + 3d

5b
8b, 6a

8b, 6a

€))
&)

A positive (+) AF and a negative (-) E mean that the
The partial pressure of CO

equations (8 and
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TABLE 13. - Free energy values used in calculation of free energies and
potentials of reaction reported In table 12 and their sources

AF ° 1,130° K.

Compound kcal ./mole Sourcesl
CeOg (C)mmcccaanan -203 Huber and Holley (16); Coughlin (7).
CeQg (1) eccccoo... -196 Estimated values: m.p. 2,873° K.;

ASjij 6 cal./mole-deg. at 2,873° K. ;
ACpm 5 cal./mole-deg. from 1,130° -

2,873° K.

Ce203 (C)accccann. -338 Coughlin ().

Ce23 (1) - - cma--. -331 Rossini (37); m.p. 1,960° K.; estimated
values:

ASju 10 cal./mole-deg. at 1,960° K.;
ACpm 7 cal./mole-deg. from 1,130° -

1,960° K.
Ce203 (in bath) .... <-350 Reaction (A), table 12, is spontaneous.
CeF3 (1) -cccaan.-. -337 Brewer (G, 4); Spedding (44).
CeF4 (1) .- ..., -357 Do.
SiQg(quartz)..... -161 Coughlin (7).
SiIFA(Q)-ceeaaa--. -322 Brewer (5).
MoO3 (1) -ccecaoo.. -114 Coughlin (7).
MoOg(C) e - 93 Do.
(610] € ) - 51 Do.
COs (@) eccccaaan-. - 95 Do.

1Underlined numbers in parentheses refer to items in the bibliography at the
end of this report.

Solution of Ceric Oxide

The addition of ceric oxide to a molten bath already containing some dis-
solved oxide, could be represented by equation (2), table 11. This is a reac-
tion type of solution rather than solubility as such, for the ceric ion in the
oxide converts to a cerous ion in the melt. Solution of the oxide was observed
to be spontaneous and has been so indicated in equation (A), table 12, in which
the free energy of the reaction is stated to be less than zero. The exact
mechanism of the solution reaction is unknown, but some information can be
obtained from a consideration of the data in table 13. The free energies of
formation of the oxides and fluorides show that at 1,130° K. :
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1. Crystalline CeQg 1is more stable than crystalline Ceg03.
2. Liquid CeQg is more stable than liquid Ce203.
3. Liquid CeF4 is more stable than liquid CeF3.

Thus, quadrivalent cerium ions would be more stable than trivalent in the pure
compounds. This is not true in the molten bath. It would appear that there

is a driving force at work in the molten bath which takes cerium ions, as the
oxide dissolves, into some form of stabilized complex, at the same time making
unlikely the existence in the bath of the quadrivalent form of the ion. Equa-
tion (C), table 12, gives an estimate of the free energy of formation of the
complex, the value being of the order of 19 kilocalories per mole and negative.
This picture appears correct so long as sufficient oxide ion is present in the
melt.

"Normal" Electrowinning of Liquid Cerium Metal

Equation (3a), table 11, represents the formation of cerium metal from
the ion at the cathode. Equations (3b), (3c), and (3d) are anode reactions
which most likely occur simultaneously, competing for the reactive sites at
the anode surface. All show a removal of oxide ion from the melt, thus pre-
cluding an exact reversal of these electrode reactions should the direct cur-
rent be interrupted. Equations (D), (), and (F), table 12, show that of the
indicated anode reactions, formation of gaseous CO is most favored thermody-
namically. It follows that both Gg and COg, which have been identified in the
gases coming off the electrowinning cell, must have been primary anode prod-
ucts because they cannot be made spontaneously from CO at these temperatures.
The presence of these gases likewise indicates polarization of the anode
because under equilibrium conditions neither Og nor COg would be formed.
Kinetically, therefore, it appears that the anode is controlling the rate and
route of reaction in the cerium electrowinning cell.

