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Abstract

Pyrochemical processes using molten salts provide a unique opportunity for the extraction
and refining of many reactive and valuable metals either directly from the beneficiated
ore or from other process effluent that contain reactive metal compounds. This research
program is aimed at developing a process for the production and recovery of reactive and
valuable metals, such as zinc, tin, lead, bismuth and silver, in a hybrid reactor combining
electrolytic production of the calcium reductant and insitu utilization of this reductant for
pyrochemical reduction of the metal compounds, such as halide or oxides. The process
is equally suitable for producing other low melting metals, such as cadmium and
antimony. The cell is typically operated below 1000 °C temperature. Attempts have been
made to produce silver, lead, bismuth, tin and cerium by calciothermic reduction in a
molten salt media. In a separate effort, calcium has been produced by an electrolytic
dissociation of lime in a calcium chloride medium. The most important characteristic of
the hybrid technology is its ability to produce metals under "zero-waste" conditions.

A DR

segceived by nST

#

=

L=

N0V 2 7 1900

MASTER

A
P R R I B N e B TR ST 2 T E T BN S N St S AR S S RS S el
DIGTRGUTION OF THIB OCUNLNT I UNLINTTED




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Introduction

The high temperature carbothermic or metallothermic smelting reduction methods for
metal production are associated with the generation of significant quantity of waste as
slags, effluent salts etc. Certain hydrometallurgical processes also generate lots of waste
due to the inherent nature of the technique. These methods also cause substantial
environmental hazard. There is a need to develop alternative processes which have low
waste or ideally a "zero-waste" generation. The proposed scheme for producing metals is
primarily aimed at complete recycling of process waste. It is also anticipated that the
suggested scheme will provide a low cost production method, since the reductant are
electrolytically generated.

Direct oxide reduction [DOR], molten salt extraction [MSE], electrorefining [ER] and salt
scrub [SS] reduction are some of the pyrochemical processes that use molten salt medium
in the production and purification of certain actinide metals. Various salt mixtures of
chlorides with additions of fluorides are used as the media which generates a considerable
amount of contaminated waste that has to be processed before recycling or disposal.
Direct oxide reduction produces calcium oxide saturated calcium chloride salts as a
contaminated by-product of the calciothermic reduction of actinide oxide. Molten salt
extraction process is used to separate actinide metals in a molten calcium chloride
medium by treating the metals with a reagent. The residue salt from MSE process consists
of primarily calcium chloride with some other metal chlorides, contaminated with actinide
chlorides in significant quantities. The metal produced by DOR process is electrorefined
in a molten calcium chloride medium using a molten impure metal anode. The effluent
salt from ER process contains actinide chloride mixed calcium chloride. Salt scrub
reduction is applied to recover the metallic value from the effluent salts of MSE and ER
processes and to render the salts reusable. A strong reductant is used to reduce the
metallic chlorides in SS process. Since calcium chloride is the primary constituent of the
salt, these processes typically operate in the temperature range of 850° - 950°C.

A number of research studies have been initiated to prepare a waste-minimization
strategy (1-6). Non-radioactive surrogates have been used to study the pyrochemical
behavior of actinide (7). This work describes two aspects of the overall waste-reduction
program: (a) electrolytic recovery of calcium metal from the DOR process effluent salt
comprising calcium oxide and calcium chloride and (b) pyrochemical recovery of reactive
and valuable metals by calciothermic reduction of metal halide/oxides by the salt scrub
reduction process. This work also suggests the use of electrolytically recovered calcium
as the insitu reductant in a hybrid reactor combining (a) and (b) processes. Past
experiences in calcium generation through molten salt electrolysis have been
comprehensively discussed (2,3).

There are several advantages of the suggested hybrid process. The process ideally
produces ’zero’ waste and the metals can be recovered from inexpensive oxides/chlorides
without the need for an expensive reductant. Oxygen, carbon dioxide and chlorine gases
are the only process effluent which can be easily contained. Operational costs include
graphite anode and electric power only besides the recyclable salt. The process is also
amenable to alloy production directly by incorporating co-reduction of respective oxides.

