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Topical Report 

Chloride El ectrolysi s 

The attached dissertation "A Spectroelectrochemical Study of Aluminum and 
Magnesium Electrolysis in Molten Chlorides" describes the research performed 
under the Department of Energy Grant Number DE-FG07-82CE40545 "Diagnosis of 
Sources of Current Inefficiency in Industri a1 Molten Salt Electrolysis Cell s 
by Raman Spectroscopy," at the Massachusetts Institute of Technology during 
the period of June 1982 through June 1987. The research was performed by 
S.-Y. Yoon, J. H .  Flint, and G. J. Kipouros under the supervision of the 
principal investigator D. R.  Sadoway. 

A subsequent report will describe similar research being performed on 
fluoride electrolytes. 
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A SPECTROELECTROCHEMICAL STUDY OF ALUMINUM AND 
MAGNESIUM ELECTROLYSIS IN MOLTEN CHLORIDES 
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for the Degree of Doctor of Philosophy in 
fletaliurgy 

Molten salt electrolysis, a very energy-intensive process, is used 
in the extraction of light metals. Al~mixIM 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 reduc'tions 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 techniquz whish in 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 aiuminum 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 alumin- 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 che 
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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Fig .  5.19 A p l o t  o f  t he  ca thodic  peak c u r r e n t  vs  ( scan  r a t e ) ' l 2  f o r  t h e  

r educ t ion  of *13+ a t  s i l v e r  e l e c t r o d e .  A 1 C 1 3  c o n t e n t :  

1 . 5  wt .% i n  t h e  molten LiC1-NaC1 melt  i n  the  weight  r a t i o  of  
2 

40:50. T-700°C. Area: 0.18 cm . 
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1. INTRODUCTION 

Molten salt electrolysis, 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 

conductivity of molten salts is a major factor 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.ln the United States during the year 1984. [ I 1  It is somewhat 

ironic that the least dense structural metals, which can reduce energy 

consumption when used as materials ot construction in transporeaeioa 

vehicles, =re the most energy- intensive meta'ls 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 Korld. [ * I  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 



75 - 80%. [21 The only commercial way of extracting aluminum Is the 

Hall-Heroult process. Aluminum production requires not less than 

12 kWh/kg of A1 metal in recent industries, with a current efficiency of 

exceeding 90%. [ 3 , 4 1  

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 

Decuupusl~ion voltage 
Voltage Ef f iciea~y - ---- 

Actual cell volcage 

Cl~brge u3cd 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 o f  

molten salts, the following have been reported. [ 5 - 9 1  



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.fogW (or streainers) 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 [I1' 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 [ I 3  reported that, during electrolysis of A1C13 

in equimolar mixture of ,NaCl-KC1, 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. [ 141 



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 

solution 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 stuciy of coordinated 

ionic species. 'I5 *I6 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 informa- 

tion is necessarily indirect, and thus, spectroelectrochemical tech- 

niques have been increasingly applied in this area of investigation, 

because this combined technique can yield simultaneo,us spectral and 

electrochemical information which nay help in identifying and obtaining 

kinetic reaction intermediates, and also deriving structural data. 



The 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 

important, 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 ( 6 5 0 ° C ) ;  

(bj che electrochemical reactions in this anhydrous mngncoium ohloride 

process are less complex than in the hydrous MgCl process (Dow 2 

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. [11,121 

The Alcoa Smelting Process (electrolysis of AlCl -NaCl-LiC1) was 3 

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 



effect of multiple valency on the electrodeposition might be studied 

from this system, because it has been assumed that aluminum exists in 

3 + 
the alkali chloride melts as both A1 and a subvalent form thought to 

+ (17-191 
be A1 . 

Tho pocsibility of the formation of univaleiit al~ilaiilw i o n  follows 

fr6in ehe structure ot the valence electron shell of .its atom, where 3s 2 

and 3p1 - electrons are found. In this care, the effect of the inert 

pair of s-electrons with antiparallel spins for elimination is 

manifested. in accord with which the first innizarinn potential proves 

substantially smaller than the second and third (574.4, 1799.9 and 

2784.4 W/g-atom, respectively). 
3+ [la' In chloride melts, A1 has been 

reported to coordinate with four chloride ions to form tetrachloro- 

aluminate complex ~ 1 ~ 1 -  which can be readily identified in the 4 ' 

vibrational spectrum of the melt. [ 2 0  251 Electrolysis of AlCl -bearing 3 

melts favors the formation of sibvalent species, '''I whose coordination 

has not been cited in the literzture. But its vibrational spectrum 

would be identifiably different from that of ~ 1 ~ 1 1 .  Thus, by studying 

the A1C13 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 electrolysis. For a successful spectro- 

electrochemical study, therefore, the research began 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 



were conducted on the melts of industrial composition for aluminum and 

magnesium electrolysis. r am an spectra were measured in situ 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 of new subvalent species which were not detected by Raman 

measurement. These are thought to be kinetic entities present only 

during electrolysis. 



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, spectrosco.py is used as a probe to observe the electro- 

chemical phenomena which occur in the solution undergoing electrolysis. 

This combined analytical technique has been developed recently, [271 and 

thus, most previous work has been conducted either spectroscopically or 

electrochemically. Raman spectroscopy has been widely applied to molten 

' [281 salt systems as a spectroscopic technique. 

Mosr work has been conducted to measure Raman spectra of molten 

MgC12 or A1C13 in allcali or allcalinc carth mctal 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. 

Balasubrahmanyam 12" reporced in 1966 Raman spectra of molten 

MgC12 at 730°C, a mixture of 50 mol.% MgCl and KC1 at 525°C and a 
2 

mixture of 33 mol.%, MgC12 and KC1 ar 4 7 5 ° C .  These spectra wefe 

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

molten MgC12 wcrc obtained using laser radiation, ['01311 and refined 

Raman spectra were reported for magnesium chloride - alkali metal 

chloride systems at various compositions (MgC1 + nACl where n = 0 - h ,  2 



and A - Cs, K, Na, Li).[321 It has been established that magnesium does 

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

2 - 
tetrachloro complex, MgC14 . 

