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Abstract: The electrical conductivity and density of the low-melting CaCl,-NaCl-AL,O; systems at 550°C~800°C ranges
were respectively measured by the Continuously Varying Cell Constant Technique, ac-techniques and Archimedes
method. The materials were applied as the electrolyte for the direct electrochemical reduction solid ALO; at 550°C
~800°C. The materials were composed of 71wt.%~87wt.%CaCl, (corresponding NaCl), NaCl and AL, Os;(without and
saturated). The results showed that additive ALO; decreased the electrical conductivity of the materials, and resulted in
the increase of activation energy of conductance. The functional relationship between the electrical conductivity and
temperature was linear, and conformed to the Arrhenius equation. Increasing the CaCl, content decreased the electrical
conductivity of the materials, but the density was increased. Increasing the CaCl,, the decrease scope of the electrical
conductivity was small and the increase trend of the density was slowed down, the influence of increasing the content of
CaCl, in systems on the direct electrochemical reduction solid Al,O3 process is smaller. The temperature was a decisive
factor on the electrical conductivity of the electrolytes and electrolysis process.
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1. INTRODUCTION

It has been over a century since the establishment of the
fundamentals of the Hall-Héroult process in electrolytic
aluminium. The dissolved alumina is electrolyzed in the
molten electrolytes. Cryolite is the dominant electrolyte
material because of its unique capacity as a solvent for
alumina. However, the cell temperatures always ranging
between 940°C and 980°C because of the high melting point
of cryolite. A lot of energy (15000kWh/t Al) and excellent
carbon materials (500kg/t Al) are consumed [1-3].

It is always a hot point to seek a new low energy
consumption method of aluminium production. Seeking the
low melting point electrolyte materials is one of the most
active researches for low temperature aluminium electrolysis. It
can improve current efficiency, reduce anode carbon
consumption and may also increase cathode life.
Additionally, it can enhance the prospects for the developm

ent and introduction of inert anodes. Researchers have spent
many years for this effort [4-8]. Unfortunately, it brings the
problems of lower alumina solubility, electrolyte conducti-
vity, and density differential between metal and electrolyte
in any application. A solid cryolite ‘crust’ formed on the
cathode surface when the molecular ratios and temperature
of the electrolytes are decreased, which shows that little
progress has been done in the present.
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The recent development of a process for obtaining metals
and alloys by direct electrochemical reduction of their
respective oxides in CaCl, base fused salt electrolytes has
stimulated significant scientific and industrial interest.
Researchers have successfully prepared metals such as Ti,
Si, Cr and so on [9-20]. In this case, it is not essential for the
solid oxide to have high solubility in the molten salts
because the solid oxides are not dissolved in the molten salt
as ionic state, instead being used as the cathode to be directly
reduced electrochemically. Therefore, there are more
possibilities to choose low-melting electrolyte, which can
make aluminium electrolysis at low temperatures feasible.
Based on the previous work [21] measuring the electrical
conductivity and density of the low-melting CaCl,-NaCl-
ALO; electrolytes offer data to low temperature direct
electrochemical reducing solid AL,O; in this paper.

2. EXPERIMENTAL

Materials.—Graphite (big crucible for fusing salts and
electrolysis experiments : outer diameter 190mm, inner
diameter 150mm, height 120mm, depth 100mm; small
crucible for measuring density: outer diameter 60mm, inner
diameter 50mm, height 100mm, depth 90mm; conductivity
cell for measuring electrical conductivity: shown in Fig. (2)
were purchased from Sinosteel Shanghai Advanced Graphite
Materials Co. Ltd. Anhydrous CaCl,(AR), NaCI(AR) and
ALO; (AR) powders were supplied by Tianjin Kermel
Chemical Reagent Co. Ltd., Al-Mg alloy was obtained by
mixing the metallic AI(90wt.%) and Mg.

All chemicals were dried at 400°C. All of graphitic
products were dried at 150°C. Quantifying, mixing and
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filling of the chemical materials were carried in a glove box
with argon (99.996%).
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Fig. (1). Measurement equipment. 1 measuring temperature
thermocouple, 2 furnace, 3 double whorl silicon-carbon tube, 4 inlet
gas, 5 firebrick lid. 6 firebrick, 7 controlling temperature
thermocouple, 8 auto-lift clutch.