Chemical Principles

The principles are similar to the Hall Cell for aluminum production but the aluminum
process is essentially restricted by the solubility of alumina in cryolite. A molten flux
electrolyte consisting of commercial grade calcium chloride and ten wt. pct. [20 at. pct.]
calcium oxide, with additions of potassium and sodium chlorides for lowering the melting
point, density and viscosity of the salt, has been used at 825-900°C temperature. The
oxide is electrolytically dissociated on a graphite anode and steel cathode:



CaO = Ca®* + O (1

Ca’* +2e =Ca [on cathode] (2)
O *=0,+2¢€ [on anode] 3)
C + O, = CO,t [on anode] “4)

Calcium has 4-6 at. pct. solubility in the salt depending on the composition and
temperature (8). Therefore, the deposited calcium metal is initially dissolved in the salt
and is subsequently depos1ted on the cathode. Calcium has a very low density [1.55 g/cc;
melting point 805 °C] and the liquid deposited calcium floats up along the cathode on the
salt [approx. density; 2.0 g/cc]. The dissolved, as well as the deposited calcium metal can
be used insitu to reduce another metal oxide:

M, O, +yCa =xM| +yCaO &)

However, if the metal exists as a chloride or has been converted to a chloride form,
calcium oxide will not be required in the cell. Calcium chloride could be dissociated [NaCl
and KCI are more stable than CaCl,] by a similar scheme as the equations (1-3),
producing chlorine gas on the anode and using calcium according to the following
equation:

M, Cl, +y Ca =x M} +y CaCl (6)

Thus, besides the collected metal, M, the only by-product of the entire process is the
anodically generated gases, viz. oxygen and carbon dioxide. The other product of calcium
oxide (Equation 5) or calcium chloride (Equation 6) will be further dissociated
electrolytically (Equation 1), thus forming a closed cycle. The metal, M, could
theoretically be any metal, since calcium oxide is one of the most stable oxides and,
therefore, calcium can reduce most other metals, including actinide, lanthanides,
refractory metals, rare earths and various other reactive and precious metals such as, lead,
silver, tin, bismuth, etc. However, the following restrictions would apply:

[1] Metal M should be insoluble in the salt.

[2] Metal M should not alloy with calcium.

[3] A solid deposit of M will form if its melting point is higher than the cell temperature,
e.g. silver, neodymium, silicon, titanium, etc.

[4] Metal M will settle at the bottom if its density is greater than 2 g/cc.

[5] Liquid metal pool can be deposned for low melting metals, thus the process could be
continuous. .

Zinc, lead, tin, bismuth and silver are all insoluble in calcium chloride and do not alloy
with calcium to any appreciable extent. Silver is the only metal which will deposit as a
solid, thus making the process batch-type (unless the cell temperature is raised over 960
C). All the metals are significantly denser than the salt and will, therefore, settle in the
bottom and can be tapped-out. Table I lists the melting point, boiling point and density
of the metals relevant to the study and Table II lists the melting and boiling points,
density, standard free energy of formation and dissociation potential at 850°C. Calcium
chloride and calcium oxide are very stable compared with other compounds.

The behavior of calcium electrowinning cell and the parameters relating to metal halide
and oxide reduction with calcium will be discussed in this work. A schematic hybrid cell
design has been developed which will allow both, electrowinning and thermal reduction.
The features of this cell have been described.



Table III - Cell Operating Data Calcium Electrowinning Trials.

