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A subsequent report will describe similar research being performed on
fluoride electrolytes.
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ABSTRAGT

Molten salt electrolysis, a very energy-intensive process, is used
in the extraction of light metals. Aluminum production by the Hall
process and magnesium production in. the Dow and I.G. Farbenindustrie
cells constitute the major commercial applications of metal electro-
winning from molten-salt media at present. The energy input into the
electrolysis cell is in the form of direct current, and the energy
efficiencies in the magnesium or aluminum processes are only in the 30
to 40% range. Major energy reductions are achieved by reducing the cell
voltage or by increasing the current efficiency.

The ultimate goal of the research is the identification of the
sources of the current losses occurring in molten salt electrolysis,
using a spectroelectrochemical techniqua which is the combination of
spectroscopy and electrochemistry. However, this combined technique has
been applied to the molten salt systems so recently that the available
data or experimental techniques were quite few. With the intention of
building experimental data and techniques, this research worked on the
systems of I.G. magnesium chloride and Alcoa smelting aluminum chloride
processes, which are industrially important and have been known to be
relatively easy to handle. Raman spectroscopy was used in this
research as a spectroscopic means, because it has been known as one of
the most powerful tools for identifying complexes in molten salts.

Raman spectra were measured and analyzed for each component or
their mixtures of the electrolyte for magnesium and aluminum reduction
in chloride melts. Raman measurements were also. conducted on the melts
of industrial composition for aluminum and magnesium electrolysis. In
laboratory-scale cells which imitated industrial practice, Raman spectra
were measured in situ during electrolysis in attempts to identify the
streamers, coloration of electrolyte, and any subvalent species. They
were known to occur only during electrolysis, and they have been
reported to be possible current losses. Cyclic voltammetry was
conducted as an electroanalytical technique to obtain information about
the generation of subvalent species which were not detected by Raman
measurement. These were thought to be kinetic entities present only
during electrolysis..



Results of Raman spectroscopy and electrochemistry of magnesium and
aluminum reduction from molten chloride bath are presented. All the
results would be of importance in themselves, but more importantly, the
results and skills developed during this research would be useful to
establish the basis for the study of the more complex, but industrially
more significant process, electrolysis of aluminum from molten fluoride

media.
Thesis Supervisor: Prof. Donald R. Sadoway

Title: Associate Professor of Materials Engineering
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3
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T=700°C. Area: 0.173 cmz.

A plot of the cathodic peak current vs (scan rate)1/2 for the
reduction of Al3+ at silver electrode. AlCl3 content:

1.5 wt.% in the molten LiCl-NaCl melt in the weight ratio of
40:50, T=700°C. Area: 0.18 cmz‘
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1. INTRODUCTION

Molten salt electfolysis, a very energy-intensive process, is used
in the extraction of light metals. Molten (or fused) salts are a class
of liquids generally characterized by high ionic conductivities and
melting points much higher than room temperature. The high electrical
condﬁctivity of molten salts is a major fac;or in making this class of
liquids an attractive medium for electrowinning, particularly of those

electropositive metals that cannot be deposited from aqueous solutions.

Aluminum production by the Hall process and magnesium production
in the Dow and I.G. Farbenindustrie cells constitute the major commer-
cial applications of metal electrowinning from molten-salt media at
present. The production of primary aluminum and magnesium has been
estimated to have consumed 2.8 percent of the total generated electric
power in the United States during the year 1984.[1] It is somewhat
ironic that the least dense structural metals, which can reduce energy
consumption when used as materials ot construction in transportation
vehicles, are the most energy-intensive metals to produce. Therefore,
efforts are being made in these extraction processes to decrease net

energy utilization.

The electrolytic production of magnesium accounts for about 70% of
the total magnesium production in Western World.[2] Magnesium
production by the electrolytic processes requires 15 - 18 kWh per
kilogram of Mg metal. The current efficiency of I.G. Farben anhydrous

process is 80 - 90% and that of Dow partially hydrous process is



14

75 - 80%.[2] The only commercial way of extracting aluminum is the
Hall-Heroult process. Aluminum production requires not less than
12 kWh/kg of Al metal in recent industries, with a current efficiency of

exceeding 90%.[3’4]

The energy input into the electrolysis cell is in the form of
direct current, and the energy efficiencies in the magnesium or aluminum
processes are only in the 30 to 40% range. The energy efficiency is

defined as
Energy Efficiency = Voltage Efficiency x Current Efficiency
where

Decuwposition voltage
Voltage Efficiency = —
Actual cell voltage

Charge used in forming product
Current Efficiency =

Total charge delivered by power supply

Major energy reductions are achieved by reducing the cell voltage or by
increasing the current efficiency. Many sources of current inefficiency

in the molten salt processes have been reported.

As major sources of the current losses during electrolysis of

molten salts, the following have been reported.[s-gl
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1. The back-reaction between the deposited metal and the gas
liberated at the anode.

2. Simultaneous discharge of other metal ions.

3. The reaction of the deposited metal with the impurities
contained in the electrolyte or with the products of
simultaneous electrochemical side-reaction.

4. Redox reaction due to the multiplicity of valence of the

metal ion in the electrolyte melt.

It has also been reported that the current inefficiency may be
associated with the occurrence of "metal fog" (or streamers) and
coloration of the normally transparent electrolytes during electrolysis.

]

During magnesium electrolysis, Komura et al.[lo observed that the

degree of the dispersion of Mg into the melts was 18 times as much as

the true solubility. A brown cloud was also observed[ll'l%]

with the
on-set of electrolysis of magnesium chloride containing melt, which
disappeared after some time. It was assumed that this phenomenon was
also due to the dispersed magnesium which are probably formed by
electrolysis. Ishikawa[lj] reported that, during electrolysis of AlCl3
in equimolar mixture of NaCl-KCl, a yellow coloration was observed
starting in the vicinity of the anode and spreading to the entire melt.
The color was found to fade with discontinuation of electrolysis. ‘These
streamer formation and coloration phenomena might be indirectly linked
to the current inefficiency, for example, through the recombination

reaction.[lal
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Even though much work has been done to increase current efficien-
cy, the natures of the metal fog and the coloration of the electrolytes
have not yet been identified. No work has been reported on the study of
multivalent species occurring during magnesium or aluminum electrolysis

in molten chloride baths.

It was the intention of this research to study these issues using
a spectroelectrochemical technique which is the combination of spectro-
scopy and electrochemistry. In this technique, spectroscopy is used as
a probe to observe the electrochemical phenomena which occur in the
sélution undergoing electrolysis, and therefore, spectral and electro-
chemical information can be obtained simultaneously. As spectroscopic
method, Raman spectroscopy was applied in this research since it is
acknowledged to be the most powerful means for the study of coordinated

115,16

ionic species. Raman spectroscopy involves only visible radia-
tion, and has the potential to study a wide range of electrolyte systems

over an extensive frequency range.

In the past, electrochemists have relied on the data derived from
conventional measurement of current, potential, and charge to provide
information about the structure of the electrode/electrolyte interphase,
and on the mechanism and kinetics of electrode processes. Such intorma-
tion is necessarily indirect, and thus, spectroelectrochemical tech-
niques have been increasingly applied in this area of investigation,
because this combined technique can yield simultaneous spectral and
electrochemical information which may help in identifying and obtaining

kinetic reaction intermediates, and also deriving structural data.
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Thé spectroelectrochemical technique has been applied to molten
salt systems so recently that few data or experimental techniques are
available. For a successful application, as many data and experimental
techniques as possible have to be accumulated first. Therefore, the
purpose of this spectroelectrochemical study was to establish the basis
for future work on the fluoride-based systems, which are commercially
importaﬁt, but very difficult to handle. From a practical point of
view, the study had to begin with the less corrosive systems that still
have the occurrences causing the current inefficiency mentioned above.
Thus, for the present study, the I.G. magnesium process and Alcoa

smelting aluminum chloride process were selected.

The reasons for selecting the I.G. Farben magnesium process for
this research were:(a) this system is easy to handle because the
electrolyte for the magnesium electrolysis does not react with fused
quartz container and is molten at a relatively low temperature (650°C);
(b) cthe electrochemical reactivins in this anhydrous magncsium chloride
process are less complex than in the hydrous MgC12 process (Dow
process); and (c) the formation of the metal fog at the cathode and
coloration of the electrolyte during electrolysis have been reported,

but not identified.[ll’lzl

The Alcoa Smelting Process (electrolysis of A1C13-NaCl-LiC1) was
selected, because these chloride-based systems can be contained in a
fused quartz cell and are molten at a relatively low temperatures, as in

the case of the anhydrous magnesium process. More importantly, the
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effect of multiple valency on the electrodeposition might be studied
from this system, because it has been assumed that aluminum exists in
the alkali chloride melts as both Al3+ and a subvalent form thought to

be Al+.[l7-19]

The possibility of the formation of univalent aluminuwm ion follows

2

from the structure ot the valence electron shell of its atom, where 3s
and 3p1 - electrons are found. In this case, the effect of the inert
pair of s-electrons with antiparallel spins for elimination is
manifested, in accord with which the first ianization potential provas
substantially smaller than the second and third (574.4, 1799.9 and
2784 .4 kJ/g-atom, respectively).[IS] In chloride melts, Al3+ has been
reported to coordinate with four chloride ions to form tetrachloro-
aluminate complex AlCli, which can be readily identified in the

(20 25)

vibrational spectrum of the melt. Electrolysis of A1C13-bearing

melts favors the formation of sﬁbvalent species,[ZG] whose coordination
has not been cited in the literature. But its vibrational spectrum
would be identifiably different from Fhat of AlCl&. Thus, by studying
the AlCl3 system, the researcher expected to obtain direct information

on the nature of the chemical species present and on their interactions.

No Raman spectra have been reported for the magnesium or aluminum
chloride systems undergoing eleétrolysis. For a successful spectro-
electrochemical study, therefore, the research begén with thorough
investigation of the basic components of the electrolytes for aluminum
and magnesium electrolysis. Raman spectra were measured and analyzed

for each electrolyte component and their mixtures. Raman measurements
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were conducted on the melts of industrial composition for aluminum and
magnesium electrolysis. Raman spectra were measured in siﬁu;during
electrolysis in attempts to identify the streamers, coloration of
electrolyte, and any subvalent species. Cyclic voltammetry was
conducted as an electroanalytical technique to obtain information about
the generation pf new subvalent species which were not detected by Raman
measurement. These are thought to be kinetic entities present only

during electrolysis.
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2. LITERATURE

In spectroelectrochemical techniques, the combination of spectro-
scopy and electrochemistry, spectral measurements of the solution
adjacent to the electrode are made simultaneously with electrochemical
reaction. Here, spectroscopy is used as a probe to observe the electro-
chemical phenomena which occur in the solution undergeing electrolysis.
This combined analytical technique has been developed recently,[27] and
thus, most previous work has been conducted either spectroscopically or
electrochemically. Raman spectroscopy has been'widely applied to molten

! 8
salt systems as a spectroscopic technique.[2 ]

Most work has been conducted to measure Raman spectra of molten
MgC12 or AlCl3 in alkali or alkalinec carth metal chloride melts.
However, the purpose was to determine the structure of molten salts and
to understand the principles which explain the structure and behavior of
molten salts, and thus, the spectra have been measured in the absence of

an applied electric field.

[29]

Balasubrahmanyam" reported in 1966 Raman spectra of molten

MgCl, at 730°C, a mixture of 50 mol.% MgCl, and KCl at 525°C and a

2 2

mixture of 33 mol.$%, MgClz and KC1 at 475°C. These spectra were

measured with mercury arc radiation. Later, however, Raman spectra of

(30,31]

molten MgCl, werc obtained using laser radiation, and refined

2

Raman spectra were reported for magnesium chloride - alkali metal

chloride systems at various compositions (MgCl2 + nACl where n = 0 - 4,
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(32]

and A = Cs, K, Na, Li). It has been established that magnesium does

not exist as a discrete cation in chloride melts, but in the form of

tetrachloro complex, MgClZ-.

Raman spectra for AlCl3 system were measured also to determine the

ionic structure, as in the case of MgClz. Since AlCl3 sublimes without

melting, Raman spectra of pure molten AlCl3 cannot be measured under

normal conditions. (AlCl, sublimes at a low temperature of 182°C.) Most

3
of work has been done, therefore, with KCl or NaCl, but not with both,

and usually higher AlCl3 content than our concern.[20'33-36] As in the

case of magnesium chloride systems, aluminum has been reported to exist

in the form of chlorocomplexes, predominantly AlCl&, in chloride melts.

The electrochemical reduction of Mg2+ from alkali chloride and/or

[37-40]

alkaline earth chloride melts have been studied. It has been

established that the reduction process is diffusion controlled. During

electrolysis, melt coloration and metal fogging have also been observed,

(11-12]

. . . e . . +
without identification of their nature. Subvalent forms of Al

and/or Al2+ have been suggested from the electrochemical study of AlCl
[41-43]

3

in the alkali chloride melts. Metal fogging and coloration of

the melt have also been observed during electrolysis of A1C13-containing

melC.{13’26}

However, the nature of metal fogging, coloration and the
complexes of these lower oxidation states has by no means been

confirmed.

It can be said that these spectroscopic and electrochemical

studies presented an almost clear picture of the coordination behavior
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of magnesium and aluminum in their chloride - alkali chloride melts.
However, Raman spectra or electrochemical studies of MgCl2 and AlCl3 at
their industrial composition have not been reported, nor have they not

been combined with each other.
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3. ELECTROLYSIS OF HgCl2 AND AlCl3 IN INDUSTRY

3.1 I.G. Farben Magnesium Chloride Process

Magnesium, the lightest structural metal, is produced mostly by
the electrolysis of magnesium chloride dissolved in alkali and alkaline
earth metal chlorides using technologies devel?ped by I.G. Farbén;
industrie and Dow Chemical Company. The starting material for electro-
lytic process is some form of an aqueous solution of magnesium chloride.
.Before electrolysis, this material is dehydrated and purified. Because
of the high chemical affinity of water to maghesium chloride, however,
the dehydration is not trivial. Most processes (e.g. I.G. Farben) use
anhydrous magnesium chloride, while one process, Dow Chemical, uses the

partially hydrated compound (15 - 20% water of crystallization).[AAJ

Magnesium is electrowan from a chloride electrolyte which is more
dense than the magnesium metal itself. For this reason, in commercial
magnesium chloride electrolysis ceclls, the cathodes are equipped wirth
;ollection systems that trap the rising metal droplets. The basic cell
design of the I.G. Farben process is shown in Fig. 3.1.[45] The cell

reaction is
Mgclz(liq) = Mg(liq) + Clz(gas).

At 700°C, AG® = 116.07 kcal/mol for this reaction and the standard
reversible potential is -2.52 V. The practical decomposition voltage

varies between 2.60 and 2.85 V, depending on the supporting electrolyte
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[46]

and the operating temperature. Graphite anodes are positioned
between steel cathodes. Magnesium metal should wet the cathode and move
upward along with the electrolyte by gas lift circulation. Cathode tops
are designed to discharge the magnesium into the metal collection zone
effectively. The anodic compartments are always completely sealed for
efficient and economic recovery of chlorine. It is important to prevent
escape of chlorine to the immediate work area and to the atmosphere.
Diaphrégms constructed of refractory materials are immersed into
the electrolyte between each anode and cathode to separate chlorine from
the metal product to prevent the loss of magnesium by their recombina-

tion reaction. Since feed to the cell is anhydrous MgCl,, concentrated

2’
chlorine is evolved at the anodes and can be recovered for chlorination
of magnesium oxide ore. There is no external heating of the cells,

which are insulated with refractory brick and contained in a steel tank.