Electrowinning in an Oxide-Depleted Bath

Equations (4a) and (4b), table 11, represent the electrode reactions that
may be occurring in a molten cerium electrowinning bath whose oxide content
has been depleted but not totally removed. Equation (4a) indicates the cath-
ode product to be cerium metal, whereas equation (4b) implies that three
cerous ions have to be oxidized to the ceric state at the anode for each
cerous ion reduced to the metal in an oxide-depleted bath. Under oxide-
depleted conditions, equations (3b), (3c), and (3d) are not plausible because
of lack of sufficient dissolved oxide in the bath. Equations (G) and (H),
table 12, are comparable to equations (4a) and (4b), table 11, and are not
thermodynamically spontaneous, and therefore these electrode reactions have to
be forced electrochemically. Note that equation (4b) shows ceric ions to be
present in the melt. This is in contrast to their known instability in simi-
lar melts containing sufficient oxide ions to stabilize the trivalent state.
These facts strongly suggest that the oxide ion concentration plays a most
important role in the formation of complex ions in the cerium electrowinning
bath, the complex in some way including cerous ions.
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As an alternate explanation to that indicated in equations (G) and (H),
equations (M) and (N) have been included in table 12. In the section on
decomposition voltage curve, a possible explanation of electrowinning reac-
tions in an oxide-depleted bath was developed, based on the formation of CQg
at the anode, followed by a spontaneous secondary chemical reaction in the
body of the melt. Equations (M) and (N), table 12, would have to be sponta-
neous for this explanation to be valid, but their estimated, standard free
energies are shown to be positive. This explanation of the electrode reac-
tions, involving the spontaneous secondary reaction in the melt, cannot,
therefore, be considered feasible.

In the section on decomposition voltage curve, it was noted that there
was no increase in voltage when the oxide content of the bath was depleted by
electrolytic action. For example, when the anode product changed from mix-
tures of carbon oxides and oxygen gases to a nongaseous product (Ce4+), the
voltage requirement for continued electrolysis was not increased. An examina-
tion of equations (D), (E), and (G), table 12, shows a relatively small dif-
ference in electrode potential between the three reactions, which would agree
with the proposed explanation of the experimentally determined facts.

Addition of Oxide to an Oxide-Depleted Bath

Equation (5a), table 11, suggests a reaction which might take place when
ceric oxide is added to a molten oxide-depleted bath, the oxide depletion
being indicated by the presence of ceric ions in the melt. This equation sug-
gests discharge of the ceric ions, with solution of a large amount of ceric
oxide. Equation (1), table 12, is indicated as being spontaneous, since its
free energy of reaction is negative. It was found experimentally that under
these conditions, that is, discharge of the ceric ions from an oxide-depleted
bath, the addition of ceric oxide caused the bath to foam. A similar sponta-
neous discharge of the ceric ions is indicated in table 11, equation (Gb), and
table 12, equation(J), the added oxide being silica. Again, the addition of
this oxide to the oxide-depleted bath caused foaming, and in each case the
previously described changes took place--a bath color reversal from ruby red
to colorless, accompanied by a discharge of any voltage shown by measurement
across the molybdenum-carbon electrodes immersed in the molten bath.

These facts once again suggest that the ceric ion cannot be present to
any extent in a cerium electrowinning bath containing sufficient oxide ion.
When oxide ion is added to a depleted bath (as in the form of CeQg), any ceric
ions are converted to the cerous form, the latter being stabilized by inclu-
sion in some form of complex ion in the melt.

Interruption of the Direct Current While Electrowinning
Ingot Cerium in an Oxide-Depleted Bath

If, at the time of this interruption, the liquid cerium metal had lost
contact with the molybdenum rod that serves as the cathode, the reactions that
occur in the oxide-depleted bath might be represented by equations (6a) and
(6b), table 11. Some ceric ions would be present in the bath, and the bath
itself would be ruby red in color at the time of the interruption. As
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previously indicated, measurement of the voltage between the molybdenum-carbon
rods gave a value of 0.9 volt. As the reaction proceeded, the bath color
reversed from ruby red to colorless, the voltage across the cell fell from 0.9
to the zero area, and molybdenum ions appeared in the melt, their presence in
quenched bath samples having been demonstrated by analysis. A lack of informa-
tion about molybdenum fluorides at elevated temperatures prevented estimation
of reaction free energies comparable to equations (6a) and (6b), table 11, on
the basis of fluoride anions. If the calculation is made on the basis of
oxide anions, and a valence of +6 is assigned to the molybdenum ion, then
equation (8b), table 11 and equation (K), table 12,apply. On the other hand,
assigning a valence of +4 to the molybdenum ion leads to equation (L), table
12. Both equations (K) and (L), table 12, indicate that formation of molyb-
denum oxides at unit activity would not be spontaneous. If the activity of
the products was less than unity, equilibrium would shift to the right in each
of these equations and change the free energy of the reaction toward a nega-
tive value. Some such effect must take place since "moly blue"™ is found
experimentally.