Electrolyte  CaCl,, 0-5 wt. pct. CaO

Cell Parameter Figure (1)

atmosphere:
crucible:
operating temp.:
current:

voltage:

time:

Anode

material:
size, cm:

active area:
current density:

Cathode

material:

size, cm:

active area:
current density:

argon
MgO
825-900°C
5-15 A
525V
variable

graphite

12.7 mm dia

x 305 mm long
11.4-26.6 cm?
2.3-8.8 KAm?

high purity iron
273 x 152 mm

0.0173-0.0312m?
0.40-1.44KA.m™

(-)ve pole ——>|

anodic gases _
to scrubber

cell cap —> ]

le— (+)ve pole

llé———T anode cap

to scrubber 4—42)]——:

anode

:% argon in

anode sheath

holder

holder

MgQO crucible

half—inch diam.

steel cathode

graphite anode

low—density MgO

~

anode sheath

Figure 1: Schematic diagram of the cell showing the arrangement
for 13 mm diameter anode rod and 50 mm diameter sheath.



Table I: Physical Properties of Relevant Metals

METAL Ca Ag Pb Sn Zn Cd Bi Ce Sb
MELTING 838 [961 |[327 |232 |420 [321 |[271 |795 |e631
POINT,°C
BOILING 1440 | 2210 | 1725 | 2270 | 906 | 765 | 1560 | 3468 | 1380
POINT,°C
DENSITY, g/ec 155 | 105 | 114 |73 |s91 | 865 |98 |667 | 662

Table II: Physical Properties of Relevant Metal Compounds
COMPOUND | MELTING | BOILING | DENSITY | -AG°* | DISSOC.*

POINT,°C POINT,°C | glec kcal/mol | POTENTIAL, V
CaO 2614 2850 3.32 127 2.63
CaCl, 782 >1600 2.15 149.6 3.10
NaCl 801 1413 2.165 73.9 3.06
KCl 772 1500 1.98 78 3.23
Ag,0 2300 | eeeeee- 7.44 85 | -
AgCl 455 1550 5.56 18.65 0.77
PbCl, 501 950 6.0 50 1.04
PbO 886 1610 9.53 26 0.54
SnO, 1630 | s 1.28 85 0.881
SnCl, 247 650 3.64 55* 1.14%
ZnO 1975 | - 5.61 57 1.18
ZnCl, 283 732 2.91 73* 1.513*
CdO 1430 | eeeeeee 8.15 27.5 0.57
Sb,0, 656 1550 567 |- |
* dissociates; + at 600°C; # at 850°C
Experimental

Calcium Electrowinning

Figure 1 shows the schematic diagram of the electrowinning cell used for calcium
recovery. The distinctive feature of this cell is the ceramic diaphragm shown around the
anode. This sheath is required to prevent the anodic carbon and the gases from mixing
with the catholyte and lowering the cell efficiency. It is also required to keep the
deposited calcium away from the anodic gases. Table III lists the various process
parameters used in the experiments.

Five wt. pct. calcium oxide was dissolved in calcium chloride at 900°C in a magnesia
crucible. A ceramic sheath with variable porosity was inserted in the molten salt and the
salt was allowed to infiltrate into the sheath. The sheath essentially worked as the anolyte



compartment. The initial level of oxygen concentration (calculated from the measured
calcium oxide content)was measured. A known weight of salt-mix is dissolved in water and
titrated against hydrochloric acid. The basic oxide content is derived from the titrated acid
volume. The dc current was applied to the cell and the anodic gas composition was
monitored for the evolution of chlorine. The current was interrupted once an appreciable
level of chlorine was detected in the anodic gas. The bleaching action of chlorine was
used to indicate its presence. Intermediate and final levels of oxygen were recorded by
the titration method as a function of time. The cell was held at a set temperature and
oxygen ions were allowed to diffuse in and replenish the anolyte. The replenishment was
also monitored as a function of time at a given temperature. Once the concentration of
oxygen levelled off, current was reapplied and calcium was electrowon. This sequence
was continued for three to four times at different temperatures and sheath porosity. The
data was analyzed to obtain a diffusion coefficient as a function of temperature for a
given porosity. Equivalent amount of calcium was dissolved in the catholyte.