<. 

Raman spectra for AlCl system were measured also to determine the 
3 

ionic structure, as in the case of MgCl Since AlCl sublimes without 2 ' 3 

melting, Raman spectra of pure molten AlCl cannot be measured under 
3 

normal conditions. (AlC1 sublimes at a low temperature of 182°C.) Most 3 

of work has been done, therefore, with KC1 or NaC1, but not with both, 

and usually higher A1C13 content than our concern. [20,33-361 As in 

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

in the form of chlorocomplexes , predominantly ~ 1 ~ 1 -  in chloride melts. 
4 ' 

The electrochemical reduction of klg2+ from alkali chloride' and/or 

alkaline earth chloride melts have been studied. [37-401 It has been 

established that the reduction process is diffusion controlled. During 

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

[11-121 Subvalent forms of A1 
+ 

without identification of their nature. 

and/or A12+ have been s i i g g ~ . ~ + ~ d  from t h e  electrochemical study of AlCl 
3 

in the alkali chloride melts. [41-431 Metal fogging and coloration of 

the melt have also been obser~ed during electrolysis of AlCl -containing 3 
me1 t . i13'263 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 



of magnesium and aluminum in their chloride - alkali chloride melts. 
However, Raman spectra or electrochemical studies of MgCl and AlC13 at 

2 

their industrial composition have not been reported, nor have they not 

been combined with each other 



3. ELECTROLYSIS OF MgC12 AND A1G13 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 developed by I.G. Farben- 

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 magnesium 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). [ 4 4  1 

Magnesium is electrownn from a chloride electrolyte which is more 

dense than the magnesium metal itself. For this reason, in commercial 

u~agnesi.m chloride eleetroly3i3 cells, the cathodes are equipped with 

collection systems that trap the rising metal droplets. The basic cell 

design of the I .G. Farben process is shown in Fig. 3.1. [ 4 5 1  The cell 

reaction is 

At 7@0°C, AGO = 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 



and the  o p e r a t i n g  t empera tu re .  [ 4 6  Graphi te  anodes a r e  p o s i t i o n e d  

between s t e e l  c a t h o d e s .  Magnesium metal should  wet t h e  ca thode  and move 

upward a l o n g  w i t h  t h e  e l e c t r o l y t e  by gas l i f t  c i r c u l a t i o n .  Cathode tops 

a r e  des igned  t o  d i s c h a r g e  t h e  magnesium i n t o  t h e  meta l  c o l l e c t i o n  zone 

e f f e c t i v e l y .  The anod ic  compartments a r e  always completely s e a l e d  f o r  

e f f i c i e n t  and economic recovery  of c h l o r i n e .  I t  is  imporcant t o  prevent 

escape  o f  c h l o r i n e  t o  t h e  immediate work a r e a  and t o  t h e  atmosphere.  

~ i a ~ h r & m s  c o n s t r u c t e d  of  r e f r a c t o r y  m a t e r i a l s  a r e  immersed i n t o  

t h e  e l e c t r o l y t e  between each  anode and cathode t o  s e p a r a t e  c h l o r i n e  from 

t h e  meta l  p roduc t  t o  p reven t  t h e  l o s s  of magnesium by t h e i r  recombina- 

t i o n  r e a c t i o n .  S ince  f e e d  t o  t h e  c e l l  i s  anhydrous MgCl concen t r a t ed  
2 ' 

c h l o r i n e  i s  evolved  a t  t h e  anodes and can be recovered f o r  c h l n r i n a t i o n  

o f  magriesium ox ide  o r e .  There is  no e x t e r n a l  h e a t i n g  of  t h e  c e l l s ,  

which a r e  i n s u l a t e d  w i t h  r e f r a c t o r y  b r i c k  and conta ined  i n  a s t e e l  tank.  

The composi t ion  of  t h e  e l e c t r o l y t e  i s  d i c t a t e d  p r i m a r i l y  by t h e  

source  o f  MgCl e . g . ,  s e a  water  o r  b r i n e ,  b u t  a wide v a r i a t i o n  i s  
2 ' 

p o s s i b l e  a s  l ong  a s  MgCl i s  h e l d  above 10 w t . % .  The o p e r a t i n g  temper- 
2 

a t u r e  is  740°C. An anode - ca thode  spacing has  t o  be l a r g e  enough f o r  

c h l o r i n e  r e c o v e r y ,  which i n c r e a s e s  c e l l  r e s i s t a n c e  and thus  dec reases  

c u r r e n t  e f f i c i e n c y .  Curren t  d e n s i t y  is 0.35 - 0 . 5  tI/crn2 and c e l l  

v o l t a g e  i s  5 - 7 V, w i t h  a c u r r e r ~ t  e f f i c i e n c y  of 80 - 90%.  Energy 

consumption i s  15 - 18 kWh/kg o f  Mg metal .  [5 ,471  



3.2 Alcoa Aluminum Chloride Process 

Aluminum is extracted primarily by electrolysis of A1 0 in Hall- 
2 3 

Heroult cells. The source of A1 0 is bauxite, which is treated by the 2 3 

Bayer process. The electrolyte is essentially a solution of aluminum 

oxide dissolved in molten cryolite, Na3AlF From the consumable carbon 
6' 

anode, such gaseous products as CO CO, and fluorides are generated. 2 ' 

In addition, particulates, halocarbons, and polynucleararomatics 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 must be operated about 300°C above the melting paint of 

aluminun (660°C) , 14 '  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 stationary 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 cathode. (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. 