If the direct current were interrupted in an oxide-depleted bath while
liquid cerium metal was in contact with the molybdenum cathode rod, the reac-
tions might be represented by equations (7a) and (7b), table 11. This is the
reversal of the electrochemical disproportionation illustrated in equations
(4a) and (4b), table 11. Ceric ions would be reduced to the cerous form, and
simultaneously cerium metal would be reentering the bath as the cerous ion.
Again, there would be the expected color reversal as the reactions in equa-
tions (7a) and (7b), table 11, took place. A measurement of the voltage
across the electrodes iImmediately after interruption of the direct current
gave 3.5 volts, compared with the reverse of the electrode potentials esti-
mated in equations (G) and (H), table 12, which suggests a voltage range of
+1.6 to +4.0 volts for the spontaneous reactions.

Formation of "Moly Blue"™ on Addition of CeO™ to
an Oxide-Depleted Bath

Equations (8a) and (8b), table 11, are suggested as possible explanations
of the formation of "moly blue,” quite often encountered in electrowinning of
liquid cerium from oxide-depleted baths. In equation (8a), the valence of the
molybdenum ion has been given as (X) because it was not specifically deter-
mined, its exact valence being of little importance. In a similar manner the
composition of "moly blue™ has been indicated as (MoOg + MoOs), although not
specifically determined. Note that equation (8a) calls for molybdenum ions in
the melt, while equation (8b) suggests a reaction which could take place with
the molybdenum metal itself. As the Ce02 powder was fed into an oxide-
depleted electrowinning bath, it could have reacted at the surface of the
molybdenum cathode rod, or with molybdenum ions, and so forth. Equations (K)
and (L), table 12, give estimated free energies of reaction for an equation
similar to (8b), table 11, which being positive, suggest that the reaction
would not be spontaneous, as written (see the discussion in the preceding
section of this report) .
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ELECTROWINNING MOLTEN LANTHANUM FROM LANTHANUM OXIDE

by

E. Morrice, 1C. Wyche,2and T. A. Henrie3

ABSTRACT

High-purity lanthanum metal was prepared by electrolysis of la 03 in a
LaF3 -LiF-BaF bath at 950° C. The requisite bath temperature for the deposi-
tion of molten metal was maintained by supplying the heat as current directly
to the electrodes. A current efficiency of about 60 percent was obtained.
The lanthanum nodules contained carbon and oxygen as major impurities. The
total impurity content was from about 0.1 to 0.2 percent.

INTRODUCTION

Lanthanum and cerium are the most abundant of the rare-earth elements.
The earth®"s crust is estimated to contain 19 grams of lanthanum (@.)4 and 44
grams of cerium per ton. Bastnasite and monazite are the principal minerals
of these two elements. Lanthanum is associated with the rare-earth or lantha-
nide group of elements in nature and is considered to be a member of this
group. Lanthanum metal has a density of 6.2 grams per cubic centimeter and a
melting point of 920° C. It is one of the more reactive of the rare-earth
metals with respect to moisture and oxygen.

Lanthanum metal has been prepared on a laboratory scale by metallothermic
reduction of the fluoride with calcium (5 . Tantalum was found to be the best
material to contain the reaction. This technique is a batch process, and vac-
uum melting of the metal product is required to remove contained calcium. Tan-
talum was the chief metallic impurity, and is generally present to the extent
of 0.03 to 0.04 weight-percent. Oxygen, nitrogen, and carbon were readily
picked up by the lanthanum from the reactants and from the atmosphere during
the reaction. Unless extreme precautions were taken, the lanthanum metal pre-
pared by metallothermic reduction contained as much as 0.3 weight-percent

oxygen.

1Supervisory extractive metallurgist, Reno Metallurgy Research Center, Bureau
of Mines, Reno, Nev.

3Chemist, Reno Metallurgy Research Center, Bureau of Mines, Reno, Nev.

Supervising research metallurgist, Reno Metallurgy Research Center, Bureau of

Mines, Reno, Nev.
Underlined numbers in parentheses refer to items in the list of references at

the end of this report.

Work on manuscript completed February 1962.



The published data on the electrolytic preparation of lanthanum from
molten halides were recently summarized (3) . The possibility of preparing
lanthanum, free from the impurities found in metal produced by the calcium
reduction technique, and the ready availability of high-purity 1a203 led to an
investigation on electrowinning lanthanum from its oxide. Experience in the
electrowinning of cerium from cerium oxide in a fluoride electrolyte guided
the selection of cell design and operating procedures (2. The Ilow vapor
pressure, melting points, conductivities, and thermodynamic stability of laF3,
LiF, and BaF2 , as well as the solubility of l1a”0Og, were the determining fac-
tors in the selection of these materials for the electrolyte components.