The composition of the electrolyte is dictated primarily by the
source of MgClz, e.g., sea water or brine, but a wide variation is
possible as long as MgCl2 is held above 10 wt.%. The operating temper-
ature is 740°C. An anode - cathode spacing has to be large enough for
chlorine recovery, which increases cell resistance and thus decreases
current efficiency. Current density is 0.35 - 0.5 A/cm2 and cell
voltage is 5 - 7 V, with a current efficiency of 80 - 90%. Energy

consumption is 15 - 18 kWh/kg of Mg meCal.[5’47]
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3.2 Alcoa Aluminum Chloride Process

Aluminum is extracted primarily by electrolysis of Al in Hall-

2%3
Heroult cells. The source of A1203 is bauxite, which is treated by the
Bayer process. The electrolyte is essentially a solution of aluminum
oxide dissolved in molten cryolite, Na3A1F6. From the consumable carbon
anode, such gaseous products as C02, CO, and fluorides are generated.

In addition, particulates, halocarbons, and polynucleararomatic; are
produced, which may pose hazards to human health and the environment.
Since the melting point of 10 wt.$ A1203 in cryolite is about 960°C, the

Hall cell wmust be operated about 300°C above the melting point of

aluminum (660°C),[4] which may result in energy inefficiency.

In this regard, chloride metallurgy has been particularly attrac-
tive in electrowinning from molten salt supporting electrolytes. The
Aluminum Company of America (Alcoa) developed a process for electro-
winning aluminum primarily from a fused alkali chloride melt, with the
following advantages over the Hall process: (1) The difficulty of
continual adjustment of carbon anodes can be avoided by using non-
consumable gtationary electrodes. (2) The use of non-consumable anodes
allows the employment of bipolar electrodes, which increases cell
throughput. (3) The cell resistance in the chloride cell may be
appreciably less than that in the Hall cell due to the smaller spacing
between the anode and cathéde. (4) No fluoride-bearing gases are
produced at the anode, and the anodic product of fused-chloride electro-
lysis is usually gaseous chlorine, which can be recovered and recycled

for direct chlorination.
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The Alcoa process uses AlCl3 prepared by chlorination of Al1,0

273
which is obtained by the Bayer process. The cell (Fig. 3.2) for
electrolysis is constructed from a steel mantle lined with a thermally-

L [48,49]

insulating, non-conducting refractory materia (The details of

the process have not been disclosed.) The cell reaction is
AlC13(liq) = Al(liq) + 3/2C12(gas).

At 700°C, AG°® = 121.2 kcal/mol for this reaction, and the standard
reversible potential is 1.75 V. The metal is collected in a graphite
compartment at the bottom of the cell, and chlorine is collected for
recycling. Inlets for electrolyte and outlets for products pass through

the 1id lined with a refractory material.

The electrodes which consist of a horizontal anode at the top, a
horizontal cathode at the bottom, and bipolar electrodes in between, are
stacked at a separation of less than 1.3 cm in the cell.[sol Electrons
enter the lower graphite from the cathode bars, pass through the
electrolyte to the next bipolar plate, and finally out the top anode
bars. Aluminum chloride is decomposed to produce aluminum and chlorine
in each coﬁpartment. The operating temperature is 700 * 30°C. The
typical cell composition is 5 wt.$% AlCl3, 53 wt.% NaCl, 42 wc.$ LiCl.
The pumping effect of the chlorine bubbles improves melt circulation and

supplies new electrolyte tc the inter-electrode gap.

Current density is 0.8 - 2.3 A/cm2 and cell voltage is 2.7 V.
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Energy consumption has been reported to be less than 9.5 kWh/kg of Al

metal, which is lower than that of Hall cell process, about 12 kWh/kg of
(3]

Al metal in the latter case.
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4. RAMAN SCATTERING STUDIES

Complex ion formation in molten salt solutions has been a general
concept used to characterize and interpret spectroscopic, kinetic, and
thermodynamic data of a class of strongly interacting mixtures of alkali

halides with polyvalent metal halides.

2-

4 anions from phase

Evidence for the tetrahedral complex, MX
diagram c¢alculations was first noted by Floed and Urues[sl] for the

MgCl, - alkali metal chloride system. The relatively sharp Raman peaks

2
for the MgClz.nAcl melts[29~32’52'54] have suggested that these systems

cannot be treated as simple -ionic liquids, because the Raman intensity

of a purely electrostatic interaction is 10.2 - 10.5 times Qhét of

[55]

covalently linked atoms.

[56-60]

There have heen many reports on thermos=

dynamie [20,29,52,53])

and spectroscopic evidences of the presence
ot complex cntities in mollen salt mixtures ot the type AX-MX, or AX-

&~
MX3, where A is an alkali metal cation, X a halide ion, and M is metal

cation.

During the last two decades, Raman spectroscopy has become a
standard method for structural investigations of molten salts,
particularly for identifying complex ions and other structural entities.

From a Raman study on MgCl -KC1 system, Balasubrahmanyam

(29)

9 and the MgCl2

concluded that the layered structure of solid MgCl, was partly

2

broken up to form Mgclg- units in MgClz, but the addition of KCl to the
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melt led to formation of MgClé and possibly Mgcli-. However,

(52,53,55] 4-
6

MgCl2

later Raman works proposed that MgCl does not exist in

molten MgCl,, and interpreted the spectra in terms of a residual ionic

2 ?
lattice, i.e., a polynuclear complex (MgClz)n. For the Mng.ZKX systems

(X = C1, Br, I), Maroni[53] observed Raman spectra that were in

excellent agreement with the tetrahedral complex MgCIi-. No evidence

for the MgCl3

species was detected.

The Raman study by Brooker[S&] of KzMgCI4 and CszMgClA in the
molten state was strongly in favor of the tetrahedral MgClZ' ion

L [29,52] (31]

proposed by Maroni et a Additional studies on molten MgCl

suggested the presence of discrete polyatomic species, including MgClZ-

2

’

and did not favor the residual ionic lattice model proposed by

l.[32]

Capwell:[BO] Later, Brooker et a concluded that the structure of

the species present in the melts was not related to the structure
present in the solid. It was also found that the network lattice

structures with distorted octahedral coordination of magnesium gave way

to the smaller tetrahedral coordination on fusion. It is generally
accepted that Mgcli_ is the predominant complex ion in the melts of

MgCl, - ACL.

Even though the Al-X bond is largely ionic, aluminum halides do

(61,62]

not melt to form ionized liquid in pure state. However, with

other halogen compound, aluminum halides behave as strong Lewis acids as

(61]

demonstrated by the formation of the anion, AlXL, which makes the

mixture melt highly ionic.
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Chloroaluminate melts may be defined as mixtures of aluminum
chloride and other metal chloride(s). The most investigated chloro-
aluminates are the aluminum chloride - alkali chloride mixtures. The

existence of complex ions in these melts has been reported using an

analysis of thermodynamic properties,[63'6J} via X-ray diffraction

method,[ssl by neutron scattering,[67] and by IR[IG'OG’GQ] and Raman
[21-23,34,56]

spectroscopy.

All the previous Raman works have concentrated on the structural
aspects of solutions of alkali chlorides containing aluminum chloride in
excess of the equimolar compositions. These systems have been used as
molten salt solvents, due to the low melting points, a wide range of
acidities, and high decomposition potentials. There appears to be
little disagreement between the earlier and the more recent studies in
the literature as to the structure of the complexes present in the meltl,
The AlClA tetrahedron has been confirmed as a fundamental structural
unit. Higher complexes, A12C1; and A13Clio, have also been identified
in melts with mole fraction of AlCl3 larger than 0.5, but they are not

believed to be of importance in the composition range studied in this

research.

There have been no reports on Raman spectrum of a melt of
composition resembling that of the industrial electrolyte. No Raman
spectra have been me;sured during electrolysis of the systems mentioned
above, either. Each component or their mixtures of the'MgCl2 or AlCl3
electrolyte were investigated in detail by Raman measurement: Raman

spectra were also measured in the systems of MgCl, and AlCl3 in their

2



supporting electrolytes, primarily during electrolysis.

4.1 Fundamentals of Raman Spectroscopy

When monochromatic radiation of certain frequency is incident on
systems like dust-free transparent gases and liquids, or optically
transparent solids, most of beam is transmitted unchanged in its
frequency even with some scattering.(Fig. 4.1) However, the analysis of
the scattered beam shows a difference in its frequency content: in
addition to the original frequency, several pairs of new frequencies of
the type, v' = vy, * v. The frequency, v, and the wavenumber, v, are
related to each other-by the equation, v = v/c , so they can be used

alternatively. (¢ = speed of light.)

The theory of Raman spectroscopy may be explained by quantum or
classical physics, but the scattering process may also be given a simple
graphical representation of the collision between the incident radiation

and the mnlecular species, as in Fig. 4.2.[701

By the collision with
the incident radiation, the vibrational energy state of the molecule is
raised to a certain high energy level. Most of it returns to the
original energy state due to the elastic collision (Rayleigh scat-
tering). However, by inelastic collision between the molecule and the
radiation, the molecular energy does not return to its original eriergy
state. Instead, the final energy level is higher or lower than the

original state. This inelastic scattering process is called Raman

scattering, and it is shown by peaks in the spectra. These pcakc are
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called Raman peaks.

In the spectra, the Raman peaks are identified by their wavenumber
shift from the incident value. This wavenumber shift is closely
associated with vibration frequency of in the molecular structure. Even
though one molecular structure may have several modes of vibration, all

the vibrations are not active in Raman scattering.

The number of Raman-active vibrational modes depends on the
maolerular structure, For cxample, diatowlc or linear triatomic
molecules have only one, and non-linear triatomic molecules may have

three Raman peaks.

The intensity of Raman peak is given as follows;[71]
KT N (v. - v)O* [ 65a2+7 4%
1 - 18] Q K
¥ {1 - nxp(-hcux/kT)]
where
K. = constant,
Io = intensity of the incident radiation,
N = number of molecules,
Vo = incident wavenumber,
v, = wavenumber shift due to the molecular vibration,
a = mean value of polarizability change during the vibration,

¥ = anisotrcpy of polarizability change during the vibration,
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and others have their usual meanings. According to this equation, the
intensity is proportional to the concentration. This equation .also
shows that the relative intensity ratio is governed by the term,

2

45a” + 772, indicating that the shape of the Raman spectrum of a certain

molecular species would.be the same in any case.

Fig. 4.3 shows the Raman spectra measured in the molten mixture of
25 mol.% AlCl3 - 75 mol.% CsCl. In the figure, the spectrum on the lIL
curve and that on the “IL curve were obtained at two different polariza-
tion st#tes. Here, lIL means that polarization state of the incident
beam (lI) is parallel to the state of the scattered beam at the entrance
slit of the spectrometer (Il), while ”I‘L stands for the perpendicular
states of the two beams. This measurement allows the determination of
the depolarization ratio. The depolarization ratio is given as

follows;[71]

3y

'-'+Su2' + 7 'f2

As we can see, if p = 0 (i.e., v = 0), the vibration is totally
symmetrical, and if p = 0, the vibration is asymmetric. The depolari-
zation ratio may be helpful in identifying species since it can give
information about which peaks are due to symmetric vibration and which

ones are due to asymmetric vibration in the molecular structure.

Consequently, with the wavenumber shift, the number of Raman
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peaks, shape of the peaks, and polarization, Raman spectra may be
considered as a fingerprint of some molecular species, and might be used

for detecting the presence of unknown substances.
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4.2 Experimental
4.2.1 Instrumentation

The schematic diagram of the instrumentation for Raman study is
given in Fig. 4.4. Linearly polarized monochromatic laser beam from
either an Ar+ laser (Coherent Innova 90-4) or a Kr+ laser (Coherent
Innova 90-K), passes the optical instruments, mirrors to change beam
direction and a focusing lens. The orientation of the incident laser
electric vector is varied using a polarization rotator. Plasma lines
from the laser are removed with narrow bandpass interference filters.
The focused beam irradiates the sample in the cell which is held inside
a furnace. (The cell and furnace are described later in detail.)
Electrolysis is conducted galvanostatically or potentiastatically with a
Galvanostat/Potentiostat (EG& PARC, Model 173). The charge passed

during electrolysis is measured by a coulometer (EG&G PARC, Model 179).

Most of the incident beam is transmitted unchanged in its wave-
number and strikes a power meter (Newport Research, Model 185) which
measures the tranamitted laser poweyr. This measurement 1s used as a
reference for the transparency or clarity of the melt. The scattered
beam is focused through a polarization analyzer onto the entrance slit
of the spectrometer by a lens at 90° from the beam propagation
direction, which allows the conventional right-angle scattering

geomectry.
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The spectrometer is a triple monochromator (Spex Industries,
Triplemate 1403). In the spectrometer, the beam is collimated and
dispersed several times and finally focused onto an exit slit of the
spectrometer. At this stage, most of the stray light is eliminated.

The refocused light is again collimated and dispersed on the grating
which can be varied for a different resolution. The final mirror of the
sbectrometer projects a flat image onto the focal plane on the detector,

an intensified silicon photodiode array (EG&G PARC, Model 1420-3).

When photons from the spectrometer strike the detector, electrons
are emitted and multiplied. By this process, the light signal is
converted to the electrical signal. This electrical signal is
amplified, digitized by the detector controller (EG&G PARC, Model 1218),
and finally transmitted as data to cptical multichannel analyzer
(EG&G PARC, OMA, Model 1215) where the data may be manipulated or

stored.

The plane of polarization of the exciting radiation 1s set by a
polarization rotator (l& or '&). The beam then passes horizontally
through the molten sample. The scattered radiation is collected at 90°
and is imaged onto the vertical entrance slit of the spectrometer while

passing through a vertical polarization analyzer (I, always). The

L
spectrometer slit width is 100 pm, eguivalent to -6 om-l. Typically,

the spectra were recorded for approximately 1 minute, corresponding to
200 scans on the OMA, which was calibrated using the emission lines of

neon lamp in the preen. All spcctra were measured using the 514.5 nm

line of argon as exciting radiation, if not specified.
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The scattering geometry was such that a horizontal laser excita-
tion streak was imaged onto the vertical entrance slit of the spectro-
meter. In this configuration, only Raman-scattered radiation can enter

(72]

the monochromator. This is particularly important because it is
obviously undesirable to simultaneously collect any contribution to the
measured spectra associated with the continuum Raman scattering from the
quartz-cell walls. The blackbody radiation from the melt, which can
obscure the low-intensity high-frequency region of the spectra, was

measured at the end of each experimental scan and subsequently sub-

tracted from the raw data.