The Alcoa p r o c e s s  u ses  A l C l  prepared by c h l o r i n a t i o n  of A 1  0 
3  2 3  

which i s  o b t a i n e d  by t h e  Bayer p roces s .  The c e l l  ( F i g .  3 .2 )  f o r  

e l e c t r o l y s i s  is c o n s t r u c t e d  from a  s t e e l  mantle l i n e d  wi th  a  thermal ly-  

i n s u l a t i n g ,  non-conduct ing r e f r a c t o r y  m a t e r i a l .  [ 48  j 4 ' !  (The d e t a i l s  o f  

t h e  p roces s  have n o t  been  d i s c l o s e d . )  The c e l l  r e a c t i o n  i s  

A t  700°C, AGO - 121.2  kcal/mol f o r  t h i s  r e a c t i o n ,  and t h e  s t a n d a r d  

r e v e r s i b l e  p o t e n t i a l  is  1 .75  V .  The meta l  i s  c o l l e c t e d  i n  a  g r a p h i t e  

compartment a t  t h e  bottom of t h e  c e l l ,  and c h l o r i n e  is  c o l l e c t e d  f o r  

r e c y c l i n g .  I n l e t s  f o r  e l e c t r o l y t e  and o u t l e t s  f o r  products  pas s  through 

t h e  l i d  l i n e d  w i t h  a r e f r a c t o r y  m a t e r i a l .  

The e l e c t r o d e s  which c o n s i s t  of  a h o r i z o n t a i  anode a t  Che t op ,  a 

h o r i z o n t a l  ca thode  a t  t h e  bottom, and b i p o l a r  e l e c t r o d e s  i n  between, a r e  

s t a c k e d  a t  a s e p a r a t i o n  of  l e s s  than  1 . 3  cm i n  the  c e l l .  ' 50 E lec t rons  

e n t e r  t h e  lower g r a p h i t e  from t h e  cathode b a r s ,  pass  through the  

e l e c t r o l y t e  t o  t h e  n e x t  b i p o l a r  p l a t e ,  and f i n a l l y  out  t h e  top  anode 

b a r s .  Aluminum c h l o r i d e  is  decomposed t o  produce aluminum acd c h l o r i n e  

i n  each compartment. The ope ra t ing  temperature i s  700 + 30°C. The 

t y p i c a l  c e l l  composi t ion is  5 w t .% A1Cl3, 53 w t . %  NaC1, 4 2  wc.3 LiC1. 

The pumping e f f e c t  of t he  c h l o r i n e  bubbles  improves melt  c i r c u l a t i o n  and 

s u p p l i e s  new e l e c t r o l y t e  t o  t he  i n t e r - e l e c t r o d e  gap. 

Cur ren t  d e n s i t y  i s  0 . 8  - 2 .3  ~ / c r n ~  and c e l l  vo l t age  i s  2 . 7  V 



Energy consumption has been repor ted  t o  be l e s s  than 9 . 5  kWh/kg o f  A 1  

meta l ,  which is  lower than t h a t  of Hall  c e l l  process ,  about 1 2  kWh/kg of 

A 1  metal i n  t h e  l a t t e r  c a s e .  [ 3 I 
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F i g .  3 . 1  Schematic of I . G .  Farben magnesium 

e l e c t r o l y s i s  c e l l .  [ 4 5 1  
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Fig. 3.2 Schematic of Alcoa aluminum chloride 

electrolysis cell. [ 4 9 1  



4. RAHAN 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. 

Evidence for the tetrahedral complex, anions from phase 

d i a ~ ~ a m  ~alculations was first noted by Flood and Ui'nes 1 5 ' ]  for the 

MgC12 - alkali metal chloride system. The relatively sharp Raman peaks 

for the MgC12.nAC1 melts [29-32'52-543 have suggested that these systems 

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

- 5 of a purely electrostatic interaction is - 10 times that of 

covalently linked atoms. I S 5 '  There have heen many report3 o n  thermos 

dynamic[ 56-601 and spectroscopic[20 ' 29 52 ' 53 evidences of the presence 

~ r i  complex cntieies in iirol~eri salc mixtures of the type AX-MX or AX- 
2 

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 

scandard method for structural investigations of molten salts, 

particularly for identifying complex ions and other structural entities. 

From a Raman study on MgCl and the MgC12-KC1 system, Balasubrahmanyam 
2 

coiic luded that the layered structure of solid MgC12 was partly 

4 - 
broken up to form MgC16 units in MgCl but the addition of KC1 to the 

2 ' 



2 - 
MgC12 melt  l e d  t o  fo rma t ion  o f  M ~ c ~ ;  and p o s s i b l y  MgC14 . However, 

4  - 
l a t e r  Raman works [ 5 2 1 5 3 1 5 5 1  p'roposed t h a t  MgCl does n o t  e x i s t  i n  6 

molten MgCl and i n t e r p r e t e d  the  s p e c t r a  i n  terms of  a  r e s i d u a l  i o n i c  
2  ' 

l a t t i c e ,  i . e . ,  a  p o l y n u c l e a r  complex (MgC1 ) n .  For t h e  MgX2.210( systems 2  

( X  - C1, Br,  I ) ,  Maroni [ 5 3 1  observed Raman s p e c t r a  t h a t  were i n  
2  - 

e x c e l l e n t  agreement with t h e  t e t r a h e d r a l  complex MgC14 . No evidence 

f o r  t he  M ~ c ~ ;  s p e c i e s  was d e t e c t e d .  