LABORATORY CELL DEVELOPMENT
Equipment

The electrowinning experiments were conducted in an inert-atmosphere
steel chamber with gloveports and mechanical facilities for manipulations,
such as raising and lowering of electrodes. Figure 1 shows the principal
features of the chamber or cell box.

The direct-current power source for electrolytic reduction was a silicon
rectifier unit capable of supplying O to 40& volts and O to 300 amperes. The
alternating current power source for meltdown and auxiliary heating of the
bath was a 300-ampere, single-phase, 40-volt, alternating current arc-welding
unit.

Lanthanum oxide was fed into the molten electrolyte from a hopper by a
vibrating, stainless-steel helical screw enclosed in a stainless-steel pipe.
The screw was operated by a variable speed drive.

Cell Construction Materials

Carbon rod (AUC-grade) anodes and high-purity molybdenum rod cathodes
were used in all electrowinning experiments.

The crucibles, holding the molten electrolyte, were AGX-grade graphite
and had an inside diameter of 6 to 6% inches, insulated with slabs of foamed
silica. The crucible cover was a 3-inch-thick slab of foamed silica drilled
to accommodate the electrodes. A graphite thermocouple protection tube and an
alumina tube for feeding lanthanum oxide into the molten bath were also
inserted through the cover.

Electrolyte

The electrolyte constituents were reagent-grade lithium fluoride and
barium fluoride powders and pulverized 99.9-percent lanthanum fluoride crys-
tals. The 1Ag03 cell feed contained less than 0.1 percent total impurities.
Spectrographic analysis showed less than 0.01 percent rare earths other than
lanthanum. Microscopic examination of the lanthanum oxide indicated the fol-
lowing particle size distribution: 1 to 2 microns, 60 percent; 2 to 3 microns,
20 percent; 3 to 4 microns, 10 percent; and 4 to 8 microns, 10 percent.



The electrolyte constituents and Laa03 were thoroughly dried by heating
at 600° C and by purging with helium gas prior to charging the cell.

The 60-weight-percent LaF3, 27-percent LiF, and 13-percent BaF? solvent-
phase electrolyte had a melting point of 750° C, a specific gravity of 3.2
from 950° to 1,050° C, and dissolved 2.3 percent las03 in the operating
temperature range (4).

Examination of frozen electrolyte, after completion of electrowinning
runs, indicated the presence of two distinct layers. A sharp dividing line
between the two layers was located about one-fourth inch below the ends of the
electrodes. The lanthanum metal nodules were contained in the lower layer;
the bottom part of this layer served as a skull, thus preventing molten lan-
thanum from contacting the graphite bath container or crucible. The upper
layer of the frozen bath was a white, vesicular material. The lower layer was



a light to dark-gray material containing numerous yellow translucent crystals
and some minute globules of lanthanum metal. X-ray diffraction analysis of
samples from both parts of the frozen bath showed LaF3, I™OF, LiF, and BaFO .

Samples taken from frozen baths, after electrolysis, were analyzed for
lanthanum, lithium, barium, fluorine, and oxygen by X-ray, chemical, and inert-
atmosphere fusion techniques. The reported analytical values for oxygen con-
tents are given as La™03 . This compound, however, was not identified in the
frozen bath. Also, as the analyses showed total oxygen content, no differen-
tiation between dissolved and undissolved La, 03 was made. Table 1 shows
values for laF3, LiF, BaFg, and calculated for a bath from a typical
run (LE-19).

TABLE 1. - Composition of the frozen electrolyte from
lanthanum electrowinning run LE-19

Frozen Distribution, Compounds, weight-percentl
electrolyte weight-percent LaF3 LiF BaFa
Upper layer...__.__. 33.2 56.4 25.0 12.3 6.4
Lower layer....... 66.8 53.7 16.0 8.2 21.0
Composite...... 100.0 55.0 19.1 9.6 16.3

1Calculated from analytical values for La, Li, Ba, 0, and F.
A sample was scooped from the upper part of a molten electrolyte during
typical electrowinning conditions and was analyzed. The following values were

calculated from elemental analyses:

Weight-percent

i*f3 ... - 52.1

LiF._.... — 28.9

BaF ..... — 14.3

La Og ---- ——- 5.0
Because only 2.3 percent is soluble in the electrolyte, the analytical
data indicate that some of the is in suspension even in the upper layer

and also that the excess tends to settle to the bottom and becomes part of the
skull.