To reduce the noise which is inherent in all spectroscopic
measurements, Raman spectrum is obtained with many scans'(up to 400),
because the signal-to-noise ratio varies as the square root of the
number of measurements. Signal-to-noise ratio is further enhanced by

[73,74] .

the Savitzky-Golay technique a polynomial approximates local
regions of raw data; then, weighting coefficients are convoluted with
raw data to yield smoothed values. This technique reduccs noise (high
frequency fluctuations) by acting as a mathematical low pass filter.
The Optical Multichannel Analyzer (OMA) ehployed in this research also
has the differentiating function which can aid in pinpointing an

(75]

observed peak.
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4.2.1.1 Furnace

Specimens are heated by a method somewhat different from those

(76)

previously employed in spectroscopic studies. This-is due to the
need to accommodate the laboratory-scale electrolysis cells, which are
quite large compared to spectrocells commonly employed in such works.
Specifically, an electrical resistance tube furnace was designed and
built (Fig. 4.5), which consists of nichrome wire wrapped around a
vertical fused quartz tube, 5.1 cm in diémeter - 30 cm long, contained
in a can backed with aluminosilicate insulating fiber. To permit
irradiation and observation of the sample in the furnace, three sidearm
tubes were connected to the vertical tube to serve as windows. Located
in the same horizontal plane and in a tee configuration, the sidearms
are heated by independently-controlled nichrome windings to maintain a
constant temperat@re in the sampie. This configuration eliminates the

cold-spot on the sample without using shields for the side holes. The

furnace could be used up to 1373 K.

The furnace was calibrated for various temperatures with solid
iron oxide powder before use. The temperature of the level up to 6 cm
from the bottom of the cell did not have any gradient. 1In the real
experiment, the melt did not show any convection due to the thermal

gradient.
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4.2.1.2 Melt container

For the measurement of Raman spectra without electrolysis, the
container was made ﬁy joining a 12 mm square fused quartz tubing to
20 mm dia. round tubing (Fig. 4.6 (a)). This fused quartz cell was
sealed by a 304 stainless steel cap, which had a hole on top for temper-

ature measurement and two ports for gas circulatian.

The electrolysis cell was made of optical grade square fused
quartz tubing, 25 mm on edge, joined to a commercial-grade round tubing
41 mm 0.D. (Fig. 4.6 (b)). A compression fitting made of 304 stainless
steel served as cell cap. It had 4 fittings on the top for cathode,
anode, inert gas inlet, and thermocouple, and a port on the side for gas

outlet.

4.2.2 8alL preparaction

Purification of the melt is extremely important. Impurities can
participate in side reactions which are not representative of electrol-
ysis but which may produce species that may affect the Raman spectro-
scopy or voltammetric studies. The most deleterious substances are
insoluble particulates which scatter the incident laser light and make
spectroscopy difficult, and water, which can react to form a variety of
hydrolysis products. Various procedures have been developed and adopted
to remove these hydrolysis products employing anhydrous hydrogen

chloride or chlorine, wvacuum pre-electrolysis, or a combination of these
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techniques, as suggested in the literature. However, the melts of the
salts prepared by these methods were not satisfactory for this spectro-

electrochemistry work.

This research has developed a different purification procedure
using thionyl chloride (SOC12). The possible reactions of thionyl

chloride with oxides can be thought as follows;

MgO(s) + SOCL, (g) =~ MgCl,(1) + SO,(g)

AG? -31 keal mol'l

973 K

. . ,
A1203(s) + 3SOC12(g) ZA‘C13(1) + 3SOz(g)

o -1
AG973 R -18 kcal mol

These thermodynamic data are not complete; however, the marginally
negative AG°'s were calculated from information in Barin, Knacke, and

Kubaschewski.[77’78]

Anhydrous magnesium chloride was prepared in principle by the

method of Behl and Gaur.[79]

The preparation involves the dehydration
and decomposition of a double salt, ammonium carnallite
(MgClz.NHaCI.GHZO), followed by chlorination of Mg012 with SOClZ.

The double salt is heated and evacuated in a cylindrical fused

quartz vessel at a temperature of 175°C until dehydration is complete
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(about 8 hours). The resulting anhydrous magnesium ammonium chloride is
heated slowly to 340°C (30°C every two hours) to decompose the double
salt and to separate the NHaCl. ThHis treatment is conducted in a long
fused quartz tube (Fig. 4.7). Ammonium chloride vaporizes to deposit on
the cooler upper part of the tube, and magnesium chloride remains in the

bottom of the tube.

After ammonium chloride is removed in the glove box, the remaining
magnesium chluride Is heated to 550°C. At this temperature, higher than

]

that at which all possible water can be removed,[80 argon gas bubbled
through SOCl2 is passed over the salt to remove any remaining oxide,
oxychloride, or moisture for 1 - 2 days. After chlorination, the

magnesium chloride is evacuated at 800°C, just above the melting point.

is taken uvul aud sivred in the glove box for future

The diestillod Mg012

use.

A1C13Jis highly hygroscopic and sublimes at a very low temper-
ature, 182°C, at normal pressure. Analytical grade AlGl3 is used for
the starting material. Before the thionyl chloride treatment, this salt
is pre-purified several times by subliming under vacuum at 170°C. Over
this pre-purified salt, the Ar gas hubbled through SOCl, is passed at
100°C for a day, and then it is sublimed under SOCl2 atmosphere at
150°C. The purpose of SOCl2 treatment is the same as in the case of
MgCl2
180°C.

purification. This salt is finally sublimed under vacuum at

The procedure for the preparation of other salts such as NaCl,



47

KCl, LiCl, and CsCl is simpler than that for MgCl2 or AlCl3 and c§nsists
of following steps: The salt is dried under wvacuum at 150°C, 300°C, and
500°C for 5 hours at each temperature. The Ar gas saturated with SOCl2
is passed over the salt for a long period (1 day) at 550°C. Finally,

they are distilled by subliming at their melting temperature.

Since CaCl2 has a low vapor pressure even at its melting point, it
cannot be sublimed as easily as Mg012 or the other salts. CaCl2 packed
under argon served as starting material. After drying the material
under vacuum at various temperatures (150°C, 300°C,‘and 500°C for

5 hours at each temperature), the Ar gas’bubbled through SOCl2 is- passed

over the CaCl2 for a longer period (3 days). Without distillation, it

is removed and stored in the glove box.

4.2.3 Typical Experiment

The electrolytic cell for experiments is prepared in the following
manner. The fused quartz cell is cleaned with HF and rinsed with
distilled water. After drying in air, the cell is flame-polished to
restore the optical quality of the square part of the cell. 1In the
glove box, salts are charged into the cell and the electrodes and the
cap are installed. The assembled cell is placed in the furnace where

the salts are melted under high purity argon (below 5 ppm of oxygen).

For M5C12 experimeﬁts, the usual melt composition is 11% MgCl,,
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6% CaClz, 65% NaCl, and 18% KCl by weight percent. (This composition is

currently employed in industry.) The melt is almost 3 cm deep. The

temperature is usually maintained at 750°C. The composition for AICl3

experiments is usually 5 wt.% A1C13, 53 wt.% NaCl, and 42 wt.$ LiCl, but
sometimes 10 wt.$% A1C13, 50 wt.% NaCl and 40 wt.% LiCl. The temperature

is measured with a chromel-alumel thermocouple in the melt, and main-

tained at 700°C.

The spcctra are measured in the bulk and on the cathode surface

’

before and during electrolysis using 514.5 nm argon laser radiation.

Typical laser power was in the range of 0.7 - 1.5 W.
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Fig. 4.4 Schematic diagram of Raman instrumentation.
(1) Ar laser; (2) Kr laser; (3) Mirrors;

(4) Polarization rotator; (5) Bandpass filter;
(6) Focusing lenses; (7) Power meter;

(8) Polarization analyzer; (9) Spectrometer;

(10) Detector; (11) Detector controller;

(12) Optical multichannel analyzer; (13) Plotter;

(14) Furnace and melt container
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4.3 Results and Discussion

4.3.1 Raman spectra of melts without electrolysis

4.3.1.1 Melts of MgCl2 and additives

Raman spectra measured for pure molten Mg012 at 740°C show a com-
pletely polarizcd peak at 205 cm-l and a broad depolarizZed band aft ahaut
385 cm-1 (Fig. 4.8). Raman spectra are usually plotted intensity vs
wavenumber shift from the value of the incident radiation. The inten-
sity is scaled arbitrarily, and thus, the relative peak intensity is
important in the Raman spectra. Wavenumber is used in the spectroscopy
more often than wavelength or frequency, and in Raman spectra, wave-
number shift is more important than the absolute value, as described in

earlier sections.

Most spectra were measured at two different polarization states by
rotating the polarization of the incident laser heam, one at the
parallel polarization state of the laser beam to the state of the
scattered beam at the vertical entrance slit orn the spectrometer (IlP,
and the other at the perpendicular state (IJ?' For the upper curve in
Fig. 4.8, the polarization state through the polarization analyzer was
parallel to that of the incident radiation, and for the lower one, it
was perpendicular to that of the incident beam. Peaks at about 90 cm’
are not true Raman peaks, but rather artifacts of the filfer cut-off

which is employed to protect the photodetector from the high intensity
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radiation at the incident frequency. A filter cut-off peak is always
found in the measured Raman spectra unless otherwise specified. The
Raman spectra in this figure have been scaled for comparison and found

to be identical to those of Brooker and Huang.[3l’8l]

- Alkali chlorides were investigated in detail because they are
basic components of the supporting electrolytes for magnesium and
aluminum chlorides electrolysis. Fig. 4.9 - Fig. 4.12 show Raman
spectra of molten LiCl, NaCl, KCl, and CsCl, respectively, measured at
the temperatures specified in each figure. The Raman spectra of the
molten equimolar mixtures of NaCl-KCl and LiCl-NaCl are shown in the
Fig. 4.13 and Fig. 4.14. In the Raman spectra of these alkali.chlorides
or their mixtures, there are no peaks like those seen in Fig. 4.8.
However, Rayleigh shoulders due to the elastic collision between the
radiation and the species are clearly found in the spectra, and thus,
the featureless traces in these figures for the alkali chlorides are

proper Raman spectra_[72,82]

Even though the alkali chlorides do not have any appreciable Raman

peak, the addition of the alkali chloride to MgCl, changes the spectra.

2
Fig. 4.15 shows the Raman spectra of molten mixtures of nMgC12 +
(1-n)CsCl at 800°C (n = mole fraction), which show that the maximum peak
seen in the spectra of molten MgC12 shifts from 205 cm_l to 245 <:m'l
with the increase of CsCl content in the melt. The peak movement may be
explained by considering the difference in the charge densities_(z/rz)

of magnesium and alkali metal ions. Because of the high charge density,

magnesium ion draws chlorine ion from the alkali chloride to form a more
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stable complex ion than that in the pure MgCl2 melt. The stronger Mg-Cl
bond in the complex ion makes the frequency higher, which causes the
peak to shift to higher value in the spectra. Table 1 shows the ion
radii of several elements which are important in this research. The

(83]

values in the table are actually ionic crystal radii, and they may
be different in liquid state. However, the trend is thought to be

correct.

It has been reported that alkali chloride act as a donor of
chlorine ion to magnesium chloride to form tetrahedral complex ion,

MgCIZ-, by the following reaCtion,[31:32]

2AC1 + MgCl, = 2a" + MgCli-
L

In Fig. 4.16 and 4.17, one may observe that the maximum peak dues not
shift any more when CsCl content exceeds 67 mol.%. The reason is
‘thought to be that, above this level, the CsCl content is more than
enough for all MgCl2 to form the complex ions under the above reaction.
This observation strongly supports the tetrahedral complex ion theory.
The tetrahedral complex ion formation is further supported by the fact

that Raman spectra of molten MgCl, - 2CsCl mixture have four peaks at

2
106, 143, 247, and 350 cm-l, and the peak at 247 cm-l is completely
polarized (Fig. 4.18), because these spectra look like those of CCLA, a

[84]

typical tetrahedral-structure molecule, in that there are four Raman
peaks, one of them polarized. Although all the peaks in Fig. 4.18 are

not distinct, it is possible to locate the peaks with techniques of

fitting and differentiating the curves, which are internal functions of
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the microprocessor employed in this research.

Table 4.1 Ionic Radii.of Elements (in A)[83]
Ion Ionic Radius Ion Ionic Radius
Ai3+ 0.50 K 1.33
Li* 0.60 F 1.36
g2t 0.65 cst 1.69
Na® 0.95 c1” 1.81
caZ* 0.99

With the addition of lighter alkali chlorides to ﬁgClz, it was
observed that the maximum peak moves to a slightly lower frequencies,
while the halfwidth of the peak increases considerably over the cation
series Cs' to Lit (Fig. 4.19). This may be again explained by the
charge densities of alkali cations (Fig. 4.20); the small Li+ ion can
compete quite favorably, due to the high charge density, for the
chloride ion, which will weaken the Mg-Cl bond. This is reflected by
the lower frequency in the Raman spectra. In Fig. 4.20, it may be
observed that the wavenumber shift has an almost linear relationship
with the charge density. The symmetric vibration mode of MgCli- will
occur in a greater range of envirommental conditions in the neighborhood

of the smaller Li’ than for the larger cst ions, which could explain the

larger halfwidth for the lithium melt.
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From the above observations, it can be concluded that magnesium
forms stronger complex ion when magnesium chloride is mixed with the
heavier alkali metal chloride. The reason is thought to be that |
magnesium ion can easily draw chlorine ion from the lower charge density
ion. The stronger complex ion formation is reflected by the sharper
peaks and higher wavenumber.shift in the Raman spectra. Temperature
effect on Raman spectra could not be detected over the range cxpcriments

conducted.

The typical industrial composition of the electrolyte for

magnesium electrolysis is 11 wt.% MgCl, - 65 wt.% NaCl - 18 wt.% KCl -

2
6 wt.$% CaClz, and Fig. 21 and 22 show the Raman spectra of the sup-
porting solvent melt only, and the electrolyte at the industrial compo-
sition, réspeccively. The peaks are not distinct in these spectra.
However, since it is known where to look for the peaks from the above
information, it was possible to locate the peaks with aid of the
internal functions of the microprocessor (OMA) employed in this
research. The peaks are at about 107, 142, 249, and 351 cm-l./‘The peak
at 249 cm_l is completely polarized. All these information suggests

2-

that magnesium exists as a tetrahedrally coordinated complex, MgCl4 , in

the electrolyte of industrial composition.
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4.3.1.2 Melts of CaCl2 and with other additives

CaCl2 is one of the major components of the supporting electrolyte
for magnesium eléctrolysis. Since this Raman active chloride is not
electroreduced during electrolysis, it was felt that it could serve as
an internal standard for Raman measurement of MgCl2 concentration in the
cell-bath on-line in real time. The molten CaCl2 and with other addi-

tives were investigated for possible use in this regard.

Fig. 4.23 shows the Raman spectra of pure molt:enyCaCl2 at 800°C.

One sees a broad polarized band between 150 and 200 cm-l which demon-
strates that, just as MgClz, CaCl2 has some tendency to form structural
entities in the pure molten state. The broader band than that of MgCl2
confirms the charge density effect on the spectra because the charge

. 2 2+ 2+ '
density (z/r”) of Ca~ 1is 0.43 times that of Mg~ so that the possi-
bility will be reduced for the formation of strong complex speciles.