Electrical Conductivity and Density Measurement
Equipment

A vertical furnace belonged to a compound measurement
equipment was shown in Fig. (1), it was compose of a
program control temperature instrument (+£0.5°C), a heating
conductor of double helix silicon carbon, Pt-PtIORh
thermocouple; a program control lifter (£0.01mm); and an
electronic balance (£1mg))

Melts Preparation

The mixed salts were contained with a big graphite crucible.
At the highest experimental temperature, the mixed salts were
melted in a sealed reactor and were stirred by a stirrer with a
corundum top (40 r/min) to accelerate the ALO; dissolution.
After stirring, the upper liquid of the melt was dumped into the
measurement container. Then the container was placed in the
vertical furnace. The graphite crucible contained surplus salts
were replaced in the sealed reactor and temperature was
steadied at the mnext experimental temperature. All
measurements were controlled at Ar gas atmosphere (99.996%).

Electrical Conductivity

The measurement of the electrical conductivity was
based on the CVCC technique and ac-techniques with a sine
wave signal with small amplitude at a high frequency range
[22-27]. Fig. (2) Was the cell which consisted of a graphite
cover with a corundum tube 7 of inner diameter 5Smm, outer
diameter 6mm and length 100mm, a graphite crucible 9 of
outer diameter 53 mm and height 120mm, which was used as
one electrode. A tungsten rod 2, enclosed in a corundum tube
3 using high temperature resistant cement was the other
electrode, which was fixed by the fixed arm. The length of
cell was changed automatically by lifting and descending the
vertical laboratory furnace.

A PGSTAT302N and a BOOSTER 20A were employed
to measure the cell impedance. The amplitude was 10 mV,
the frequency was varied from 100 Hz to 100 kHz, and 31
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readings were taken within this range. A personal computer
was used for controlling PGSTAT302N and BOOSTER 20A
and to collect the data by Frequency Response Analysis
software.

] ———>

Fig. (2). Cross-section of the conductivity cell. 1 thermocouple, 2
tungsten electrode, 3,7 corundum tube, 4 thermocouple tube, 5
stainless steel contact rod, 6 graphite cover, 8 melt, 9 graphite
crucible.

Density

The density was measured by Archimedes method [28].
The hammer and the thin chain for suspending hammer were
metallic molybdenum materials. The measurements were
carried out in the compound measurement equipment

Direct Electrochemical Reduction Solid Al,O3

Put dried CaCl, and NaCl(mol ratio 1: 1) into graphite
crucible. As shown in Fig. (3) the solid ALO; powders were
formed into the cathode by molding, and sintered at 1500°C)
and anode was installed and was inserted into molten salt.
The reactor was sealed and then the pre-treatment to the
mixed salts below its melting point was carried out, which is
to further deprive H,O and O,, followed by heating the
mixed salt to melt. During this process, argon was injected to
avoid oxidation. Afterwards, the pre-electrolysis was carried
under the decomposing voltage of Al,O;, which is to
minimize the impact of the impurities.

After pre-electrolysis, the voltage was increased to
constant 3.2V, until the current was kept around 0.1x107A.
The sketch of cell was showed in Fig. (3). Fig. (3a) was used
under 650°C and Fig. (3b) was used over 700°C. After the
electrolysis process, the cathode was taken out and then the
metal and salt were separated by fusion.

RESULTS AND DISCUSSION
Electrical Conductivity

The electrical conductivity data in the molten system can
be described by a simple equation of the Arrhenius type:



Low-Melting CaCl,-NaCl-Al,0; Electrolyte

-+ —

1———»

(a)

The Open Materials Science Journal, 2011, Volume 5 85

1 4
3
— 6

(b)

Fig. (3). Sketch of cell. (a) 1,4 wire, 2 graphite crucible, 3 graphite, 5 Al,O5; (b) 1,4 wire, 2 graphite, 3 graphite crucible, 5 ALO;, 6 Al-Mg

alloy.

k=koexp(-Ea/RT) (a)

where « is the electrical conductivity in S/cm; ko is the
coefficient related to chemical composition of melt; E, is the
activation energy of conductance, in J/mol; T is the
temperature of the melt, in K; R is the universal gas constant,
8.314 J/(mol.K).