Cell Operation

An inert atmosphere was obtained in the cell box by pumping and Ffilling
with helium gas prior to loading the bath into the graphite cell and meltdown.
The quality of the atmosphere was assured by using a gas master to compare the
thermal conductivity of the cell atmosphere to that of high-purity tank helium.

Melting of the electrolyte was accomplished by passing alternating cur-
rent through a graphite resistor submerged between the anodes in the powdered
electrolyte. When sufficient electrolyte was melted to carry the current, the
graphite resistor was removed and alternating-current melting continued until
the temperature of the molten electrolyte was 950° to 960° C. When meltdown
was completed, sufficient Laa03 powder was added and stirred into the



electrolyte to bring the bath content to approximately 15 percent I17C~. Even
though this amount of 1”203 is several times the solubility of the oxide in
the electrolyte, it was necessary to have an excess of oxide to form a skull
and also to have material available to prevent depletion of the oxide from the
bath during the anode reaction. Lanthanum oxide was then added continuously
to the electrolyte at a rate of about 3 to 5 grams per minute during the elec-
trolysis. After the run which lasted from 3 to 5 hours was completed, the
electrolyte was allowed to cool to ambient temperature before the crucible was
removed from the chamber. The contents were broken to recover the lanthanum
metal nodules and to examine the frozen electrolyte.

Samples of the cell-box atmosphere were taken at 20-minute intervals
during electrolysis for analysis by the Orsat method. Electrolyte and cell-
bottom temperatures were taken by using platinum versus platinum-rhodium
thermocouples.

In the initial investigations, triagonal electrode arrangements consist-
ing of three vertical 1-inch-diameter carbon anodes and three vertical 0.2-
inch-diameter molybdenum cathodes were used. This was the same electrode
arrangement that was used successfully for electrowinning liquid cerium (2.
The direct current power that this cell would carry was insufficient to main-
tain an electrolyte temperature high enough for the deposition of molten lan-
thanum. Experiments were made using a carbon-resistor ring to supply auxil-
iary internal heating. The best results with this arrangement were obtained
using one 1l-inch-diameter carbon rod anode and one 0.4-inch-diameter molybde-
num rod cathode inside a 0.25-inch-thick by 0.875-inch-wide carbon-resistor
ring suspended by two graphite alternating-current conductor rods. Three
hundred and seventy grams of lanthanum metal, of which one nodule weighed 170
grams, were prepared in this cell in 4 hours. During electrolysis, the bath
temperature ranged from 960° to 1,060° C, the average direct current power
was 0.40 kilowatt (80 amperes and 5 volts), and the alternating current power
was 3.5 kilowatts at 11 volts.

Marked improvement in the operation of the electrowinning cells was
obtained by using alternating current across the anodes, which served as the
auxiliary source of heat to maintain the requisite temperature. A typical
cell, shown in figure 2, was used successfully to prepare high-purity liquid
lanthanum metal .

The data in table 2 were obtained from a typical lanthanum electrowinning
run in which alternating current was imposed across the anodes. As compared
with the previous runs, these data show a marked increase in the amount of
direct current that could be passed through the cell without creating anode
effect.

LANTHANUM METAL ANALYSES
A high degree of coalescence of the metal product was attained in the

imposed alternating current cell, and in most runs individual nodules, weigh-
ing 200 to 400 grams, represented over 90 percent of the lanthanum prepared.



Table 3 shows the
values obtained by analysis
of various lanthanum metal
nodules. Spectrochenmical,
polarographic, inert-atmos-
phere fusion, and wet chemi-
cal analytical techniques
were used.

Carbon and oxygen were
the major impurities of the
deposited metal. Nodules
surrounded by bath contained
as little as 0.003 percent
carbon, whereas those nod-
ules that contacted the
graphite crucible had from
1 to 3 percent carbon.

Molybdenum, silicon,
and lithium impurities were
each usually less than 0.01
percent. The molybdenum
cathode was the source of
molybdenum contamination;
the silicon impurity was
from the foamed silica cru-
cible cover. Microscopic
examination showed that most
lanthanum nodules contained
small amounts of inter-
spersed bath, a possible
source of the lithium
impurity.