These results agree with the earlier measurements.[zs'ss]

Fig. 4.24 shows the Raman spectra of 33 mol.$% CaCl2 - 67 mol.%
CsCl at 840°C. CsCl is a good ligand donor and as such would strongly
promote complex formation, as described earlier. A polarized peak at
190 cm-1 is clearly evident, and other 3 depolarized peaks may also be
found at about 113, 147, and 347 cm-l. Here, the spectra have been
smoothed by means of the Savitzky-Golay technique, which also helps in
identifying peak positions by differentiation of the functional repre-
sentation of the raw data. This result shows far better signal to noise

ratio than that of Sakai et al.[86]
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The strong polarized peak of what is believed to be the CaClz-
complex having been identified, the study turned to solutions of CaCl2
in lighter alkali chlorides and finally in the supporting electrolyte
for magnesium electrolysis. Fig. 4.25 shows the spectrum of 33 mol.%
CaCl2 in KC1. The Raman peak at 190 cm-1 is as evident as in the CsCl
solvent melt. In Fig. 4.26, Raman spectra of 33 mol.% CaCl2 in NaCl
molt show a vecry weak band. Withuut Lhe knowledge from the previnng
solvent melts, one would be tempted to conclude that CaCl2 does not
coordinate in NaCl solveut melt to form Raman active species. These

results clearly show the fact that the stronger complex ion can be

formed with the heavier alkali cation chlorides.

It is instructive to see the effects of the mixed MgCl, - CaCl2

system. The spertrum of pure molton MgCl, has the predomiiaul sharp

2
peak at 205 cm-1 (Fig. 4.8). Fig. 4.27 shows the Raman spectrum of the
equimolar solution of MgCl2 - CaC12. Although it was difficult to prove
quantitatively, this was thought to represent essentially the super-
position of Fig. 4.8 and Fig. 4.28, both in a physical sense and from
the standpoint of data analysis. Here, one can clearly see the addi-
tivity property of Raman spectroscopy. The peaks of pure MgC12 and
CaCl2 at 205 cm-l and 180 cm-l must be deconvoluted and the broad

anomalous Rayleigh shoulder may have to be suppressed in order to derive

quantitative information from these data.
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' 4.3.1.3 Melts of AlCl, with additives
Raman spectra of pure molten AlCl3 cannot be measured under normal

conditions, because AlCl. sublimes without melting at 182°C. In this

3
investigation, therefore, Raman spectra were measured for the molten

mixtures of AlCl3 with alkali chlorides.

The Raman spectra of the melt of 25 mol.% AlCl3 - 75 mols. KC1 at
800°C showed similarity to those of CCla in that four distinct peaks
were observed (at 125, 183, 346, and 483 cm-l) one of which is com-
pletely polarized (at 346 cm-l), but others are not.(Fig. 4.28) As in

the case of MgCl, experiments, most spectra were measured at two

2
different polarization states. The filter cut-off peaks at about
70 cm.1 are not true Raman peaks. Filter cut-off was conducted for the

protection of spectrometer from strong laser beam, and thus, these peaks

are always observed at this location unless .specified otherwise.

Fig. 4.29 shows the Raman spectra of AlCl3 in KC1 melt at several
different compositions. The temperature was maintained at 800°C. KCl
was chosen because it proved a strong chlorine ion donor during the
study of MgCl2 melt. VOne may see that the maximum peak becomes stronger
with AlCl, content. Na change was observed in the peak location within
the composition range concerned. The same phenomenon was observed

during MgCl, experiments, where the maximum peak did not shift any more

2

when the alkali chloride content exceeds 67 mol.%, confirming the

proposed tetrahedral complex ion formation by the reaction of
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2861 + MgCl, = 2a" + MgCli'.
Here, with the observation of four peaks one of which is
polarized, the peaks’ non-shift may again be in conformity with the

reported tetrahedral complex ion formation'reaction,[20'21]

ACL +alcl, =a" + alcl,
because, in the éomposition range concerned, the content of alkali
chloride in the melt has already exceeded the value for all the aluminum

ions to form complex ions under the assumption of the above reaction

equation.

It was felt that the peak height measurement may be used as a
roforonce for the detecrmination of the concentration of AlCl3 bceause
the maximum peak at 346 cm-1 changes its height with the concentration
without change in the location. Even though the peak intensity is
proportional to the concentration only under the identical measuring
conditions, the peak height measurement from the base line of the
spectra was enough to obtain a quick information on the concentration.

A plot of peak intensity vs mole fraction of AlCl, in KCl was drawn from

3
Fig. 4.29 by normalizing the spectra (reference was the intensities at
65 cm-l where no Raman peak was observed for this system), and it is
shown in Fig. 4.30. The peak intensity measured from base line was

drawn in arbitrary scale. 1In Fig. 4.30, one may see that the peak

height is fairly proportional to the concentration of AlCl3 in the melt.
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It might be concluded here that Raman spectroscopy can be used as
reference for measurement of the concentration in the systems like AlCl3

electrolyte.

In the Raman spectra of Fig. 4.31, it can be observed that the
maximum peak is the sharper for the melt with KCl than with NaCl or
LiCl. This observation may again be explained by the lowest charge
density of the K" ion of the three alkali metal ionms, but the difference
in the sharpness or peak location is not as great as observed in the
MgCl2 melts. This phenomenon is again explained by the high charge
density of Al ion. (2.54 times that of Mg2+.) It is also explaingd
qualitatively by the greater tendency of Al to form covalent bond than
Mg. It is well known that aluminum chloride does not form ionic melt
when it is molten, and thus, it sublimes under normal condition.

Because of this property, the strong Raman peaks can Se observed and the
small difference in the charge densities of the alkali metalycatiéns may
not be enough to cause an appreciable difference in the spectra. These

observations are contrary to the Raman measurements by Rytter et

al.[zzl, but agree well with the thermodynamic data.[87’88]

The composition of the supporting electrolyte in the Alcoa
Smelting Process is 45 wt.% LiCl - 55 wt.% NaCl, and Fig. 4.32 shows
Raman spectra of that melt measured at 700°C. There are no appreciable
peaks, as expected. In the Fig. 4.33, Raman spectra are shown for the
melt resembling an industrial composition (10% AlCl3 - 40% LiCl -

50% NaCl by weight) at a temperature of 610°C. These spectra.show four

distinct peaks, at-125, 183, 349, and 483 cm-l. The peak at 349 cm-l is
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polarized. The observation of four peaks, the relative intensities of
the peaks, and the polarization of the strongest peak are characteristic
of the tetrahedral structure which can be found in the Raman spectra of
ccl, .
4
All the observations are in strong conformity with the assumption
that, in the electrolvte of industrial composition, aluminum coordinates
with four chlorine ions to form a tetrahedrally coordinated tetrachloro-

aluminate ion, AlClL, by the following reaction.

ACl + A1C13 - at 4 AlCl;

4.3.1.4 Melts of A1C13 - CsCl

buring the Raman study of AlCl3 in CsCl melt, a new Raman peak was
observed at 247 cm-l for the melt of 10 mol.% AlCl3 - 90 mol.% CsCl.
(Fig. 4.34) This polarization-sensitive peak had not been expected for
this melt because other alkali chloride melts did not show it, or phase
diagram of AlCl3 - CsCl system does not contain any compound or anoma-
lous features in the composition range concerned. No literature on this

phenomenon could be found. Therefore, Raman measurements were conducted

carefully on this system.

In Fig. 4.35, one can see the peak at 247 cm.l becomes as strong

as that at 345 cm'l as AlCl3 content decreases in the CsCl melt. At a
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low concentration of 0.5 mol.% AlCl3 (Fig. 4.35 (c)), this peak is even
stronger than that at 345 cm'l. However, the Raman spectra of 5 mol.%
or less of AlCl3 in KC1l, NaCl, or in LiCl did not show this peak

(Fig. 4.36). As AlCl3 content increases in the melt, the intensity of

the peak at 247 cm.1 becomes weaker. This peak could not be found at

the composition of higher than 25 mol.$% AlCl (Fig. 4.37)

3
Although other analysis techniques may be required to identify the

species for that peak, a rough explanation can be given by comparing

with another system. It has been reported that AlF; is equilibrium with

(89,90]

ALF> in cryolite melt. By the same token, an equilibrium

6
reaction can be imagined between the tetrahedral AlCl; and the
octahedral AlClZ- complexes. This explanation is supported by the |
following observations: 1. For octahedral complex ion to be formed,
chlorine ion has to be more easily obtained from the source than for
tetrahedral complex formation. Here, Cs* ion has the lowest charge
density of the alkali chlorides so that higher chlorine complex can be
formed in this melt. As well, the presence of the large cs’ cations
tend to open up the liquid structure to allow 6 Cl anions to associate.
with a single Al3+ cation. That is thought to be the reason why the
peak at 247 cm-l could not be observed for the mixtures of other lighter
alkali chlorides. 2. As the concentration of CsCl increases in the
mixture melt, the new peak intensity becomes great and at a very high
concentration it is greater than that at 345 cm-l.(Fig. 4.35) As Al3+
ions become less and Cl ions become more,AAl3+ ions are surrounded by
more chloriﬁe ions, and thus, Al3+ jions have the higher chance of

forming higher chlorine complex ion like AlClg-. That may explain why
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the peak at 247 cm-l becomes as strong as the peak at 345 cm-l as AlCl3

concentration decreases.

If one assumes that the octahedral complex forms only at high
dilution in these Cs-rich chloroaluminate melts, then its formation can
lead to loss of power efficiency. The electrodeposition of aluminum
from an octahedral complex requires an additional step to that from a
tetrahedral complex since the octahedral éomplex has‘to be decomposed to
the tetrahedral complex first, This additional mechanistic step for Al
reduction increases the overpotential through activation. Furthermore,
the bigger octahedral complex is less mobile than the-smaller tetra-
hedral complex, resulting in reduced diffusivity. This leads to an

inecrease in concentration overpotential.
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of CaClz, KC1l, and NaCl is 6:18:65. T=770°C.
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Fig. 4.22 Raman spectra of 11 wt.} MgCl2 -
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Fig. 4.23 - Raman spectra of molten CaClz.

T=800°C.

82



Intensity

506 400 300 200 100
Wavenumber shift (cm_1
Fig. 4.24 Raman spectra of 33 mol.j% Ca.Cl2 +

67 mol.% CsCl.

T=840°C.

83



Intensity

e,

A

500

Fig. 4.25

67 mol.% KC1l.

400

Wavenumbher

T=670°C.

300

shift (cm_l)

200

100

Raman spectra of 33 mol.¥% CaCl2

+

84



Intensity

s

500

400 300

200

Wavenumber shift (em~

Fig. 4.26

67 mol.% NaCl.

T=670°C.

1

)

100

Raman spectra of 33 mol.7 CaCl2

+

85



Intensity

500 400 300 200

Fig. 4.27

of MgCl,

Wavenumber shift (Cm_l)

Raman spectra of equimolar

+ CaClz. T=720°C.

molten mixture

86



Intensity

Fig.

500 400 300 200 100
Wavenumber shift (cm-l)

4.28 Raman spectra of 25 mol.% AlCl3 +

75 mol.% KCl. T=800°C.
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Fig. 4.29 Raman spectra of nAlCl3 + (1-n)KC1.
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Fig. 4.31 Raman spectra of 10 mol.} AlCl3 in

different alkali chloride melts. T=800°C.
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Fig. 4.32 Raman spectra of 45 wt.} LiCl + 55 wt.% NaCl.

T=700°C.
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Fig. 4.34 Raman spectra of 10 mol.}¥ AlCl3 in CsCl melt.

T=700°C.

93



Intensity

v

500

Flg- .4.35 (3.)

95 mol.% CsCl.

400 300 200 100

Wavenumber shift (cm_l)
Raman spectra of 5 mol.% AlCl

T=700°C.

3

+

94



Intensity

500

400 300 - - 200 100

Wavenumber shift (em ©)

Fig. 4.35 (b)
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Fig. 4.35 (c¢) Raman spectra of 0.5 mcl.% AlClq +

99.5 mol.% CsCl. T=700°C.
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4.3.2 Raman spectra during electrolysis

4.3.2.1 Melt clarity and Raman spectra

A. Before Electrolysis To see the effect of melt clarity on Raman
spectra, a sequence of experiments was conducted on the electrolyte

melts for aluminum and magnesium electrolysis.

The melts of potassium chluride, suvdiuw chilouride, and the molten
mixtures of the two salts were very clean with high values of trans-
mitted laser power. No appreciable Raman peaks were [ound Lour Lhese

melts, as expected.(Fig. 4.10,11,13)

The transmitted power of the mixture melt of sodium chloride and
potassium chloride was lowered by about 45% with the addition of calcium
chloride which was claimed, by Alfa Praduct, to he 99.99% pure and
packed under argon. For Raman measurements, this salt had to be
purified by the method including thionyl chloride treatment. Because of
the low vapor pressure of CaCl2 even at high temperature, however,

subliming could not be conducted on this salt. At the solid state, an

extended period of SOC1l, treatmeunt was applied to this salt (about

2

3 days at 600°C). The purified CaCl, by this method caused no dropping

2

of laser transmitted power when it was added to the clean mixture of
NaCl and KCl. Raman measurement of the molten mixture of CaClz, KC1,

and NaCl in the weight ratio of 6:18:65 showed no appreciable peaks, as

obscrved earlier in Fig. 4.21.
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Upon addition of magnesium chloride, the Raman lines appeared as
shown in Fig. 4.22, with the same clarity of the supporting electrolyte.
It is believed that this clarity is due to the preparation of salts by
the use of thionyl chloride. It was also learned that, for analytical
measurements, even the salts claimed to be high grade must be purified.
The melt composition was 11 wt.% MgClz, 6 wt.% CaC12, 18 wt.% KCl, and
65 wt.% NaCl. Pre-electrolysis was conducted in this melt at a temper-

ature of 750°C.

Pre-electrolysis was conducted at 1.6 V, which is higher than that
for the decomposition of HZO but lower than that for the electrodeposi-
tion of Mg. The electrodes were glassy carbon (1/8 in. dia.). To
prevent mixing of the deposits with the bulk melt, the cathode was
shrouded by a 3/8 in. dia. fused quartz tubing which was one-end closed
and had 2 holes on the side for melt circulation. The current density
was almost constant at the value of 1.8 mA/cm2 throughout 10-hour long
pre-electrolysis. This constant low current density tells that the
salts prepared in this research by the method described earlier are pure
enough for this Kind of analytical research. During pre-;lectrolysis,
Raman spectrg were measured. t was observed that the MgClZ- peak
became weaker as time passing, with no change in peak position (Fig.

4.38), though the transmittance was almost constant throughout the pre-

electrolysis.

The same sequential experiments were conducted on the electrolyte

melt for aluminum chloride electrolysis. The melts of NaCl, LiCl, and
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the mixtures of NaCl-LiCl and A1C13-NaCl-LiC1 were clean, and for thenm
Raman spectra were meaéured (Fig. 4.9,10,14,32,33). Pre-electrolysis
was conducted on the melt of 5 wt.$% AlCl3 - 42 wt.% LiCl - 53 wt.s% NaCl
at 700°C. The electrodes were 1/8 in. dia. glassy carbon. To prevent
mixing of the deposits with the bulk melt, the cathode was shrouded by a
3/8 in. dia. quartz tubing with 2 holes on the side and one-end closed,
as in the same way for magnesium experiment. No current reduction was
ohserved after 10 hours long pre-electrolysis at 1.6 V. Although the
clarity did not appear to be changed, the aluminum chloride Raman peak

. -1 . o . . - .
a4t 34Y cm ~ continued to diminish in height without change in wave-

number. (Fig. 4.39)

The vaporization of magnesium chloride or aluminum chloride was
not suspected to be the only reason since any appreciable condensaice 6t
magneslum chloride or of even highly volatile aluminum chloride could
not be located above the melt. Furthermare, the reduction rate in peak
intensity was almust ¢onstant although the vaporization has to be less
as time passing because of the lower activity in the melt at the lowef

concentration.