The logarithm form of Eq. (a) is

Ink=Ink0-Ea/RT (b)
when Ink0=A, -Ea/R=B
then Ink=A+B/T (o)

The cross-sectional area, A of the tube-type cell was
known in molten CaCl, whose electrical conductivity was
2.02 at 800°C [29]., that is A=0.14 cm”.

The Systems CaClL-NaCl and CaClL-NaCl-ALO;

The melt was composed of 71wt.%CaCl, and
29wt.%NaCl. The melt with saturated alumina was also
used. The operating temperature ranged from 550°C to
750°C.

Fig. (4) shows the plots of the experimental conductivity
data (each point represents an average value 6 runs) as a
function of temperature. The functional relationship is linear,
which conforms to the Arrhenius equation, dedicate that the
particles of both systems are in ionic state. The electrical
conductivity of system (2) lower than that of the system (1),
shows that the addition of alumina lowers the electrical
conductivity of the electrolyte.

The solid lines in Fig. (4) represent Eq. (c), the
parameters A and B of this equation are given in Table 1.
The activation energy of conductance of the system (2) has
higher electrical conductivity than that of the system (1).
However, the difference between both cases is small.
Addition of alumina increases the activation energy of
conductance in both cases; however, the influence is small.
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Fig. (4). Electrical conductivity of the CaCl,-NaCl-Al,O; systems
as a function of temperature. The compositions: (1) 71wt.%CaCl,,
29wt.%NaCl, (2) same melt plus alumina(saturated). Symbols:
experimental data, fitting lines: Eq. (c).

The Systems CaClL-NaCl-ALO;

The melts with saturated alumina were used. The content
of the CaClwt.% (corresponding NaCl) in the melts were
(1)74%, (2)77%, (3)82%. The operating temperature ranged
from 600°C to 800°C.

Fig. (5) shows plots of the experimental conductivity data
(each point represents an average value 6 runs) as a function
of temperature. The functional relationship is linear, which
conforms to the Arrhenius equation. With the increase of the
CaCl, content, the electrical conductivity correspondingly
lowers in three cases. However, the differences between
them are small, especially in both systems (2) and (3). The
results are due to following several reasons. Firstly, the
sodium chloride does not react with the calcium chloride to
form compounds. Secondly, the crystal of sodium chloride is
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Table 1. The Parameters A and B of the Eq (c) for the CaCl,-NaCl-AlL,O; Systems
e Ink=A+B/T
CaCl Sl\?sgll;l 9% Al(i(lhtolve E./(J.mol™) Temperature Range /°C
aCl-NaCl/(wt.%) 20 A B Related Coefficient of Fitting
71-29 0 3.1683+0.0521 | -2523+48 0.99946 20975 550-750
71-29 saturated 3.1135+0.0229 | -2540+21 0.9999 21117 550-750

typically ionic structure, however, that of calcium chloride is
a transition structure between ionic structure and molecular
structure. When they are fused, Sodium chloride has the
ability to entirely decompose to form the simple Na" and CI,
however, calcium chloride should be decomposed with two
steps:
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Fig. (5). Electrical conductivity of the CaCl,-NaCl-Al,O; systems
with the saturated AL, O; as a function of temperature. The
compositions: (1) 74wt.%CaCly, 26wt.%NaCl, (2) 77wt.%CaCl,,

23wt.%NaCl, (3) 82wt.%CaCl,, 18wt.%NaCl.  Symbols:
experimental data, fitting lines: Eq. (c).

CaCl,— CaCl'+CI (d)
CaCl'-Ca*™+CI (e)

The step (d) is relatively thorough, however step (e) is
carried partially. Thirdly the solubility of the oxides is lower
in the chlorides, the influence of additive alumina on systems
is small. The cationic conductives are mainly Na" and a few
of Ca*" in the melts. In three systems, the concentrations of
Na' are gradually decreased with the increase of CaCl,
content. The decrease of Na' results in the decrease of the
electrical conductivity. However, the increase of CaCl,
moves the balance of the step (e) to right, the Ca’" are
increased. The increased Ca’’ prevent the cationic
conductive from large amplitude decrease. So the decreased

amplitude of electrical conductivity of three melts is small.