Reduction of Metal compounds

As separate experiments, silver, lead, bismuth, tin and cerium chlorides were reduced by
calcium. In these experiments, 1000 g of calcium chloride was mixed with 1 mole of metal
chloride in an alumina crucible and heated until molten. Since calcium chloride is the final
salt product after reduction, temperature was maintained at 875°C to keep the salt fluid.
An alloy consisting of a reducing agent (calcium) and an alloying agent (gallium),
produced by mixing, pressing and sintering the metal-powders, was introduced in the
molten condition. The salt was held at temperature for two hours and slow cooled. The
salt and metal products were analyzed using SEM-EDAX technique to quantify the
constituents and XRD technique to identify the phases. The alloying agent was used to
enhance the metal recovery. The efficiency of the intermetallic alloy, Ca-17 wt. pct. Ga,
as a reductant and the effect of gallium on salt clean-up was studied. Any metal oxide
present was also reduced by the alloy. The following chemical reaction occurred:

MeCl,, + xCaGay = xCaCl, + MeGa,, @)
MeO, + xCaGa, = MeGa, + xCaO (8)

Table IV: Range of Variables Studied in Metal Chloride Reduction Experiments

PARAMETERS QUANTITY
1. Calcium chloride, g 500, 1000
2. Metal chloride, mole/1000 g CaCl, 0.75, 1.00, 1.25
3. Calcium metal, % over stoichiometry 20, 30, 40
4. Stirring rate, rpm 50, 200
5. Holding time, h 2,4, 8
6. Reduction temperature, °C 850-975

The final composition of the product metal alloy was aimed at 20 at. pct. gallium. A
higher temperature of 975°C was chosen for silver chloride reduction to obtain a molten
silver-gallium alloy product. As the experiments involved heating the reactants to the
desired temperature, allowing sufficient time for reduction and cooling down to ambient
temperature, a systematic study was conducted with selected variables. The heating and
cooling rates were essentially dependent upon the type of ceramic container used.



Alumina crucibles allowed up to 200°C/hour heating and cooling rates, whereas magnesia
crucibles had to be heated at a much lower rate (approx. 100°C/hour) to prevent failure.
Table IV shows the range of variables used to optimize the metal recovery in salt-scrub
process.

The experiments were done in an argon inert atmosphere. 0.75 inch diameter pellets of
calcium-gallium were used. The heating and cooling rates were held constant at 200°
C/hour for alumina crucibles. The reactants were stirred with a tantalum stirrer at the
reaction temperature. Temperature was continuously monitored as a function of time.
Stirring time was held constant for 30 minutes, in’experiments where stirring was used.
The sequence of introducing various reactants was also used as a variable.

Results and Discussion

Calcium Electrowinning

It was determined that the primary difficulty in obtaining a cathodic calcium deposit is
due to the use of graphite anode and the evolution of carbonaceous anodic gases. These
gases encourage various back-reactions in the cell through which the deposited calcium
is lost (4). However, very few metals lend themselves as electrode materials in a molten
chloride salt without corroding severely and, therefore, in this work a novel technique of
incorporating a porous ceramic anode-sheath was adopted. The surface area, volume and
porosity of the sheath were found to be the critical parameters in controlling the rate of
electrowinning. Figure 2 shows that it is possible to electroreduce calcium oxide almost
completely before calcium chloride can dissociate under the operating conditions. The
rates of calcium deposition and oxygen evolution are given by the following equations (5):

Te, = 52x10%ej o C, (9)
fgy, = 26x10%ei, 0 A, (10)

where, r., and r, are the rates in moles/sec for calcium deposition and oxygen evolution,
respectively, i, and i, are the cathodic and anodic current densities and C,, and A,, are
the cathode and anode areas, respectively.