The Raman s t u d y  by Brooker [541 of K2MgC14 and C s  MgC14 i n  t h e  
2  

Z - molten s t a t e  was s t r o n g l y  i n  f avo r  of t h e  t e t r a h e d r a l  MgCl ion  
4  

proposed by Maroni e t  a l .  [ 2 9 1 5 2 1  Addi t iona l  on molten MgCl 
2  

2  - suggested the  p re sence  of  d i s c r e t e  polyatomic s p e c i e s ,  i n c l u d i n g  MgC14 , 

and d i d  no t  favor  t h e  r e s i d u a l  i o n i c  l a t t i c e  model proposed. by 

Capwell. [301 L a t e r ,  Brooker e t  a l .  [ 3 2 1  concluded t h a t  t h e  s t r u c t u r e  of  

t h e  spec i e s  p r e s e n t  i n  t h e  me l t s  was n o t  r e l a t e d  t o  t h e  s t r u c t u r e  

p r e s e n t  i n  t he  s o l i d .  I t  w a s  a l s o  found t h a t  t he  network l a t t i c e  

s t r u c t u r e s  wi th  d i s t o r t e d  o c t a h e d r a l  coo rd ina t ion  of magnesium gave way - 
t o  t he  sma l l e r  t e t r a h e d r a l  coo rd ina t ion  on f u s i o n .  I t  i s  g e n e r a l l y  

i! - accepted  t h a t  MgC14 i s  t h e  predominant complex ion  i n  t h e  me l t s  of  

Even thovgh t h e  A1-X bond is  l a r g e l y  i o n i c ,  aluminum h a l i d e s  do 

[61 '62  However, wi th  n o t  melt  t o  form i o n i z e d  l i q u i d  i n  pure s t a t e .  

o t h e r  halogen compound, aluminum h a l i d e s  behave a s  s t r o n g  Lewis a c i d s  a s  

demonstrated by t h e  fo rma t ion  of t h e  an ion ,  A ~ x ; ,  [611 which makes the  

mixture melt  h i g h l y  i o n i c .  



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 cherrnodynamic properties, '63-651 via X-ray diffraction 

method , [661 by neutron scattering, [671 and by IR [1G,GO,G91 and Raman 

spectroscopy. 
[21-23,34,56] 

~ l l  the previous Rarnan 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 

thc litcraturc (13 to the structure of the complexes present in the ~ n e l ~ ,  

The ~ 1 ~ 1 -  tetrahedron has been confirmed as a fundamental structural 4 

unit. Higher complexes. ~ 1 ~ ~ 1 ;  and A1 ~ 1 -  have also been identified 3 10' 

in melts with mole fraction of AlCl larger than 0.5, but they are not 3 

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 Raian 

spectra have been measured during electrolysis of the systems mentioned 

above, either. Each component or their mixtures of the MgC1, or A1C13 
L 

electrolyte were investigated in detail by Raman measurement. R m a n  

spectra were also measured in the systems of MgCl and A1C13 in cheir 
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, u' = v ,  2 u. The frequency, u, and the wavenumber, ;, are 

related to each other by the equation-, ; - u/c , so they can be used 

alternatively. (c - 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 che mol acular species, as in Fig. 4.2. 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 b e ~ ~ e e n  the molecule and c l ~ e  

radiation, the molecular energy does not return to i t s  original er~ergy 

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 i.n the spectra. These pcalcc are 



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 

mol,~.cill a r  str1.1.c ture . For example, diatuulic ur 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; [ 711  

where 

E - constant, 
I = intensity of the incident radiation, 
0 

N = number of molecules, 

v = incident wavenumber, 
0 

v = wavenumber shift due to the  molecular vibration, 
n 

a = mean value o£ polarizability change during the vibration, 

7 = anisotrcpy of poiarizability change during the v<brati'on, 



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 2 
45a + 77 , 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 

1 
25 mol.% A1C13 - 75 mol.% CsC1. In the figure, the spectrum on the II 

curve and that on the " I ~  curve were obtained at two different polariza- 

1 
tion states. Here, I means that polarization state of the incident 

I 

beam ('I) is parallel to the state of the scattered beam at the entrance 

I I 
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 ; (711 

As we can see, if p = 0 (i.e., y - O), the vibration is totally 

symmetrical, and if p z 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 



peaks ,  shape  of  t h e  peaks ,  and p o l a r i z a t i o n ,  Raman s p e c t r a  may be 

c o n s i d e r e d  a s  a  f i n g e r p r i n t  o f  some molecular  s p e c i e s ,  and might be used 

f o r ,  d e t e c t i n g  t h e  presence  o f  unknown subs t ances .  
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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 ( E G G  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 i t s  wave- 

number and strikes a power meter (Newport Research, Model 185) which 

mescures thc trangmittcd laser power.  T l ~ i s  nleasurelnenc 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 



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 

spectrometer 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 si,gnal is 

converted to the electrical signal. This electrical signal is 

amplified, digitized by the detector controller (EGG PARC, Model i218), 

and finally transmitted as data to cptical multichannel analyzer 

(EGG PARC, OMA, Model 1215) where the data may be manipulated or 

stored. 

The plane of polarization of the exciting radiation is set by a 

polarization rotator ( 4 or 4). 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 polarizarlon analyzer (I always). The 1 
- 1 

spectrometer slit width Is 100 p u ,  equivalent to -6 om . T>ypically, 

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 green .  All 3pcctr3. were measi.lr~.d nsing the 514.5 nm 

line of argon as exciting radiation, if not specified. 



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 

the monochromator. [ 7 2 3  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 rhe  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 40Q), 

because the signal-to-noise ratio varies as the square root of the 

number of measurements, Signal-to-noise ratio is further enhanced by 

the Savitzky-Golay technique [ 73 ' 74  I : 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 

freqxency fluctuaeions) by acting as a mathematical low pass filter. 

The Optical Multichanrlel Analyzer (OMA) employed in this research also 

has the differentiating function which can aid in pinpointing an 

observed peak. [ 751  



4.2.1.1 Furnace 

Specimens are heated by a method somewhat different from those 

previously employed in spectroscopic studies. [76 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 vas designed and 

built (Fig. 4 . 5 ) ,  which consists of nichrome wire wrapped around a 

vertical fused quartz tube, 5.1 cm in diameter - 30 cm long, contained 

in a can packed 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 s e n e  as windows. Located 

in the same horizontal plane and in a tee configuration, the sidearms 

are hected by independently-controlled nichrome windings to maintain a 

constant temperature in the sample. 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 wich 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. In the real 

experiment, the melt did not show any convection due to tho thermal 

gradient. 