The solid lines in Fig. (5) represent Eq. (c), the
parameters A and B of this equation are given in Table 2.
The activation energy of conductance is reduced with the
increase of CaCl, content in the melts. The reasons are
following: the volume of Ca®" are bigger than that of Na',
the increase of Ca*"content enlarges the motion space of Na
in the melt. Therefore, the activation energy of conductance
of the systems is decreased.

Density of the Systems CaCL-NaCl-ALO;

The volume of the hammer was known in molten CaCl,
whg)se density was 2.05g/cm’ at 800°C [30], that is V=2.36
cm’.

Fig. (6) shows plots of the density data (each point
represents an average value 6 runs) as a function of CaCl,
concentration in systems at three temperatures. The
functional relationship is nonlinear. The density of the melts
correspondingly increased with the increase of CaCl, content
in the melts, however the trend is slow down. The density of
the system a) at 550°C, 600°C and the system b) at 600°C
are presented in Table 2.
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Fig. (6). Density of the CaCl,-NaCl-Al,O; systems as a function of
the CaCl, concentrations at three temperatures: (1) 650°C, (2)
700°C , (3)750°C .

Table2. The Parametres A and B of the Eq (c) for the CaCl,-NaCl-AL,O; Systems (Al,O; Saturated)
Ink=A+B/T .
System CaCl,-NaCl/(wt.%) E,/(J.mol") Temperature Range /C
A B Related Coefficient of Fitting
74-26 3.0576+0.1326 -2493+125 0.99749 20729 600-750
77-23 2.8229+0.0183 -2296+18 0.99994 19086 650-800
82-18 2.7706+0.0113 -2267+£11 0.99998 18851 650-800
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Fig. (7) shows the relationship between current and time
during electrolysis in the CaCl,-NaCIl-Al,0; (71wt.%CaCl,,
29wt.%NaCl) system at 550°C and 600°C. The currents
gradually down with the time extended, but it is very evident
that the electrolytic current at 600°Cis bigger than that at
550°C. The results indicate that the temperature of the
molten electrolyte system seriously affect on the direct
electrochemical reduction solid AlL,O; process. Fig. (8)
shows the relationship between current and time during
electrolysis in different CaCl,-NaCl-Al,O; systems at 800°C.
The currents are still gradually lower with the time extended,
but the change between them is very small. The results
indicate that the influence of the CaCl, content in the molten
electrolyte on the direct electrochemical reduction solid
AlLO5 process was smaller. It can be found that the number
of currents in Fig. (8) are bigger than that of Fig. (7). it
further indicates that the molten electrolyte temperature is
relatively an important factor.
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Fig. (7). Current/time curves of electrolysis at 550°C and 600°C.
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Fig. (8). Current/time curves of electrolysis at 800°Cin different
CaCl,-NaCl-Al,O3 systems.

The cross-section photos of electrolytic Al,05 cathode at
800°Cshowed in Fig. (9) the metallic luster can be saw. The
XRD analysis result is shown in Fig. (10). The metallic Al
phase character is detected.
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Fig. (9). The cross-section photo of electrolytic ALO; cathode
under the microscope (10 x).
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Fig. (10). XRD of electrolytic Al,O5 cathode.
3. CONCLUSIONS

Additive Al,0; lowedered the electrical conductivity of
the CaCl,-NaCl-AL,O5 systems, and resulted in the increase
of the activation energy of conductance of the system. In
experimental ranges, the functional relationship between the
electrical conductivity and the temperature was linear, and
conformed to the Arrhenius equation. Increasing the CaCl,
content, the electrical conductivity of the systems was lowed,
and the density was increased. The electrolysis experimental
results indicated that the molten CaCl,-NaCl-Al,O3 can be
used as the electrolyte for direct electrochemical reducing
alumina. The temperature was a decisive factor on the
electrical conductivity of the electrolyte and directly and
electrochemically reducing alumina in it.
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