The reduction in intehsity nf Raman peaks in extremely clean melts
has been reportad privately by Prof. G. N. Papatheodorou, Dept. of
Chemical Engineering, University of Patras, Patras, Greece. He observed
a similar phenomenon in melts he had made ultrapure by resublimation.
The decrease of Raman intensity was believed to be related to the total
charge passed through the cell. Should cleanliness of highly electro-

lyzed melts be associated with loss of Raman spectra, collection of
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spectra close to the electrodes was thought to be complicated because of
the higher current densities in these regions. Furthermore, focusing of

the laser beam became difficult when the melt was too clear.

B. During Electrolysis Raman spectra of magnesium electrolysis have
been recorded at different current densities up to 130 mA/cm2 (Fig.
4.40). Electrolysis was conducted galvanostatic;lly on the system of
11 wt.% MgClz'- 6 wt.$ CaCl2 - 18 wt.% KC1 - 65 wt.% NaCl at 750°C,
which resembles the industrial composition. Raman spectra were measured
at the position close to the glassy carbon cathode. By focusing the
laser beam and by using the round glassy carbon as cathode, it was
possible to make the laser beam pass through the surface region of the
cathode in the melt. Raman measurement was conducted before and during
electrolysis. There was a decrease in peak height of the Mg-Cl line
without a shift in position as current density increases. The total

equivalent charge was 6688 coulombs, based on the Mgcl2 content in the

melt, and the total charge passed was about 1000 coulombs when the
measurement was finished, which means that the concentration of Mg012
was above 9 wt.% during the entire experiment. Therefore, the peak

decrease in the spectra was thought to indicate that the laser beam

passed the boundary region of the cathode.

An experiment identical to that conducted on MgCl2 was performed

in the AlCl3 system. Electrolysis was conducted on the melt of 10 wt.%

AlCl, - 40 wt.3 LiCl - 50 wt.% NaCl at 700°C at different current

densities. -AlCl., content was 3 grams which is of 6512 coulombs equiva-

3



108

lent, and the experiment was conducted before 900 coulombs of total
charges had passed. Other experimental conditions were the same as in
MgC12 experiment above. Fig. 4.41 shows the Raman results. One can
observe that the maximum peak at 349 cm.1 decreases as current density

increases.

This kind of experiment was extremely difficult to perform in such
a way as to maintain sufficient melt clarity to detect a proper Raman
spectrum, because the melts became milky from particulates generated by.
the electrolysis and c¢olored from what seemed Lu Le dissolved chlorine.
These particles were extremely fine and almogt smoke-1like, and they
strongly scattered the laser light. However, no appreciable change in

the Raman spectra was observed.

From the fact that transmitted power decreased to several pe¥cent
from an initial value of about 75% before electrolysis, it was possible
to determine that the intensity decrease in the Raman spectrum was also
due to a simple decrease in the intensity of the exciting radiation
because of the blocking effect of the particulates. Although it was
difficult to quantify the blocking effect of the particulates on Raman
signal, Raman peak heights in Fig. 4.40 and 41 clearly show the trends

in current density variation in the surface region of the cathode.

4.3.2.2 Smokc-like particle generation during electrolysis

As described in section 4.3.2.1, the electrolyte became milky from
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the particulates generated during electrolysis. These particles were
evident when the laser beam passed through the melt since they strongly
scattered the light as in Fig. 4.42. Fig. 4.42 (a) shows the laser beam
passing through the melt. The shorter glassy carbon electrode was the
cathode and the long electrode was the glassy carbon anode shrouded with
fused quartz tubing. The melt composition was 10 wt.$% AlCl3 - 40 wt.%
LiCl - 50 wt.% NaCl, and the temperature was 700°C. When electrolysis
started in a potentiostatic mode at a potential of 1.90 V between the
electrodes, the smoke-like cloud was observed right underneath the
cathode (Fig. 4.42 (b)). The density of the cloud became higher with
continued electrolysis (Fig. 4.42 (c)). After some time, the cloud
could be observed in the entire cell, and no more Raman observation was
possible because the particles scattered the laser beam very strongly.

(Fig. 4.42 (d))

From the experiments on aluminum and magnesium electrolysis, it
was evident that the particles were always formed during electrolysis,
and they were coming from the cathode in the form of smoke. They were
observed on such cathode materials as graphite, glassy carbon, and
titanium diboride. It was also observed that they were generated even
at lower potential than the equilibrium decomposition potential of
~aluminum chloride or magnesium chloride. Upon electrolysis, they seemed
to be denser at the cathode and at the bottom of the cell, becoming full

of the cell with continued electrolysis.

The particles disappeared quickly when argon gas saturated with

SOCl2 was bubbled through the melt, but it took long to remove them
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without bubbling. It was observed that the anode region in the cell was
free of these particles during electrolysis, possibly due to the high
concentration of C12'

These scattering particles were thought to be different from the
streamers since they were generated even under the theoretical decom-

position potential of AlCl, or MgClz, and they were invisible unless

3
illuminated by strong light like a‘laser beam. Raman measurements did
not show any difference to suggest that they may not be Raman active.
From the fact that they were observed only during electrolysis, it was
thought that they might be related to current losses. Further research

is required to identify the nature of the fine particles and to find any

relation to current efficiency.

Through Lhese experiments, it was proved that SOCl2 has great
clarifying capabilities for preparation of spectral grade melts. To our

knowledge this is the first use of thionyl chleoride in these systems.

The color of the melt inside the anode shroud was found to become
yellow by the chlorine evolution during electrolysis. It was also

observed that the color of the melt turned yellow-green when SOCl2 was

bubbled through the melt. Raman measurements of the colored melt did
not show any appreciable change in the spectra, suggesting that the
nature of the coloration of the electrolyte may not be identified by

Raman spectroscopy. The color disappeared by sparging with argon.

These experiments showed that gas solubilities in these melts were much

[90,91)

higher than expected. These observations suggested either that
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the gas solubility data in the literature are wrong, or that gas

solubilities canAgreatly exceed the equilibrium values.

4.3.2.3 Streamers occurrence during electrolysis

Streamers (or metal fogging) were clearly observed in this
research. The streamers were observed at higher potential; than the
equilibrium decomposition potential of AlCl3 or MgClz. The streamers
were different from the smoke-like particles in that they could be seen

to bare eyes without any strong light, and they heavily attacked the

fused quartz cell to change the color of the cell to brown.

The photographs in Fig. 4.43 show the development of streamers in
AlCl3 electrolysis cell. The electrolyte was 10 wt.% AiCl3 - 40 wt.%
LiCl - 50 wt.% NaCl, and the temperature was 700°C. Electrolysis was
conducted potentiostatically at a potential of 2.3 V between the anode
and the cathode. 1In Fig. 4.43, the glassy carbon in the center ot the
cell served as cathode, and the other on the left was anode which was
shrouded by a fused quartz tubing. The photograph in Fig. 4.43 (a) was
taken when electvrolysis just started. Chlorine gas bubbling may be
nhserved at the anode. After 10 seconds, a weak streamers stretching
downward in the cell could be seen at the tip of the cathode (Fig. 4.42
(b)). In Fig. 4.43 (c), the streamers can be clearly observed, and they
appeared to flow to the bottom of the cell. Fig. 4.43 (d) shows the

same cell as in (a), but it may be observed the tiny aluminum droplets

at the surface of the cathode. The cell became dark because of the
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streamers with continued electrolysis, and no more Raman measurements or

observation of the cell were poséible.

In magnesium electrolysis, the streamers were further evident than
those in aluminum electrolysis. Fig. 4.44 (a) is a photograph of the
development of -the streamers, taken after 1 minute of electrolysis. The
composition ot the electrolyte was 11 wt.$% MgClz, 6 wt.% CaClz, and
18 wt.% KC1, 65 wt.% NaCl. Electrolysis was conducted galvanostatically
at a current density of 100 mA/cm2 at a temperature of 750°C. On the
left is a 1/4 in. graphite cathnde; nn rthe right is a 1/8 in. graphite
anode shrouded with fused quartz tubing. Streamers nhave begun to
emanate from the cathode. Chlorine gas bubbles can be seen on the
anode. In Fig. 4.44 (b), the development of the streamers can be
clearly observed. Fig. 4.44 (c) shows the same cell as Fig. &4.44 (a)
but after approximately 5 minutes of electrolysis at a current density
of 100 mA/cmz. It is evident that the streamers emanating from the
cathode have grown over essentially the entire breadth of the cell.

This photograph also shows the appearance of tiny droplets of magnesium
on the tip of the cathode. Chlorinec bubbles are seen to continue
evolving on the anode. About 10 minutes after the on-set of electrol-
ysis, the electrolyte became so cloudy that it was not possible to

observe the electrolysis cell (Fig. 4.44 (d)).

It is well known that many metals dissolve to some extent in their

own molten halide salts. If the dissolution is considered, dissolved

(93]

magnesium is reported to exist as subchloride in the form of MgCl or

r 1
Mg,Cl ,‘94]

2Cl, which may be Raman active. But attempts to measure Raman
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spectra of the streamers have yielded nothing, suggesting the streamers
may not be Raman active. However, the streamers may not be thought as
the metal dissolution if one considers the fact that the solubility of
excess magnesium in its chloride has been reported less than

1 mol.%.lgs]

In an attempt to understand the nature of the streamers, a
magnesium chloride mixed with calcium and alkali chloride melt in pro-
portions representative of a magnesium electrolysis melt was prepared
and analyzed by Raman spectroscopy. Addition of magnesium metal ribbon,
transported in an inverted graphite crucible, into the chloride melt
resulted in the generation of particles and reduced the transmitted
laser power even without electrolysis. The cell resembled Fig. 4.44
(d). The streamers appeared to emanate clearly from the magnesium
metal. The same phenomena were observed with the exposure of aluminum
metal to the melt of A1Cl,-NaCl-LiCl. All the attempts to identify

3

these particles by Raman spectroscopy were unsuccessful.

Electrolysis had no effect on this phenomenon. However, chlorine
gas was observed to have the capability of clarifying the melt. The
tests were conducted on the electrolyte of 5 wt.% AlCl3 - 53 wt.$ NaCl -
42 wt.% LiCl. Upon exposure of molten aluminum to the melt, transmitted
laser power dropped from 180 to 80 mW. With the production of chlorine
gas at the bare anode at 2.1 V, the transmitted power returned to the
original value of 180 mW within 20 minutes. Passage of thionyl chloride
also clarified the melt. Thionyl chloride can chlorinate aluminum or

magnesium metal, oxides, or subchlorides, but chlorine gas can not
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chlorinate the oxide at this temperature. The fact that chlorine gas
clarified the melt suggested that the particles were not oxides. This
is not in agreement with that of Wendt and Reuhl[gsl since they thought

them to be oxides.

In summary, the streamers could be clearly observed in the AlCl3
and MgCl2 electrolysis cells, Even though rhey may not bc Raman active,
the particles composing the streamers would not be suspected to be
aluminum oxide or magnesium oxide since the chlorine gas would have no

effect on them were that the case. It might be also said the streaming

is not solely the result of electrolysis.

4.3.2.4 Raman spectra in the cathodic boundary layer

Attampts were made to pcenctrate the tathiovde boundary layer to
determine if species other than trivalent aluminum exist. It was
estimated that, for a 10 wt.$% A1C13 solution, the boundary layer, under
diffusive mass transfer control conditions, is approximately 800 um
thick when the current density is 100 mA/cmz.(Appendi# 1) Because the
diameter of the laser beam can he reduced to 400 pm by careful fucusing,
it was thought that Raman spectra could be measured for the cathodic
boundary layer. It was observed that the dependence of Raman peak

intensities on the current density was the indication that the laser

beam passed through the surface region of the cathode.(Fig. 4.41,42)

To confirm that the laser beam can penetrate the boundary layer, a
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somewhat different experiment was conducted. Fig. 4.45 shows Raman
spectra taken for aluminum chloride electrolysis conducted under dif-
ferent conditions from those described up to this point. In this case
the melt contained not 10% A1C13, but only 1% AlCl3 in the supporting
electrolyte, NaCl:LiCl 50:40 by weight as before. The point of this
experiment was to test the sensitivity of Raman spectroscopy to reduced
concentrations of A1C13. Curves (a) and (b) were measured in the bulk
electrolyte at the beginning of the experiment and after passing 400
coulombs of charge. The total equivalent charge was 650 coulombs, based
on the AlCl3 content in the melt. While the intensity of the 349 cm-1
peak decreases, its presence is still evident even in curve (b), where
the total content of AlCl3 at the time of measurement was less than 0.4
weight percent. Curve (c) was measured in the cathode boundary layer
only after 30 coulombs of charge had passed. The principal Alclg peak
cannot be found. This confirms that the laser beam indeed penetrated

the cathode boundary layer.

An electrolysis experiment was conducted on the Alcoa Smelting
Process electrolyte. The temperature was low, 610°C, so that the cell
would produce solid crystalline aluminum. This would serve two
purposes. First, the electrode/electrolyte interface would be much less
mobile and thus easier to follow with the incident laser beam. This
point is important for studying the local chemistry inside the cathode
boundary layer. Secondly, if the scattering particles observed in
ecarlier electralysis are finely dispersed aluminum dropleﬁs, conducting
electrolysis at temperatures at which the product is solid aluminum is

one way of reducing the quantity of these particles in the melt. The



116

result, however, did not show any difference from the original spectra
except the reduced intensity, as in the Fig. 4.45. Tests at a temper-

ature of 680°C alsc gave rise to the same featureless results.

In an attempt to get the boundary layer more easily, a molten tin
cathode was tried, because; (a) molten tin does not react with glass,
(b) molten tin alloys with aluminum metal, and (c) the shape in the
electrolyte is a hemisphere. More importantly, in this system the

electrolyte density becomes higher as the concentration of AlCl

[95,96]

3

decreascs. This iuhibicts buoyancy driven convection and allows
the boundary layer to grow. Electron microscopy confirmed that the cell
was producing aluminum which alloyed with tin. However, Raman measure-
ments did not show any appreciable new peaks corresponding to the other
specles. The same featureless Raman results were obtained with a

cathode consisting of molten aluminum mctal contained in an alumina tube

with a 1/8 in. diameter hole near the bottom.

Clark and Woodcock[szl measured the Raman spectrum of molten KC1
and found that spectrum has the quasi-exponential form centered on zero
frequency. It was also reported recently that the high-frequency
regions of the spectra of the ionic melt can be described by an expo-

[72]

nential. With this knowledge, some efforts were made to generate
the base line curves, because subtracting this base line from the Raman
spectyum was hoped to reveal the weak Raman signals. ;n some systems
such as AlCl3 - ACl attempts were successful, but in general it was not

easy to generate exact base line curves because of the difficulty in

locating regions free of Raman peaks in the spectra.
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Even with these various efforts, the presence of other species
could not be detected. Although the existence of the subvalent form has
been justified on theoretical grounds, scant experimental evidence is
available with regard to the stability of the subvalent species of
aluminum in either liquid or solid phases. If such species exist, it is
believed that they exist only for kinetic reasons (created faster than
they can be discharged at high currents). For example, if change of
valence from +3 to +1 is rapid, but the change from +1 to 0 (neutral
metal) is slow, then the lower valent form would exist in the boundary

layer, under high current electrolysis.