4.2 .1 .2  Melt con ta ine r  

For the  measurement of Raman s p e c t r a  wi thout  e l e c t r o l y s i s ,  t he  

c o n t a i n e r  was made by j o i n i n g  a  12 mm squa're fused qua r t z  tubing  t o  

20 mm d i a .  round tubing (Fig .  4 .6  ( a ) ) .  This  fused  qua r t z  c e l l  was 

s e a l e d  by a  304 s t a i n l e s s  s t e e l  cap ,  which had a  hole  on top  f o r  temper- 

a t u r e  measurement and two p o r t s  f o r  pas c i r c u l a t i a n .  

The e l e c t r o l y s i s  c e l l  was made of o p t i c a l  grade square fused  

q u a r t z  tub ing ,  25 mm on edge, jo ined  t o  a commercial-grade round tubing 

4 1  mrn O . D .  (F ig .  4.6 ( b ) ) .  A compression f i t t i n g  made of 304 s t a i n l e s s  

s t e e l  s e rved  a s  c e l l  cap.  I t  had 4 f i t t i n g s  on t h e  top  f o r  ca thode ,  

anode,  i n e r t  gas i n l e t ,  and thermocouple, and a  p o r t  on the  s i d e  f o r  gas 

o u t l e t .  

P u r i f i c a t i o n  of t h e  melt  is  extremely important .  Impur i t i e s  can 

p a r t i c i p a t e  i n  s i d e  r e a c t i o n s  which a r e  not  r e p r e s e n t a t i v e  nf e l .ec t ro1-  

y s i s  but  which may produce spec ies  t h a t  may a f f e c t  the  Raman s p e c t r o -  

scopy o r  vol tammetric  s t u d i e s .  The most d e l e t e r i o u s  subs tahces  a r e  

i n s o l u b l e  p a r t i c u l a t e s  which s c a t t e r  the  inc iden t  l a s e r  l i g h t  and make 

spect roscopy d i f f i c u l t ,  and water ,  which can r e a c t  t o  form a  v a r i e t y  of 

h y d r o l y s i s  products .  Various procedures have been developed and adopted 

t o  remove these  hydro lys i s  products  employing anhydrous hydrogen 

c h l o r i d e  o r  c h l o r i n e ,  vacuum p r e - e l e c t r o l y s i s ,  o r  a  combination of these 



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) + SOC12 (g) MgC12(1) + S02(g) 

= -31 kcal mol 
- 1 

AG;73 K 

AG;73 K - -18 kcal mol-L 

These thermodynamic data are not complete; however, the marginally 

negative AGO's were calculated from information in Barin, Knacke, and 

(77,781 Kubaschewski. 

Anhydrous magnesium chloride was prepared in principle by the 

method of Eehl and Gaur. [ 79 The preparation involves the dehydration 

and decomposition of a double salt, ammonium carnallite 

(MgC1 NH C1..6H20), followed by chlorination of MgCl with SOC12. 
2- 4 2 

The double salt is heated and evacuated in a cylindrical fused 

quartz vessel at a temperature of 175°C until dehydration is complece 



(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 NH4C1. This 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 chliride remains in the 

bottom of the tube. 

After ammonium chloride is removed in the glove box, the remaining 

magnesium cllluridt! Is heaked to 550°C. At this temperature, higher than 

that at which all possible water can be removed, [801 argon gas bubbled 

through SOC12 is passed over the salt to remove sny remaining oxide, 

oxychloride, or moisture for 1 - 2 days. After chlorination, the 

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

The dintillad MgC12 is taken UUL aud s ioeed in rhe glove box for future 

use. 

AlCl is highly hygroscopic and sublimes at a very low temper- 3 

ature, 182"C, at normal pressure. Analytical grade A1C13 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 
2 

100°C for a day, and then it is sublimed under SOCl atmosphere at 
2 

150°C. The purpose of SOC12 treatment is the same as in the case of 

MgCl purification. This szlt is finally sublimed under vacuum at 2 

The procedure for the preparation of other salts such as NaC1, 



KC1, LiC1, and CsCl is simpler than that for MgCl or AlCl and consists 2 3 

of following steps: The salt is dried under vacuum at 150°C, 300°C, and 

500°C for 5 hours at each temperature. The Ar gas saturated with SOC12 

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 CaCl has a low vapor pressure even at its melting point, it 
2 

cannot be sublimed as easily as MgCl or the other salts. CaCl packed 
2 2 

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 SOCl is-passed 
2 

over the CaC12 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. In 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 ppin of oxygen). 

Fur MgC12 experiments, the usual melt composition is II% M c C I .  2 ' 



6% CaC12, 65% NaC1, and 18% KC1 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 A1Cl3 

experiments is usually 5 wt.% AlCl 53 wt.% NaC1, and 42 wt.% LiC1, but 3 ' 

sometimes 10 wt.% AlCl 50 W K . %  NaCl and 40 wt.% LiCl. The temperature 3 ' 

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

tained at 700°C. 

Thc gpcctra 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. 



F i g .  4 .4  S c h e m a t i c  d i a g r a m  o f  Rarnan i n s t r u m e n t a t i o n .  