The applied potential of the cell, E,, can be represented as:

E.pp. = EcatEoat e 102 IRyrop™ + IR grop™ ™" (11)

appl.
where E., + Eg, = E,® + E %2 + 0.029 log Q at 950°C cell temperature and 7¢, and
Mo, are the cathodic and anodic over-potentials. The IR drops due to electrolyte and
ceramic sheath directly influence the cell potential. For a dissociation reaction with
graphite anode (activity of carbon = 1):

2Ca0 + C = 2Ca + CO, . (12)

and at a cell temperature of 950°C, E°® + E°%? = 1.62 volts and Q = (a¢, ® Pco2” /
[Ca®*] o [O%]).

The rate of flow of ions through the sheath has a major influence on the cell
potential, since it determines the values of IRy, """ and Q. The activity of calcium ions
is assumed as unity, since both the oxide and chloride electrolyte provide the source for
calcium ions. The activity of calcium metal is determined by the solubility of the metal in
the salt which is found to be 2 - 4 wt. pct., depending on the oxide content and the cell
temperature. Beyond the solubility limit of calcium in the salt, the metal will have an
activity of unity. The constitutive constant, Q, depends on the flow of oxygen ions through
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Figure 3: Oxygen ion concentration in the anolyte
as a function of time

the sheath and the efficiency of removal of oxygen or carbon dioxide gas from the anode
and is a function of time. It was found that the rate of oxygen ion replenishment in the
sheath is the rate controlling step.

A simple model, based on Fick’s first law, was applied to calculate the diffusion
coefficient of the porous ceramic sheath. Experiments were conducted as a function of
temperature. Five wt. pct. calcium oxide was used as the starting concentration, Cp, for



electrowinning which has been assumed constant in the bulk catholyte. The electrolysis
was terminated when the concentration of oxide in the anolyte reached a minimum value,
Cpinr The minimum level was ascertained by the initiation of chlorine evolution at the
anode. Once the current was interrupted, the oxide concentration, C,, was monitored as
a function of time till the rate of ’back-fill’ was too slow and the concentration driving
force diminished. An average compositional driving force, C, between a small time
interval, t, was used to calculate the diffusion coefficient, D. According to Fick’s first law:

Ce~ Chin DV 7
R —L — t 13

where C; = [(C,+C,;)/2 -Cg], V is the volume of molten anolyte, A is the surface area
of the sheath, f is the fraction of porosity and & is the thickness of the sheath. Figure 3
shows a plot of [C-C,;,)/C; versus time and the slope of the line is used to calculate
diffusion coefficient D at different temperatures. Table V shows the values for V, A, §,
temperature, Cg, C,., and the diffusion coefficient. The use of Fick’s first law is valid only
as a first approximation as the driving force changes constantly with time. The
measurement of C, is made in the bulk anolyte which is assumed to be same as the

concentration at the inner sheath surface, ie. C,, = Cj,.

The optimization of porosity is essential since large porosity adversely affects the
mechanical integrity of the sheath. However, small porosity levels of the sheath make the
transport extremely difficult. Table V shows that the diffusion coefficients are typical for
ions in molten salts. Since one has to wait for oxygen transport, the transport through the
sheath is the rate controlling process. The sheath size, geometry and porosity must be
optimized to achieve a calcium winning electrolytic cell.

Table V: Diffusion coefficient of ceramic sheath

Parameter 825°C 850°C 875°C

Anolyte volume, cm® 98.54 83.76 113.32
Sheath surface area, cm? 104.19 90.89 117.49
Porosity, pct. 30 30 30
Sheath thickness, cm 0.3302 0.3302 0.3302
Bulk conc., wt. % CaO 5.0 5.0 5.0
Min. conc. wt. % CaO 0.12 0.56 0.20
Diff. cocff., cm¥/scc 4.2x10° 8.2x10°¢ 8.16x10¢

Reduction of Metal compounds

Figure 4 shows the two types of metal-gallium alloy depositions. Cerium and bismuth
chloride reductions do not offer a metallic button since cerium and bismuth do not
separate from the salt as they form a colloidal suspension. However, silver, lead and tin
show a clean separation from the salt. In these cases, a metallic button is obtained. In
the experiments conducted with cerium chloride, a black salt layer consisting of cerium
metal, gallium, cerium oxy-chloride and calcium chloride was obtained. Although a
consolidation of the metal occurs, a complete separation was not achieved. However, the
roles of calcium and gallium become evident in terms of their reducing and alloying
abilities, respectively. The white salt layer contained very low cerium or gallium metal
concentration (Figure 4) and all the excess calcium was dissolved in calcium chloride.
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Figure 4: Analysis of salt-scrub reduction products.