In summary, the subvalent species could not be identified during
aluminum deposition from A1C13-LiCI-NaC1 melt by Raman spectroscopy. If
they exist, they are thought to be undetectable by the instrumentation
employed. To try to detect the presence of these species, cyclic

voltammetry (Chap. 5) was conducted on the same system.
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Fig. 4.38 Raman spectra of 11 wt.% MgCl2 - 6 wt.%
CaCl2 - 18 wt.% KCl - 65 wt.% NaCl measured during
pre-electrolysis at 1.6 V. T=750°C. (a) Before

electrolysis; (b) After 1 hour; (c) After 5 hours;

(d) After 10 hours.
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Fig. 4.39 Raman spectra of 5 wt.% AlCl3 - 42 wt.% LiCl -
53 wt.% NaCl measured during pre-electrolysis at 1.6 V.
(a) Before electrolysis; (b) After 1 hour; (c) After

4.5 hours; (d) After 10 hours.
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Fig. 4.40 Raman spectra of 11 wt.% MgC]2 - 6 wt.%
CaCl2 - 18 wt.% KCl - 65 wt.% NaCl measured during
electrolysis at different current densities. T=750°C.
(a) No current; (b) 30 mA/cmz; (c) 90 mA/cmz;

(d) 150 mA/cm2
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Fig. 4.41 Raman spectra of 10 wt.7% AlCl, - 40 wt.7%
LiCl - 50 wt.% NaCl measured during electrolysis at

different current densities. T=700°C. (a) No current;
2
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(b) 3 mA/cmz; (e)430 mA/cmz; (d) 60 mA/cm ; (e) 90 mA/cm2
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(a)

(b)

Fig. 4.42 DPhotographs showing the smouke-1like particle
generation during electrolysis of 10 w/o A]Cl3 - 40 w/o
LiCl - 50 w/o NaCl at 1.9 V. T=700°C.

(a) Before electrolysis; (b) After 1 min.;

(c) After 2 min.; «(d) After 5 min.
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Fig. 4.42 continued.
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(a)

Fig. 4.43 Streamer development during AlC1l

3 electrolysis.

Electrolyte; 10 wt.% A1C13 - 40 wt.% LiCl - 50 wt.% NaCl.

V =2.30 V. T=700°C. (a) When electrolysis started;

(b)) -After 10. sec; - (¢) After 30 see; (d) After 10 min-
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Fig. 4.43 continued.
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(a)

(b)

Fig. 4.44 Streamer development during MgCl2 electrulysis.
Electrolyte: 11 wt.% MgCl2 - 6 wt.% CaCl2 18 wt.%Z KC1 -
65 wt.% NaCl. T=750°C. 1i=100 mA/cmd. (a) After 1lmin.;

Gh)EAfter 2 mines w.(ec)cAtter 5 mime; dd) - After 10-min,



(c)

(d)

Fig. 4.44 continued.

127



Intensity

500 400 300 200 100 0
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Fig. 4.45 Raman spectra of 1 wt.% AlCl3 in the
supporting electrolyste(NaCl:LiCl = 50:40 by weight).
T=620°C. Total equivalent charge based on AlCl3 content
was 650 coulombs. (a) Before electrolysis; (b) After
400 coulombs of charge passed; (c) At the cathode

boundary layer after 30 coulombs of charge passed.
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5. ELECTROCHEMICAL STUDIES

The process of reduction of metal from molten salt media may be
described as consisting of 3 different steps; the diffusion of the metal
complex ion, the dissociation of the complex to metal cation and anion
like chlorine ion, and the discharge of metal ion. For example,

aluminum reduction from chloride melt can be described as following

scheme.[gg’loo]
Diffusion : AlCla(electrolyte) -+ AlClL(electrode)
Homogeneous - 3+ -
. AlCl = Al + 4Cl
reaction 4
3+ -
Charge transfer : Al + 3e = Al

Each step may be divided into still more elementary steps. The overall
reduction rate is controlled by the slowest step which can be determined

by electroanalytical methods such as voltammetry.

Voltammetry may be described as the electrochemical analysis in
which a potential is imposed on an electrochemical cell and the result-
ing current response is measured. The current-potential curves can
provide insight into the extent of the reversibility of an electrode
reaction. Furthermore, this technique investigates the electrode pro-
cesses and yields information about the reduction steps and the number

of electrons involwved.
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There have been reported the voltammetric studies of aluminum
reduction kinetics in chloride melts. Some work has been done on the
system of acidic chloroaluminate melts at low temperatures,[42'101~106]
and many other studies have been conducted on the deposition of aluminum

from basic melts at high temperatures.[6’19’43’99’100'107-111]

Most
results agree on that the reduction reaction is mass transfer con-
trolled, but there have been many reports that charge transfer step has

to be considered.w’az’a?”lUL’leJ

Less voltammetric research has been conducted on magnesium
chloride system. The electrolyte has usually been the solutions of
MgCl2 with NaCl or KCl, or both. There has been general agreement that

the deposition of magnesium is diffusion controlled.lé7'39]

There have
been no reports of voltammetric study on systems resembling industrial

electrolytes.

Cyclic voltammetry has been known as the most effective and
versatile electroanalytical technique available for the mechanistic

]
study of electrode processes.[‘lz]

It is well suited for revealing the
steps in the overall reaction, determining reversibility, and identi-
fying new species which appear as a result of combined electrochemical
and chemicai steps. The effectiveness of cyclic voltammetry derives
from its capability to rapidly observe redox behavior over a wide range
nf electrcde potential. The purpose of using voltammetry in the present

fesearch was to try to obtain information about the generation of short-

lived species in the chloride cells. These are in effect kinetic
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entities, present only during electrolysis at high current densities,
and undetected by Raman spectroscopy. Cyclic voltammetry was conducted
on the systems of magnesium chloride and aluminum chloride in their

supporting electrolytes.

5.1 Fundamentals of Cyclic Voltammetry

Cyclic voltammetry consists of cycling the potential of an elec-
trode which is immersed in an unstirred solution, and measuring the
resulting current. A cyclic voltammogram, a display of current
(vertical axis) versus potential (horizontal axis), is obtained by
measuring the current at the working electrode during the potential
scan. The triangular potential excitation signal sweeps the potential
of the electrode between two values. The resulting current may bé

considered as the response signal to the potential excitation signal.

A typical cyclic voltammogram obtained in this research is shown
in Fig. 5.1 for a silver working electrode in an electrolyte containing

2.2 wt.% MgCl, as electroactive species in a supporting electrolyte

2

which contained CaCl,, KCl, and NaCl at the weight ratio of 6:18:65.

2 1

The initial potential Ei (a) with respect to the reference electrode is

chosen to avoid any electrolysis of MgCl, when the Ei is imposed on the

2
working electrode. The potential is then scanned negatively, as indi-
cated by arrows. When the potential is sufficiently negative to reduce

Mg2+, cathodic current flows as indicated at (b), due to the electrode

process,
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2+ -

The electrode becomes a sufficiently strong reductant to reduce Mg2+
The cathodic current increases rapidly (b -+ ¢) until the concentration
of Mg2+ at the electrode surface approaches zero, and the current peaks
at (c¢). 'The current then decays (¢ -+ d) as the solution surrounding the

electrode is depleted of Mg2+ due to its electrolytic reduction to Mg.

The scan direction is switched to positive for the reverse
scan (d). When the electrode becomes a sufficiently strong oxidant, Mg’

on the electrode is oxidized by the following electrode process (d -+ e).
Mg - Mg + 2e

The anodic current increases until the surface concentration of Mg
approaches zero and the current peaks (e). The current then decays as

the solution is depleted of Mg (e - f).

The important parameters of a cyclic voltammogram are the
magnitudes of the peak currents, ipa and i o and the potentials at
wnich the peaks occur, Epa and Epc' The position and shape of a given

peak are dependent upon such factors as scan rate, electrode material,

solution composition, and the concentration of reactants.

The major theoretical work on the cyclic voltammetry has been done

on aqueous systems, but most of the concepts could be applied to the
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molten salt systems. The basic equations for cyclic voltammetry relate
the peak current (ip) and the corresponding potential (E_) to the
electrochemical rate constant (ks) at the standard potential (E°), the
Tafel slope (b), the concentration (C), and the scan rate (v).

Depending on the charge transfer reaction and the reduction product, the
resulting equations are different. For a simple cathodic charge trans-
fer under reversible conditions ( 0 + ne = R), the peak current ipc is

given by the relation

. 3/2 Dv ,1/2
lpc = 0.4463 (nF) A (—EF) C

where n = number of electrons involved in the reduction,
F = Faraday constant,
- 2
A = area of the working electrode, cm,
v = scan rate, V/s,
. . , 3
C = concentration of the bulk species, mol/cm™,
D = diffusion coefficient of the electroactive species,

2
.cm” /s.

and others have their usual meanings. Either the number of electrons
taking part in the reaction, the diffusion coefficient, or the concen-
tration of electroactive material may be evaluated from measurement of
the peak current in the reversible region if the other two quantities

are independently obtainable.

The peak potential Ep for a reversible process is related to the



polarographic half-wave potential EI/Q by the expressions

RT
Epc - El/Z - 1.11 TF

RT
Ea=Blp + 111 op—

where the polarographic half-wave potential (El/Z) is related to the

standard electrode potential E° by the following equation.

: RT fred Dox \1/2
7
1/2 nf ox Drna

Under irreversible conditions, i.e., when the rate of the reverse
reaction is negligible throughout the potential region studied, dis-
tinctly different equations apply. The peak current is given as
2 c Vl/2

n
i 2.99x10° n (aN)/? & D/

where n = transfer cnefficient,

N = number of electrons in the rate-determining step in

the process.

The peak potential for the irreversible process is also given by a

different expression from that for the reversible process.
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. . RT_
pc aNF

{0.780 + 0.5 1n( D(°xl)u.° NEVY v . in k_ }

or with the expression of Tafel slope, b(=2.303RT/aNF),

Epc- E° - b {:0.52 - 0.5 log(b/v) - log ks + 0.5 log v }

where ks is the heterogeneous rate constant.

"For quasi-reversible reactions, the responses virtually approach
those of the reversible reactions ;t low scan rates, while they resemble
those of the irreversible reactions at high scan rates. The potential
difference between cathodic and anodic peaks, AEP, or the dependence of
the potential of the peak on scan rate may be used as tests for the

reversibility of the reaction,

All the above considerations have been based on the assumption
that the reaction product is soluble either in the solvent or in the
électgode (e.g. liquid cathode). If the product is insoluble (for
example, solid deposit), different equations may have.to be applied.

Diagnostic criteria for different reactions are shown in Table 5.1.
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Table 5.1 Diagnostic Criteria For Charge Transfer

Reactions[los]

1. Reversible Charge Transfer

Ep : Independent of v

E - E = 2.22RT/nF (V) and independent of v
pc pa
1/2

ip/v i independent of v

lpc/lpa -1

2. Quasi-reversible Charge Transfer
Ep shifts wich v

E - E = 2.22RT/nF (V) at low v,
pe pa

but increases with v

i /vl/2

0 : virtually independent of v

lpa/lpc = 1 only for a=0.5

* As v increases, the response approaches

those for rhe irreversihle chavge rransfer.

3. Irreversible Charge Transfer

Ep shifts cathodically by a factor of
1.151RT/anF (V) for 10-fold increase in v.
ip/vl/2 : constant with v

* There is no current on the reverse scan.
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Current (mA)
o
—

Voltage (V) w.r.t. Ref.

Fig. 5.1 A typical cyclic voltammogram of 2.2 wt.}

MgCl, in CaCl2 - KCl1 - NaCl mixture melt in the

2

weight ratio of 6:18:65. Working electrode: Silver.

Area: 0.08 cm2. T=800°C. v=0.2 V/s.
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5.2 Experimental

Experiments were conducted in the same furnace as that described
in Raman Scattering Studies section. The only difference was the size
which was increased to accommodate the bigger elcctrolysis cells. The
windows were of great help for checking the electrode position or for
observing the occurrences in the electrolyte. The working condition of
the furnace was chosen to eliminate the thermal convection in the cell
by calibrating the furnace for uniform temperature at the window level.

The salts were purified by the method described earlier.

The cell for cyclic voltammetry was made of fused quartz (52 mm
0.D.). The stainless steel cap has 7 fittings, 2 gas ports, and one
3/8 in. 0.D. tube which accessed the cell by means of a 3/8 in. valve.
(Fig. 5.2) The tittings were used for a thermocouple, a reference elec-
trode, cathode and anode for pre-electrolysis, and a counter electrode
and two working electrodes for voltammetry. Due to the detachability,
the valved tube allowed melt composition to be regulated and sampled as
well as to introduce a new electrode, all without interruption of the’

experiment,

Working electrodes were made from different sclid substances such
as platinum, gold, silver, tungsten, and pyrolytic graphite. The elec-
trodes were usually sealed with an fused quartz tubing so that only
controlled area can be exposed to the solution. The shapes of wire and

flag were also used as working electrode, when the sealing was diffi-
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“cult. The area of the working.electrode was made much smaller than that
of the counter electrode so that the counter electrode might not be
polarized to an appreciable extent, and thus, the cell current could
reflect the reaction at the working electrode. The counter electrode
consisted-of 3 mm diameter glassy carbon one end of which was ground to
a point so that the gas evolution during measurement could be smooth and

cause minimal disturbance of the electrolyte.

Reference electrodes used the asbestos fiber as the diaphragm and
wvere prepared in the following steps. The asbestos wick (7 mm long) is
inserted into the one end of the 7 cm-long 8 mm-diameter fused quartz
tubing which was made 2 - 3 mm by pulling in the flame. The tube with
the asbestos wick is heated to burn away any cotton threads and the
binders in the asbestos. The tube is squeezed onto the asbestos in the
extent that it can hold the wick tightly, but not completely seal the
end. The tip is checked for small leaks by testing with a Tesla coil
after evacuation. The well-made tip has a small leak at the asbestos
fiber, and a fine blue spark can be seen going from the Tesla coil into
the tip. Tips with no leak or big leak cannot show these spark. This
tubing is joint to 6 mm diameter quartz tubing. A 1 mm diameter silver
wire is used for the reference electrode. One end of this wire is
coiled to give a large surface area Ag/Ag+ exchange reaction when the
wire is dipped in the melt. The electrolyte for the reference electrode
is charged in the glove box filled with dry argon gas. For the MgCl2
study, the electrolyte for the reference electrode was a solution of

AgCl (5 weight percent) in the supporting electrolyte for magnesium

electrolysis, i.e., CaClz-KCl-NaCl in the ratio of 6:18:65 by weight,
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and a solution of AgCl/NaCl/LiCl (5:53:42 by weight) for AlCl3

electrochemistry,

For pre-electrolysis, a platinum plate (4 mm x 8 mm) or a glassy
carbon rod (1/8 in. diameter) served as cathode, and as anode, glassy
carbon rod usually was used. As a working electrode, silver, gold,

glassy carbon, tungsten, titanium diboride, or platinum has been tried.