(1) A r  l a s e r ;  ( 2 )  K r  l a s e r ;  ( 3 )  M i r r o r s ;  

( 4 )  P o l a r i z a t i o n  r o t a t o r ;  ( 5 )  B a n d p a s s  f i l t e r ;  

( 6 )  F o c u s i n g  l e n s e s ;  ( 7 )  Power  meter; 

( 8 )  P o l a r i z a t i o n  a n a l y z e r ;  ( 9 )  S p e c t r o m e t e r ;  

( 1 0 )  D e t e c t o r ;  (11) D e t e c t o r  c o n t r o l l e r ;  

( 1 2 )  O p t i c a l  m u l t i c h a n n e l  a n a l y z e r ;  ( 1 3 )  P l o t t e r ;  

( 1 4 )  F u r n a c e  and  m e l t  c o n t a i n e r  
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4 .3  Resul ts  and Discussion 

4 .3 .1  Raman spec t r a  of m e l t s  without e l e c t r o l y s i s  

4.3.1.1 K e l t s  of MgC12 and addi t ives  

Raman spec t r a  measured f o r  pure molten MgCl a t  740°C show a com- 
2 

- 1 
p l e t e l y  polnr izcd peak a t  205 cm aid a broad depolarized band at: ahn~.rt 

385 cm-l (Fig .  4 .8 )  . Raman ,spectra a r e  usual ly  p lo t t ed  i n t e n s i t y  v s  

wnvcnumbcr s h i f t  from the value of the incident rad ia t ion .  The in ten-  

s i t y  i s  sca led  a r b i t r a r i l y ,  and thus ,  the r e l a t i v e  peak i n t e n s i t y  is 

important i n  the Raman spec t ra .  Wavenymber is  used i n  t he  spectroscopy 

more o f ten  than wavelength o r  frequency, and i n  Raman spec t r a ,  wave- 

.number s h i f t  is  more important than the absolute value ,  a s  described i n  

e a r l i e r  s ec t i ons .  

Most spec t ra  were measured a t  two d i f f e r en t  po la r iza t ion  s t a t e s  by 

ro t a t i ng  the  po l a r i za t i on  of the  incident laser.heam, one a t  the  

p a r a l l e l  po l a r i za t i on  s t a t e  of the l a s e r  beam t o  the s t a t e  of the  

s ca t t e r ed  beam a t  the  v e r t i c a l  entrance s l i t  on the  spectrometer (I  , 
I? 

and the o the r  a t  t he  perpendicular s t a t e  ( I  ) .  For the upper curve i n  
1 

Fig.  4 . 8 ,  the  po la r iza t ion  s t a t e  through the po la r iza t ion  analyzer was 

p a r a l l e l  t o  t h a t  of t he  incident  radia t ion,  aucl fo r  the lower one, i t  

- 1 
was perpendicular t o  t h a t  of the  incident beam. Peaks a t  about 90 cm 

a r e  not t r u e  Raman peaks, but ra ther  a r t i f a c t s  of the f i l t e r  cu t -o f f  

which i s  employed t o  p ro t ec t  the  photodetector from the  high i n t e n s i t y  



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. [31,811 

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 LiC1, NaC1, KC1, and CsC1, respectively, measured at 

the temperatures specified in each figure. The Raman spectra of the 

molten equimolar mixtures of NaC1-KC1 and LiC1-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. [72,821 

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 Kaman 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 MgCl shifts from 205 cm-I to 245 cm-I 
2 

with the increase of CsCl content in the melt. The peak movement may be 

2 
explained by considering the .difference in the charge densities .(z/r ) 

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 



s t a b l e  complex i o n  than  t h a t  i n  t he  pure MgCl m e l t .  The s t r o n g e r  Mg-C1 2 

bond i n  t h e  complex ion  makes the  frequency h i g h e r ,  which causes  t h e  

peak t o  s h i f t  t o  h i g h e r  va lue  i n  t h e  s p e c t r a .  Table 1 shows t h e  ion  

r a d i i  of s e v e r a l  e lements  which a r e  impor tan t  i n  t h i s  r e s e a r c h .  The 

v a l u e s  i n  t he  t a b l e  a r e  a c t u a l l y  i o n i c  c r y s t a l  r a d i i ,  i 8 3  and they  may 

be  d i f f e r e n t  i n  l i q u i d  s t a t e .  However, t he  t r e n d  i s  thought  t o  be 

c o r r e c t .  

I t  h a s  been r e p o r t e d  t h a t  a l k a l i  c h l o r i d e  a c t  a s  a  donor of  

c h l o r i n e  i o n  t o  magnesium c h l o r i d e  t o  form t e t r a h e d r a l  complex i o n ,  

M ~ c ~ ~ ' ,  by  t h e  fo l lowing  r e a c t i o n .  [31,321 
4 

I n  F ig .  4 .16  and 4 . 1 7 ,  one may observe t h a t  t h e  n~aximuin peak dues ~ l u t  

s h i f t  any more when CsCl con ten t  exceeds 6 7  mo l .%.  The r eason  is 

thought  t o  be t h a t ,  above t h i s  l e v e l ,  t h e  C s C l  c o n t e n t  i s  more than 

enough f o r  a l l  MgC12 t o  form the  complex ions  under t he  above r e a c t i o n .  

Th i s  o b s e r v a t i o n  s t r o n g l y  suppor ts  t he  t e t r a h e d r a l  complex ion  theo ry .  

The t e t r a h e d r a l  complex ion  formation i s  f u r t h e r  suppor ted  by t h e  f a c t  

t h a t  Raman s p e c t r a  of  molten MgCl - 2 C s C 1  mix ture  have f o u r  peaks a t  2 
- 1 

106 ,  143, 247, and 350 c m - l ,  and the  peak a t  24i  cm i s  completely 

p o l a r i z e d  (Flg. 4 . 1 8 ) ,  because these  s p e c t r a  look l i k e  those  of C C l  a  4  ' 

t y p i c a l  t e t r a h e d r a l  - ' s t ruc tu re  molecule ,  [ 8 4 1  i n  t h a t  t h e r e  a r e  fou r  Raman 

peaks ,  one of them p o l a r i z e d .  Although a l l  t he  peaks i n  F i g .  4 .18 are 

n o t  d i s t i n c t ,  i t  is p o s s i b l e  t o  l o c a t e  the  peaks wi th  techniques  of  

f i t t i n g  and d i f f e r e n t i a t i n g  the  c u r v e s ,  which a r e  i n t e r n a l  func t ions  of 



the  microprocessor employed i n  t h i s  research.  