DISCUSSION OF RESULTS

A lanthanum electro-
winning cell was operated in
which alternating current

FIGURE 2. - Imposed Alternating Current Cel for was imposed to the two

Electrowinning Lanthanum. anodes, and directcurrent
was imposed to one anode and

the cathode. Withthis
arrangement 150 to 160 direct-current amperes were, sustained. When a carbon
resistor arrangement was used to supply auxiliary heat, direct currents of 75
to 80 amperes were the highest that could be obtained without anode effect.

In electrowinning experiments with imposed alternating current, small
arcs were noted between the electrolyte and the anodes. Corresponding with
this arcing were momentary conditions of high voltage and low amperage on



direct current and alternating current. These conditions increased in inten-
sity and duration with the depletion of the 1ap03 content of the electrolyte.
At higher Lap03 concentrations the rate of production of lanthanum metal was
increased. Cathode current efficiencies, however, did not appear to be
affected by the amount of La 03 present.

TABLE 2. - Operational data of a typical run with imposed alternating current
Operational parameter Numerical
value
I”"s03 added to fluoride bath prior to electrolysis....... g 1,320
lap03 added during electrolysis... ... .. ... ... ... ......... g 886
Average direct-current amperesS..........ceeocemmaamnnnnnn oo amp 159
Average direct-current volts. .. ... ... ... ... ... ____.... Y
Average alternating current amperes...........oooooooooann ... amp 149
Average alternating current volts..... . ... ... ......... ... __...... Vv 17
Initial anode current density (direct current)l .......... . .amp/cm3 6.2
Cathode current density (direct current)......_._.__.._........ ....do. 1.5
Initial anode current density (alternating current)...... . .do 1.4
Average electrolyte temperature. ... ... ... oo mmmmnnnn .. °C 946
Average cell bottom temperature......... ... .. ociiiunnann ... °C 711
Duration of electrolysis. ... ... e e e hr 3
lanthanum metal recovered3 ...... ... .. ... ... . ..oia.o. g 451
Current efficiency.. ... .. .. . .. . ... L. pet 57
Metal recoveryd ... ... it e eeeee e oo pet 60
Direct current power consumed..._............. ,-kw-hr/7lb of lanthanum 5.8
Alternating current power consumed. ......ccecoecaaaann- do. 7.6
CO iIn cell box at end of ruN. .. ... e e e e e e e e eeeas .mole-pet 1.4
C02 in cell box at end of run. ...do. 7.

1Calculated using the average amperage for the run and the starting electrode
surface area.

30ne nodule weighed 410 grams.
3Metal recovery based on l1ao03 added during electrolysis.

TABLE 3. - Analyses of lanthanum metal nodules

Run Total rare earths Elements, weight-percent
other than La Al Ba Ca Cu Fe Li Mg
LE-9__ 0.04 0.007 <0.01 <0.0009 0.002 0.0017 0.010 0.015
LE-10... .04 .00 < .01 .0009 .0004 .004 .016 .015
LE-13. .. -004 .0007 < .01 .007 .001 .004 .030 .001
LE-15. .. .04 .0007 < .01 .001 .0003 .0038 .014 .002
LE-17... .01 .001 .005 -002 .005 .002 .001 .o01
Run Total rare earths Elements, weight-percent Total
other than la Mn Mo Si C 0 N impurities
LE-9 0.04 <0.0008 0.006 0.03 0.01 0.04 <0.002 0.18
LE-10. .. .04 < .0008 .019 .01 .03 .04 < .002 .19
LE-13. .. .004 .002 .008 .003 .016 .02 < .002 A1
LE-15. .. .04 .001 .0010 .01 .06 .008 < .002 .15
LE-17. .. .01 .001 .005 .01 .003 .015 < .002 .06



In individual electrowinning runs, approximately equal and even corro-
sion was noted on the parts of both carbon anodes that had been immersed in
the molten electrolyte. No anode corrosion above the molten electrolyte level
was evident. The graphite thermocouple protection tube was not corroded.

The role played by the alternating current in overcoming anode effect as
well as the optimum direct current to alternating current ratio for this pur-
pose have not been determined. A study of this effect is projected in a
larger cell with sufficient direct current wattage to maintain the requisite

bath temperature.

CONCLUSIONS

Molten lanthanum metal, 99.8 percent, was electrowon from lanthanum oxide
dissolved in a fluoride electrolyte in an internally heated cell. Requisite
auxiliary heat was supplied to this cell and anode effect was minimized by
imposing alternating current on the anodes.
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