Measurements were conducted with a Potentiostat/Galvanostat, PAR
Model 173, and a Universal Programmer, PAR Model 175. Slow scan
responses were recorded by a X-Y recorder, Hewlett Packard 7004B X-Y,
while fast responses were recorded and stored with a Digital computer,

DEC MINC 23. The FORTRAN programs for the measurements are shown in the

Appendix 2.
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Fig. 5.2 Schematic of cell cap for voltammetric study.
The detached valve(l) is connected to the valve(2) after

purging the connection tube with argon gas.
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5.3 Results and Discussion

-KC1-NaCl melt

5.3.1 Mg2+ reduction in HgClz-Cacl2

The electrochiemical Lehavior of the suvlvent eleclrulyte was Eirst

examined. The standard decomposition potentials of pure MgClz, NacCl,

and AgCl at 750°C were calculated as about -2.&9,[9] -3.25,[113] an

d
-0.84 V,[lla] respectively. These values were calculated for pure
liquid states, and thus, they are not representative of the true decom-
position potentials in the solution. The decomposition potentials in
the solution at the compositions considered in this research could not
be found in the literature. For the determination of the scan range,
however, these values may be accepted. Fig. 5.3 shows the voltammogram
of the molten CaClz-KCl-NaC1 mixture in the weight ratio of 6:18:65

which resembles the ccmposition of the industrial supporting electro-

lyte.

In Fig. 5.3, the voltage on the abscissa shows the potential of
the working electrode (in this case, tungsten; with respect to the
reference electrode. The reference electrode was silver wire immersed

in the molten mixture of AgCl-CaCl, -KCl-NaCl (5:6:18:65 by weight).

2
Since the voltage range of interest for MgClz-CaClz—KCl-NaCl electrolyte
lies up to -1.65 V with respect to silver reference electrode, the
voltammogram in Fig. 5.3 was generated by scanning up to -1.73 V at a

scan rate of 50 mV/s. The residual current was very low (less than

1 mA) in the potential range of magnesium deposition, and it did not
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decrease with pre-electrolysis. The cathodic .current started to
increase at the voltage of about -1.7 V, which was thought to be due to
the electrolysis of Na+. It was supported b? the fact that the anodic
chérge was very low compared to the cathodic charge indicating sodium
dissolution in the melt. The low residual current clearly demonstrates
that the developed purification method using 80012 provides materials
suitable for this kind of electroanalytical studies without further

purification.

Fig. 5.4 shows a typical cyclic voltammogram for the deposition of
magnesium at silver working electrode at 750°C from a melt containing

2.2 weight percent of MgCl The solvent melt composition was CaCl,-

2

KC1-NaCl in the weight ratio of 6:18:65. The reference electrode was

-

the same as that described above. The scan rate was 0.4 V/s and the
area of the working electrode was 0.08 cmz. The well defined trace
shows clearly the reduction and oxidation processes. The fact that the
current does not increase sharply in Fig. 5.4 with the onset of reduc-
tion is consistent with the formation of a soluble reaction product
which is expected under the circumstances, since magnesium alloys with
silver under these conditions. The cathodic wave was found to pbey the
Heyrovsky—Ilkoyic relationship (Fig. 5.5), which confirms the soluble

product.[lls]

The value of the potential difference between peak potentials for
the cathodic and reoxidation processes was observed to be greater than

expected for a simple reversible process. The equation given by

(116]

Nicholson and Shain predicts 98 mV for 2 electrqn process, while
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Fig. 5.4 shows about 182 mV which is close to 196 mV for 1 - electron
process. However, the scan rate had essentially no effect on the
difference in the peak potentials, and the ratios of anodic peak current
to the cathodic current were not unity.(Fig. 5.6) These observations
are in conformity with the quasi-reversible process. Thus, it may be
too early to state that there 15 a monovalent species bLelug reduced at
the working electrode. This observation was in good agreement with

literature.[37'll7]

Fig. 5.7 shows a cyclic voltammogram obtained for the deposition
of magnesium at platinum working electrode from the same melt described
in the previous paragraph. The scan rate was 0.1 V/s and the area of
the working electrode was 0.08 cmz. The voltammogram in Fig. 5.7 is
characteristic of the strong adsorption of the reduction product. The
weak peak at -1,2 V on the reduction curve and the strong peak at
-0.82 V on the oxidation curve are thought to be representative of the

hi t
(112,118,119) Furthermore, in the case of a platinum working

adsorption.
electrode, the cathodic peak potential shifted to more cathodic values
as the scan rate increased, whereas the anodic peak potential remained
unchanged(Fig. 5.8), resulting in much greater value of the difference
in the peak potentials than that in the case of silver electrode. With
working electrode of glassy carbon, no sharp c¢cathodic peak could be
obzerved.(Fig. 5.9) Incstead, a broad wave followed by a sharp increase
in the current on the reduction curve and several peaks on the oxidation
curve were generated. This observation was in good agreement with the

(39]

literature which explained them by the deposition of magnesium and

sodium. The bumps at -1.5 V and -0.5 V on the oxidation curve were
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explained by oxidation of pure sodium and the sodium penetrating the
carbon electrode, respectively. The monovalent species could not be

detected at platinum or glassy carbon working electrodes.

The cathodic peak current vs (scan rate)1/2 plots were linear and
within experimental error, passed through the origin (Fig. 5.10,11).
This confirmed that the magnesium reduction process was diffusion

controlled in the experiments as conducted.



146

1 T T T T ! T
0.0p -
o e -
2 .
E //-’,
8 -0.5p -
o
=
i
=
&)
-1.0- —
-1.5- i _
1 1 1 L ] i 1
-1.5 -1.0 -0.5 0]

Voltage (V) w.r.t. Ref.
Fig. 5.3 Residual current in the CaClz—KCl—NaCI
mixture melt in the weight ratio of 6:18:65.

Working electrode: Tungsten. Area: 0.0242 cm2.

T=750°C. v=0.05 V/s.
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Fig. 5.4 Voltammogram of 2.2 wt.% MgC12 in the

molten CaCl,-KCl1-NaCl mixture in the weight ratio

2
of 6:18:65. Working electrode: Silver. T=780°C.

2 .
Area: 0.08 em” . wv=0.4 V/3,

147



1 1 1 1
2.0 -
A///g
¥ -
Q,
100"‘ O, -
O -
(o)
=1.0}= -
1 1 1 1
-1.4 -1.3 -1.2 -1.2 -1.0

Voltage (V) w.r.t. Ref.

Fig. 5.5 A plot of log[(ip - 1i)/i] vs V on the
reduction wave for the Mg2+ reduction at silver
working electrode. MgCl2 content: 2.2 wt.% in the
molten CaCl,-KC1l-NaCl mixture in the weight ratio

2
of 6:18:65. Area: 0.08 sz. T=750°C. v=0.4 V/s.
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Fig. 5.6 Cyclic voltammograms at different scan

rates for 2.2 wt.’% MgCl, in the molten CaClz—

2
KC1-NaCl mixture in the weight ratio of 6:18:635.

Working eleclrode: Silver. Area: 0.08 cm2.
T=750°C. (1) 0.2 V/s; (2) 0.4 V/s; (3) 0.6 V/s;

(4) 1.0 V/s; (5) 1.5 V/s.
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Fig. 5.7 Cyclic voltammogram of 2.2 wt.7% MgCl2
in the molten CaClz—K01-NaC1 mixture in the
weight ratio of 6:18:65. Working electrode:

Platinum. Area: 0.08 cmz. T=750°C wv=0.1 V/s.
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Fig. 5.8 Cyclic voltammograms at different scan

rates for 2.2 wt.% MgCl, in the molten CaCl,-

2
KCl1-NaCl mixture in the weight ratio of 6:18:65.
Working electrode: Platinum. Area: 0.08 cmz.

T=750°C. (a) v=0.3 V/s.
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Fig. 5.8 (b) v=0.5 V/s.
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Fig. 5.8 (c¢) v=0.8 V/s.
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Fig. 5.9 Cyclic voltamnogram at glassy carbon

electrodc for 2.2 wt.}% MgCl2 in thec moltcn CaCl,-

2
KC1-NaCl mixture in the weight ratio of 6:18:65.

Area: 0.542 cm2 T=750°C. wv=0.1 V/s.
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Fig. 5.10 A plot of the cathodic peak current vs

1/2 2+ . .
(scan rate) for Mg reduction at silver

electrode. ,MgClzz 2.2 ' wt.? in the molten CaClz—
KC1-NaCl mixture in the weight ratio of G:18:65.

T=750°C. Area: 0.08 sz.
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5.3.2 AL’ reduction in AICl,-LiCl-NaCl melt

The voltammetric study was also conducted on Al deposition from
AlCl3-LiCl-NaC1 melt. Fig. 5.12 shows a typical cyclic voltammogram
obtained using a gold working electrode. The electrolyte contained
1.5 wt.3 AlCl3 in the supporting solvent of LiCl-NaCl mixture in the
weight ratio of 40:50. The temperature was 700°C. The reference
electrode was silver wire immersed in the molten mixture of AgCl-LiCl-
NaCl (5:42:53 by weight). Glassy carbon served as the counter elec-
trode. The scan rate was 0.05 V/s and the area of the working electrode
was 0.173 cmz. In Fig. 5.12, the reduction and oxidation processes can
clearly be observed. It may also be observed that the cathodic current
does not increase sharply, as in the case of magnesium reduction at
silver, which suggested the soluble product to the electrode. The
rising portion of the cathodic wave was found to obey Heyrovsky-Ilkovic

relationship, which confirms the soluble product.(Fig. 5.13)

In Fig. 5.12, the reduction and oxidation peaks are found at -0.545
and -0,489 V with respect to the reference electrode, respectively. In
Fig. 5.14, it may be observed that the peak potentials are unchanged
with increased scan rates. The difference in the peak potentials was
observed to be 56 mV. This value ié close to the theoretical value of
62 mV for the simple reversible 3-electron reduction process. However,
the ratio of the anodic peak current to the cathodic current is much
greater than unity, eliminating the possibility of a simple reversible

reaction. With the fact that the peak potentials did not changed with
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scan rates, it was concluded that the reduction process at gold elec-
trode was quasi-reversible. Temperature difference was not found to

have any appreciable effects on the voltammogram.(Fig. 5.15)

Fig. 5.16 shows a cyclic voltammogram obtained at silver working
electrode for the deposition of aluminum from the melt containing 1 wt.%
AlCl3 in LiCl-NaCl mixture(40:50 by weight). The temperature was 700°C
and the area of the working electrode was 0.097 cmz. The scan rate was
0.3 V/s. This voltammogram is also characteristic of the formation of
soluble product, which may be confirmed by the Heyrovsky-Ilkovic rela-
tion. (Fig. 5.17) The difference between the cathodic and anodic peak
potentials was 76 mV. Considered that the ratio of anodic peak current
to the cathodic peak current is greater than unity for a simple revers-
ible reaction, no information could be obtained about subvalent species.
This observation is essentially identical to that of Bouteillon and

[107] It was concluded that the aluminum reduction from

Marguier.
aluminum chloride is a quasi-reversible process over the range of the

experiments conducted.

The cathodic peak current was found to be linear in the square
root of scan rate, which, within the experiwmental error, passed through
the origin.(Fig. 5.18,19) It may be drawn a conclusion that aluminum

reduction from AlClB-LiCliNaCl melt is controlled by diffusion in the

concentration range studied (1 - 2.2 wt.$% AlCl3). This is in good

. (19,109-111]
agreement with many reports,

(42]

even though some intermediate

species have been reported.
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Fig. 5.12 A cyclic voltammogram for 1.5 wt.}% AlCl3

in the molten LiCl-NaCl mixture in the weight ratio

of 40:50. Working electrode: Guld. Area: 0.173 cm
T=700°C. v=0.05 V/s.
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Fig. 5,13 A plot of log[(ip - 1)/1i] vs V on the

cathodic wave for Al3+ reduction at gold working

electrode. AlCl3 content: 1.5 wt.% in the molten

LiCl~NaCl mixture in the weight ratio of 40:50,

Area: 0.172 cm®. T=700°C. v=0.05 V/s.



Current (mA)

T T T T T T ~T
2.0F
1.0p
ok
-1.0}
-2.0f

1 1 1 ! 1 1 1

-0.8 -0.4 0 0.2

Voltage (V) w.r.t. Ref.

Fig. 5.14 Cyclic voltammograms at different scan

rates for 1.5 wt.¥% AlCl, in the molten LiCl-NaCl

3
mixture in the weight ratio of 40:50. T=700°C.

Working clcctrode: Gold: Arco: 0.173 cm2.
(1) 0.08 V/s; (2) 0.15 V/s; (3) 0.2 V/s; (4) 0.5 V/s;

(5) 1.0 V/s.
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Fig. 3.15 A cyclic voltammogram at S00°C for

1.5 wt.% Al1Cl,. in the molten LiCl-NaCl mixture

3

in the weight ratio of 40:50.

Gold. Area: 0.173 cm2

Working electrode:

v=0.5 V/s.
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Fig. 5.16 A cyclic voltammogram at silver working

electrode for 1 wt.% Al1Cl, in the molten LICl-

3
NaCl mixture in the weight ratio of 40:50. - T=700°C.

Area: 0.097 cmz. v=0.3 V/s.
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Fig. 5.17 A plot
cathodic wave for
electrade, AlClB
LiCl-NaCl mixture

2
Area: 0.097 cm”.

of log[(ip - 1i)/1i] vs V on the
A13+ reduction at silver working
content: 1 wt.% in the molten

in the weight ratio of 40:50.

T=700°C. v=0.3 V/s.
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Fig. 5.18 A plot of the cathodic peak

1/2

current vs (scan rate) for the reduction of

Al3+ at gold electrods. A1C13: 1.5 wt.?% in

the molten LiCl-NaCl mixture in the weight

ratio of 40:50. T=700°C A=0.173 cmz.
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Fig. 5.19 A plot of the cathodic peak

current vs (scan rate)l/z

of A13+ al silver electrode. Alcl3: 1.5 wt. %

in the molten LiCl-NaCl mixture in the weight
ratio of 40:50. T=700°C A=0.18 cm°.

for the reduction

166



167

6. CONCLUSIONS

From the Raman spectroscopic and electroanalytical studies of
aluminum and magnesium electrolysis in chloride melts in laboratory-
scale cells which imitated industrial practice, the following is

concluded.

1. Magnesium exists in the electrolyte as a tetrahedrally coordinated
complex, MgCli-. The Raman peaks are located at 107, 142, 249,

and 351 cm'l. One of them (249 cm-l) is completely polarized.

2. Aluminum also exists in the alkali chloride melt as the tetra-
hedrally coordinated AlCl& ion. Other higher complexes such as
A12C1; could not be observed in the composition range for the
electrolyte representative of industrial practice. The Raman
peaks of AlClg are located at 125, 183, 349, and 483 cm-l. As in

the case of magnesium, onc of thc peaks (349 cm-l) is pularized,

and others are not.

3. Calcium appears to coordinate with chlorides in much the same way
that magnesium does. Because of the lower -charge density of
calcium, however, the peaks are not as sharp for CaCli- as they
are for Mgcli_. The principal peak of CaCli' is located at about

180 cm-l and is polarized.