Table 4 . 1  Ionic  Radi i .  of  Elements ( i n  A) [ a 3 1  

With the addi t ion of l i g h t e r  a l k a l i  chlor ides  t o  MgC12, it was 

observed t h a t  the maximum peak moves t o  a  s l i g h t l y  lower f requencies ,  

while the  halfwidth of the  peak increases considerably over the  ca t i on  

+ + 
s e r i e s  Cs t o  L i  (Fig .  4 .19) .  This may be again explained by the  

+ 
charge dens i t i e s  of a l k a l i  c a t i ons  (Fig .  4 .20) ;  the small Li ion can 

compete qu i t e  favorably, due t o  the  high charge densi ty ,  f o r  the 

chlor ide  ion,  which w i l l  weaken t hc  Mg-CZ bond. This is  r e f l e c t e d  by 

the  lower frequency i n  the  Raman spec t ra .  I n  Fig. 4 .20 ,  i t  may be 

observed t ha t  the wavenumber s h i f t  has an almost l inear  r e l a t i onsh ip  

with the charge densi ty .  The symmetric v ib ra t ion  mode of M ~ c ~ * -  w i l l  
4 

occur i n  a greater  range of, environmental conditions i n  the  neighborhood 

+ + 
of the  smaller L i  than fo r  the  l a r g e r  Cs ions ,  which could explain  the 

l a rge r  halfwidth fo r  the  l i th ium melt .  



From the  above o b s e r v a t i o n s ,  i t  can be concluded t h a t  magnesium 

forms s t r o n g e r  complex ion  when magnesium c h l o r i d e  is  mixed wi th  t h e  

h e a v i e r  a l k a l i  meta l  c h l o r i d e .  The reason  is thought t o  be t h a t  

magnesium i o n  can  e a s i l y  draw c h l o r i n e  ion  from t h e  lower charge d e n s i t y  

i o n .  The s t r o n g e r  complex ion  format ion  is r e f l e c t e d  by t h e  sha rpe r  

peaks  and h i g h e r  wavenumber s h i f t  i n  t h e  Ranan s p e c t r a .  Temperature 

e f fec t  on Raman s p e c t r a  could  not be d e t ~ . ~ . t e d  over  t he  rangc cxpcriments 

conducted .  

The t y p i c a l  i n d u s t r i a l  composi t ion of  t h e  e l e c t r o l y t e  f o r  

magnesium e l e c t r o l y s i s  i s  11 w t . %  MgCl - 65 wt .% NaCl - 18 w t . %  K C 1  - 
2 

6 w t . %  CaCl,, and F ig .  21 and 22 show the  Raman s p e c t r a  o f  t he  sup-  
L 

p o r t i n g  s o l v e n t  s e l t  o n l y ,  and t h e  e l e c t r o l y t e  a t  t he  i n d u s t r i a l  compo- 

s i t i o n ,  r e s p e c t i v e l y .  The peaks a r e  nor d l s t i n c t  i n  t h e s e  s p e c t r a .  

However, s i n c e  it  i s  known where t o  look f o r  t h e  peaks from t h e  above 

i n f o r m a t i o n ,  i t w a s p o s s i b l e t o l o c a t e t h e p e a k s w i t h a i d o f t h e  ' 

i n t e r n a l '  f u n c t i o n s  of  t h e  microprocessor  ( O M )  employed i n  t h i s  

-I , 
r e s e a r c h .  The peaks a r e  a t  about  107 ,  142, 249, and 351 c m  . The peak 

- 1 a c  249 em is comple te ly  p o l a r i z e d .  A l l  t h e s e  informat ion  sugges t s  

2  - 
t h a t  magnesium e x i s t s  a s  a  t e t r a h e d r a l l y  coo rd ina t ed  complex, MgC14 , i n  

t h e  e l e c t r o l y t e  o f  i n d u s t r i a l  composi t ion.  



4.3.1.2 Melts of CaC12 and vith other additives 

CaCl is one of the major components of the supporting electrolyte 
2 

for magnesium electrolysis. 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 MgCl concentration in the 2 

cell-bath on-line in real time. The molten CaC12 and with other addi- 

tives were investigated for possible use in this regard. 

Fig. 4.23 shows the Raman spectra of pure molten CaC12 at 800°C. 

One sees a broad polarized band between 150 and 200 cm" which demon- 

strates that, just as MgCl CaCl has some tendency to form structural 2 ' 2 

entities in the pure molten state. The broader band than that of MgC12 

confirms the charge density effect on the spectra because the charge 

2 density (r/r ) of ca2+ is 0.43 times that of ng2+ so that the possi- 

bility'will be reduced for the formation of strong complex species. 

These results agree with the earlier measurements. 128,851 

Fig. 4.24 shows the Raman spectra of 33 mol.8 CaC12 - 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 

- 1 190 cm is clear1.y evident, and other 3 depolarized peaks may also be 

- 1 
found at about 113, 147, and 347 cm . 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 ee al. [ 861 



The strong polarized peak of what is believed to be the CaCl 2 - 4 

complex having been identified, the study turned to solutions of CaCl 
2 

in lighter alkali chlorides and finally in the supporting electrolyte 

for magnesium electrolysis. Fig. 4.25 shows the spectrum of 33 mol.8 

CaC12 in KC1. The Raman peak at 190 cm-I is as evident as in the CsCl 

solvent melt. In Fig. 4.26, Raman spectra of 33 mol.% CaCl in NaCl 
2 

malt show Q vcry weak band. WiLl~uuL  he knowlebge from thp. previ nil? 

soivent melts, one would be tempted to conclude that CaCl does not 
2 

coordinate in NaCl sulve~ll: melt co f o m  Raman active species. 'Kese 

results clearly shou 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 MgC12 - CaC12 

syscP.m. The sp~rtr1.m ot pure molton MgCi ha3 eke predclmi~id~lL s h a r p  2 
- 1 

peak at 205 cm (Fig. 4.8). Fig. 4.27 shows the Raman spectrum of the 

equimolar solution of MgCl - CaC12. Although it was difficult to prove 
2 

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 anaiysis. Here, one can clearly see the addi- 

tivity property of Raman spectroscopy. The peaks of pure MgCl and 
2 

- 1 - 1 
CaCl at 205 cm and 180 cm must be deconvoluted and the broad 

2 

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

quantitative information from these data. 