Silver chloride reduction with calcium is found to be successful as silver separates
completely from the salt phase after alloying with gallium. However, silver has a relatively
higher melting point than other metals, such as tin, lead, zinc, etc. which requires a
reduction temperature of over 975°C and causes experimental difficulties. Lead chloride
does allow a lower reduction temperature, but it does not alloy with gallium. Lead also
drops out from the salt as a clean metallic button separately from gallium.

30-40 percent excess calcium is required for the reduction. Stirring has no influence on
the metal recovery. The effluent salt from the reduction experiments is primarily calcium
chloride and can be discarded or recycled. The calcium-gallium alloy makes the process
of metal recovery and waste mitigation very effective and eliminates a major
contaminated waste-disposal problem.

Hybrid Process

The technique applied for calcium deposition has been optimized as a combination of two
steps; (STEP A)—> electrowinning to a desired low level of oxygen ion concentration
within the anolyte and (STEP B)— holding for a known length of time for oxygen ion
diffusion through the sheath. The technology for calcium oxide dissociation and recovery
of calcium has thus been developed. The reduction of lead, tin, bismuth and silver
compounds by calcium in a calcium chloride salt medium has also been investigated as
a preliminary evaluation of the concept. The hybrid process is a combination which
essentially addresses the issue of utilization of cathodically deposited calcium as an insitu
reductant for another metal compound. Figure 5 shows a schematic reactor design which
will allow the two processes to be combined into one.
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Figure 5: Schematic diagram of a hybrid reactor for electrowinning
and metal oxide reduction

The reduction of metal compound can be accomplished by following two different
schemes:

(A

[B]

M,O, soluble in CaCl,-CaO salt system: In this case, the reactive metal oxide will
be introduced into the reactor through the charge hopper, during the period
(STEP B) where the current supply is turned off and oxygen ions are diffusing
through the sheath. Calcium reduction will occur during this period and metal, M
will settle in the reactor bottom.

M, O insoluble in CaCl,-CaQ salt system: In this case, the metal oxide can be
introduced at any stage (STEP A and/or STEP B) through the hopper in the
catholyte compartment depending on the level of calcium dissolved in the salt. The
metal, M will also settle in the reactor bottom. It is important to introduce the
metal oxides after a delay, since sufficient calcium must exist in the system for the
reaction with oxides.

The process could be conducted under a cover of nitrogen gas in the electrowinning and
reduction chamber, since the metals are not exposed to high temperature atmosphere and
are always contained within the salt phase.

Conclusions

Calcium can be electrolytically produced by dissociating calcium oxide in a molten calcium
chloride electrolyte. A porous ceramic diaphragm around the anode is essential for
separating the anolyte and catholyte to be able to cathodically deposit calcium. The cell
temperature, fluidity of salt and porosity of the sheath are critical in recovering calcium.




Iomc diffusion through the sheath is the rate controlling step. A diffusion coefficient in
the range of 10 to 10 cm?/sec is obtained for a thirty percent porous alumina sheath
for cell temperatures between 800° and 900°C.

Silver, tin, lead and bismuth can be produced by pyrochemical reduction of their
respective chlorides with calcium in a calcium chloride medium. Introduction of a getter
metal, such as gallium, enhances the metal recovery.

A hybrid process is suggested consisting of electrowinning calcium from calcium oxide and
insitu utilization of calcium as a reductant within the same reactor.
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