4. It was observed that the stronger Raman peak can be obtained for
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the molten mixtures of MgCl2 or AlCl3 with the larger alkali metal
chloride. This phenomenon could be explained by the lower charge
density of the larger alkali metal cation from which chlorine ion

can be drawn more easily to form the:chloro complex ion.

It was found that Al3+ ion can form other complex ion with CsCl at
the luw cuucentratien of ALCL3. Thie ronld he explained by the
fact that the possibility for Al+3 ion to form higher chlorine
complex ion is higher when it is surrounded by more chlorine ions.
Chlorine ions can easily be obtained from the lower charge density

alkali metal cation,

It is possible to identify both the Mgcli- and CaClZ' peaks when

both MgCl2 and CaCl, are present in the same melt. This Is a

2
demonstration of the additivity property of Raman spectroscopy and
could serve as the basis for measuring MgCl2 concentration in cell

bath on-line in real time basis using the CaCl2 concentration as a

standard.

The so-called streamers which could be clearly observed during
sluctrolyaia were found not tn he Raman active, On this basis, it
is concluded that the streamers are not covalently bonded com-
pounds such as network oxides. The question of dissolved metal

remains unresolved.

On silver and platinum electrodes, magnesium deposition reactiom

from MgCl2-CaCI -KC1-NaCl melts was found to be quasi-reversible.

2
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Aluminum reduction on gold and silver from A1C13-LiC1-NaCl melts

was also observed to be quasi-reversible.

9. Subvalent speciés were not identified during aluminum deposition
from AlCl3-LiCl-NaCl melt seither by Raman spectroscopy or by
cyclic voltammetry in the experiments conducted. If subvalent

species exist, they are thought to be undetectable by the instru-

mentation employed.

10. For the purification of the alkali and alkaline earth chlorides,
application of thionyl chloride proved to be the most effective
way to eliminate troublesome impurities, especially fine particles
wnich were believed to be undissolved oxides. The use of SOCl2 in

this manner has not been reported previously.

All these results are of importance in themselves. Furthermore, the
results and experimental techniques developed through this research have
established the basis for the study of the more complex, but indus-
trially more significant process, electrolysis of aluminum from molten:

fluoride media.

* Recommendations for Future Research

In the present research, the streamers were clearly observed
during magnesium electrolysis. It would be interesting to relate these

phenomena to current efficiency, because they were observed in quantity
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during electrolysis, and thus, they were thought to be related to
current efficiency. There has been no study on the effect of the

streamers on the current efficiency.

The exact base line would be very useful for quantitative Raman
measurements, because it would permit the accurate determination of peak
area and peak height. Efforts were made to generate the baseline for
Raman spectra using the present equipment, but in many systems no
consistent results could be obtained. The generation of an exact
baseline using more sophisticated data processing software is strongly

recommended for future Raman studies.

It was observed that aluminum can form what appears to be an
octahedral complex ion in A1613 - CsCl melts at great CsCl excess. It
would be interesting to study the AlCl3 - CsCl system by a spectro-
electrochemical technique because, in the diffusion boundary layer on
the cathode, the conditions for the formation of AlClg- are thought to

be satisfied. Thus, it should be possible to observe the presence of

AlClz- as' a kinetic entity.
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Appendix 1: Calculation of Diffusion Layer Thickness

acC D AC DC
J = -D ax - § = )
and
TAw
J o= zF

From the above two flux equations, diffusion layer thickness can be

calculated.

zFDC
TAw

where
Cbulk 3
= 0.10 x 1.6 g/cm” at 10 wt.$% AlCl
D=5x ].O-6 cmz/s
I =100mA =0.1A
Aw = 27 g/mol
3
F = 96487 C/mol

3

™
I

With these values, diffusion layer thickness is calculated.

0.16 g/cm> x 3 x 96487 C/mol x 5 x 10 %cm’/s
100 mA/cm2 x 27 g/mol

= 0.0857 cm
= 857 um h
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Appendix 2: Fortran Programs for Cyclic Voltammetry

o *
C---FILE NAME: VOLTAM.FOR : MAY 31, 1986--=--v-vucicccconn- *
C---SAMPLING OF VOLTAGE & CURRENT FROM CYCLIC VOLTAMETRY---*
C---WRITTEN IN DEC MINC23 FORTRAN--=--cceeemoecmmcacacnnnnn *
C---SUBROUTINE SAMPLE,SAVDAT, AND MINC FORTRAN SYSLIB-*

o *

PROGRAM VOLTAM
DIMENSION IDATA(1600),X(800),Y(800)
COMMON /DATA/V0,V9,SCR, CRANGE , CTEMP
C---CONTROL DATA INPUT SECTION
C---VOLTAGE IS RELATIVE TO REFERENCE ELECTRODE
C---SCAN RATE = dE/dt , UNIT = VOLT/SEC
TYPE +,’' INITIAL VOLTAGE W.R.T REF = "
READ(5,*) VO
TYPE *,'LOWER LIMIT OF SCANNING VOLT W.R.T REF = ’
READ(S5,*) V9
TYPE *,’'DATA POINTS PER VOLT (<150) = °
READ(5,*) DPPV
TYPE *,'SCAN RATE IN VOLTS =~ '
READ(5,*) SCR
C---
VRANGE=ABS (V9 -V0)
TPT=VRANGE+DPPV+0. 5
TSEC=VRANGE,/SCR
SFREQ=TPT/TSEC
NPT=INT(TPT+0.5)
C---DATA SAMPLING SECTION
JSAM=NPT*2
KSAM=J SAM*2
ISAM—KSAM
TYPE *,'TOTAL NO. OF SAMPLES COLLECTED= ', ISAM
ISMP=IFIX(SFREQ+0.5)
CALL SAMPLE(IDATA,ISMP,ISAM)
C---CONVERSION OF MACHINE MFASURE UNIT TO ACTUAL FORM
FACTOR=10.2375/4096.
X(1)=V0
Y(1)=0.0
DO 10 I=1,JsaM
J=(I-1)%2 +1
K=I*2
X(I+1)=(IDATA(J)-2047)*FACTOR
Y(I+1)=(IDATA(K)-2047)*FACTOR
10 CONTINUE
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C---MEASURED DATA PREVIEW AND FILE SAVE SECTION
JSAM=JSAM+1
WRITE(6,100) (I,X(I1),Y(I),I=1,JSAM)
100 FORMAT(1X,'I= ’',I14,2F12.3)
CALL SAVDAT(X,Y,JSAM)
STOP
END
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Commmmmmem e e et amm e mmmeemiiaeccaciecaana *
C---FILE NAME: SAMPLE.FOR : MAY 31, 1986--cvccv--ceeeuaoa-- *
C---DATA SAMPLING ROUTINE BY A/D CONVERTER WITH SPECIFIED--*
C---SAMPLING RATE AND AUTO-GAIN SETTING---=-vvvvceeemmenna- *
C---SEE RT-11 MANUALS FOR MORE DETAILS ON CAD2FP ROUTINE---*
Cmm s m e e mee e e e e aeeaaeeemeeeeemeeceeeaaan- *

SUBROUTINE SAMPLE(IDATA,ISMP,IPTS)
DIMENSION INFO(40),IBUF(1000,4),IDATA(2000)

ISAM=2000
NSAM=1000
C---SAMPLING PREPARATION SECTION
10 CONTINUE
TYPE 100
100 FCRMAT(’ CONNECT CHANNEL O TO SIGNAL GENRATOR AND'/
' * , ! CHANNEL 2 TO CURRENT OUTPUT FROM'/
* ," THE PAR PULENLTLIOSTAT'/’ ST2 ON'
* ' COMP. TO FRAME SYNC.ON PARC 175 '//)

TYPE *,’ TYPE 1 IF EVERYTHING IS OK '
READ(5,*) TEST
IF (TEST.NE.1) GO TO 10
C---HARDWARE CHECK-UP SECTION: TRIGGER CHECK
NSWP-1
PERIOD=(1/FLOAT(ISMP))
PERIOD=XRATE (PERIOD, IRATE, IPRSET)

MODE=256
IF (IPTS.GT.1000) NSWP=2
ITIMES=0
20 CALL SETIBF(INFO, IND,,IBUF(1,1),IBUF(1,2),
* , IBUF(1,3),IBUF(1,4))
TYFE *,'IND = ', IND

CALL RLSBUF(INFO,IND,0,1,2,3)
TYPE *,'IND2 = ' ,IND
IF (IND.NE.1) PAUSE ’'BUFF REL ERROR’
CALL CLOCKA(IRATE,IPRSET,IND)
IF (IND.NE.l1) STOP 'CLOCK INITI. ERROR’
CALL ADSWP(INFO,NSAM,O,MODE, IPRSET,,,0,2)
TYPE *,'INFO = ' ,INFO(1l)
IF (INFO(1l).NE.O) GO TO 20
C---ACTUAL DATA SAMPLING SECTION
C---SAMPLING IS TRIGGERED BY PULSE FROM SIGNAL GENERATOR
30 CONTINUE
IF (ITIMES.EQ.NSWP) GO TO 40
TYPE *,'OKl’
INO=IWTBUF(INFO, ,ID,IND)+1
DO 32 K=0,1,NSwWP-1
DO 32 I=1,NSAM

J=T+K*NSAM
IDATA(J)=IBUF(I,K+1)
32 CONTINUE
TYPE *,'SWEEP NO.= ', ITIMES,’ INO = ’,INO
C TYPE 200, 1D, IBUF, (IBUF(I,INO), I=1,NSAM)
€200 FORMAT(/,’ CONVERTED A/D DATA FOR BUFFER #'Ii

o ¥ ,/(3(110)))



300

C400

CALL RLSBUF(INFO, IND,ID)
ITIMES=ITIMES+1
IF (INFO(1l).EQ.0) GO TO 34
IF (NSWP.EQ.1l) GO TO 40
GO TO 30

CONTINUE
CALL STPSWP(INFO,1,IND)

IF (IWTBUF(INFO,,ID,IND).GE.O) GO TO 40
TYPE 300,INFO(1) :
FORMAT(/' A/D SWEEP ENDING CODE~ 'I3)

TYPE *,'IND = ' ,IND

TYPE *,'NSAM = ' NSAM

TYPE 400,1ID, IDATA, (IDATA(I),I=1,ISAM)

FORMAT(/,' CONVERTED A/D DATA FOR BUFFER #'I1l
,/(3(15)))

RETURN :

END
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Cecoecmcmccecsmmacccecccam e aaaac e aceccacaaaeaccccannnos *
C---FILE NAME: SAVDAT.FOR : MAY 31,1986------ccccccecmnamn-- *
C---DATA FILE SAVE ROUTINE--c-c-eccmmaaac s e iccc e cccammman *
C---X : A REAL ARRAY FOR INDEPENDENT VARIABLE------------- *
C---Y : A REAL ARRAY FOR DEPENDENT VARIABLE--------=------ *
C---NPTS : TOTAL NUMBER OF POINTS IN X AND Y ARRAY--------- *
0 S *

SUBROUTINE SAVDAT(X,Y,NPTS)
DIMENSION X(1),Y(1l)
LOGICAL*1 FILE(15),AFLG,HDR,TEMP(81),FIL2(15)
COMMON/DATA/V0,V9, SCR, CRANGE , CTEMP
C---FILE NAME INPUT SECTION
OFFSET=X(1)
FACTOR=X(2) -X(1)
10 CALL GTINPT(’'OUTPUT FILE NAME (<CR> TO QUIT) = '
W , TEMP, NCHR)
IF (NCHR.EQ.0) GO TC 90
DECODE (NCHR, 100, TEMP , ERR=10) FILE
CALL GTINPT('PLOTTER FILE NAME = ‘', TEMP, NCHR)
DECODE(NCHR, 100, TEMP , ERR=10) FIL2
100 FORMAT (15A1)
C---FILE EXISTENCE CHECK SECTION
FILE(15)=0
OPEN(UNIT=1,TYPE='OLD' ,NAME=FILE, ERR=30)
CLOSE (UNIT=1)

TYPE 200
200 FORMAT ('FILE ALREADY EXISTS: OVERWRITE ? Y/{N] ')
ACCEPT 210,AFLG
210 FORMAT (Al)
L¥ (AFLG.EQ.'Y') GO TO 30
GO TO LU
C---FILE FORMAT SELECTION SECTION
30 CALL GTINPT('FILE FORMAT ([F]/U) = ', TEMP, NCHR)
DECODE (NCHR, 210, TEMP, ERR=30) AFLG
32 CALL GTINPT('NEADER ON OUTIUT ? ([Y]/) - '
A , TEMP , NCHR)
DECODE (NCHR,210,TEMP,ERR=32) HDR
34 CALL GTINPT('DATA (0:Y ONLY, 1:X-Y PAIR (0/[1])) = '
* ,TEMP ,NCHR) !
ITYP=~1
IF (NCHR.NE.O) DECODE(NCHR, 300,TEMI', ERR=34) ITYP
300 FORMAT (I2)

C---DATA WRITING SECTION
IF (AFLG.EQ.'U’) GO TO 50
C---FORMATTED DATA FILE
OPEN (UNIT=1,NAME=FILE,TYPE='NEW’ K FORM='FORMATTED’)
IF (HDR.EQ.'N’') GO TO 42

TYPE *,'CELL TEMPERATURE = ?'
READ(5,*) CTEMP

TYPE *,'CURRENT SCALE = ?'
READ(5,*) CRANGE
WRITE(1,400) CTEMP,CRANGE



400

410

C---

42

44

C---
46

48
420
C---

49
430

177

FORMAT(1X, 'TEMP= ‘' ,F8.1,4X, 'CURRENT SCALE= ' ,F8.1)
WRITE(1,410) NPTS,FACTOR,OFFSET
FORMAT(1X, 'NPTS= ‘,I5,4X,'FACTOR= ‘', E12.3,4X

, 'OFFSET= ',E12.3)

CONTINUE
IF (ITYP.EQ.1) GO TO 46

DO 44 I-1,NPTS

WRITE (1,*,ERR=60) Y(I)

GO TO 80

CONTINUE

DO 48 I=1,NPTS

WRITE (1,420) I,X(I),Y(I)
FORMAT(1X,I4,2F12.6)

OPEN(UNIT~=~2,NAME=FIL2,TYPE~'NEW’ , FORM=' FORMATTED ')
DO 49 I-=1,NPTS

WRITE(2,430) X(I),Y(I)

FORMAT (1X,2F12.6)

GO TO 80

C---UNFORMATTED DATA FILES

50

52

CONTINUE
OPEN (UNIT=-1,NAME=FILE,TYPE='NEW',6 FORM=
'UNFORMATTED ')

IF (HDR.NE.’'N’) WRITE(1l) ITYP,NPTS,FACTOR,OFFSET
IF (ITYP.EQ.1) GO TO 52

WRITE (1,ERR=60) (Y(I),I=1,NPTS)

GO TO 80

WRITE (1,ERR=~60) (X(I),¥Y(I),I=1,NPTS)

GO TO 80

C---ERROR HANDLING SECTION

60

600

C---
80
90

CONTINUE

CALL ERRSNS(IERNO, IUNIT)

TYPE 600, TERNO

FORMAT (' ERROR ’‘,I4,' : ON WRITING FILE'/)
GO TO 10 '

CLOSE (UNIT=1)
RETURN
END
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