, 4 3 . 1 3  Melts of AlCl,3 with additives 

Raman spectra of pure molten A1C13 cannot be measured under normal 

conditions, because A1C13 sublimes without melting at 182°C. In this 

investigation, therefore, Raman spectra were measured for the molten 

mixtures of A1C13 with alkali chlorides. 

The Raman spectra of the melt of 25 mol.% A1C13 - 75 mol%. KC1 at 
800°C showed similarity to those of CC14 in that four distinct peaks 

were observed (at 125, 183, 346, and 483 cm-') one of which is com- 

pletely polarized (at 346 cm") , 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-' 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 AlCl in KC1 melt at several 3 

different compositions. The temperature was maintained at 800°C. KC1 

was chosen because it proved a strong chlorine ion donor during the 

study of MgC12 melt. One may see that the maximum peak becomes stronger 

with AICljcontent. Nn 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 



2 - 
2AC1 + MgC12 2 ~ +  + MgC14 . 

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, [20,211 

because, in the composition range concerned, the content of alkali 

chloride in the melt has already exceeded the value for all the aluminum 

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

equation. 

It was felt that the peak height measurement may be used as a 

roforonoo for thc dctcrmination of thc conccntration of AlCl bccausc 
3 

- 1 the maximum peak at 346 cm 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 KC1 :?as drawn from 
3 

Fig. 4.29 by normalizing the spectra (reference was the intensities at 

- 1 
6 5  cm 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. In Fig. 4.30, one may see that the peak 

height is fairly proportional to the concentration of A1C13 in the melt. 



I t  might be concluded here t h a t  Raman spectroscopy can be used as  

reference f o r  measurement of the concentrat ion i n  the  systems l i k e  A l C l  
3  

e l e c t r o l y t e .  

I n  the  Raman spec t ra  of Fig. 4.31, it can be observed t h a t  the  

maximum peak is  the sharper fo r  the melt with K C 1  than with NaCl o r  

L i C 1 .  This observation may again be explained by the  lowest charge 

+ 
densi ty  of the  K ion of the  three  a l k a l i  metal ions ,  bu t  the  di f ference 

i n  the sharpness or  peak locat ion is not a s  g r e a t  a s  observed i n  the  

MgCl melts .  This phenomenon is again explained by the  high charge 
2 

densi ty  of A 1  ion.  (2.54 times t ha t  of M ~ ~ + . )  I t  is  a l s o  explained 

q u a l i t a t i v e l y  by the g rea te r  tendency of A 1  t o  form covalent  bond than 

Mg. I t  is wel l  known t h a t  aluminum. chloride does not  form ionic  melt 

when it is  molten, and thus ,  it sublimes under normal condit ion.  

Because of t h i s  proper ty ,  the strong Raman peaks can be observed and the  

small d i f fe rence  i n  the  charge dens i t i es  of the  a l k a l i  metal ca t ions  may 

not be enough t o  cause an appreciable d i f fe rence  i n  the spec t ra .  These 

observations a r e  contrary t o  the Rman measurements by Rytter  e t  

1 2 * ]  , but  agree well  with the thermodynamic da ta .  a l .  [87,881 

The composition of the supporting e l e c t r o l y t e  i n  the  Alcoa 

Smelting Process is 45 wt.% LiCl - 55 w t . %  NaC1, and Fig. 4.32 shows 

Raman spec t r a  of t h a t  melt measured a t  700°C. There a r e  no appreciable 

peaks, a s  expected. I n  the Fig. 4.33,  Raman spec t r a  a r e  shown fo r  the 

melt resembling an i ndus t r i a l  composition (10% A l C l  - 40% LiCl - 3 

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

d i s t i n c t  peaks, a t .  125, 183, 349, and 483 cm-I. The peak a t  349 ern-I i s  



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 

CC14. 

~ l l  the observations are in strong conformity with the assumption 

that, in the electrolyte of industrial composition, aluminum coordinates 

with four chlorine ions to form a tetrahedrally coordinated tetrachloro- 

aluminate ion, ~ 1 ~ 1 1 ,  by the following reaction. 

4.3.2.4 Melts of A1C13 - CsCl 

During the Raman study of A1C13 in CsCl melt, a new Raman peak was 

observed at 247 cm-I for the melt of 10 mol. % A1C13 - 90 mol. % CsC1. 

(Fig. 4.34) This polarization-sensirive peak had not been expected for 

this nelt because other alkali chloride melts did not show it, or phase 

diagram of AlCl CsCl system does not contain any compound or anoma- 
3  .- 

lous features in the composltfan range concerned. No literature on this 

phenomenon could be found. Therefore, Raman measurements were conducted 

carefully on this system. 

- 1 
In Fig. 4 . 3 5 ,  one can see the peak at 247 cm becomes as strong 

- 1 as that at 3 4 5  cm as AlCl content decreases in the CsCl melt. At a 
3  



low concentration of 0.5 mol.% A1C13 (Fig. 4.35 (c)), this peak is even 

- 1 
stronger than that at 345 cm . However, the Raman spectra of 5 mol.% 

or less of A1C13 in KC1, NaCl, or in LiCl did not show this peak 

(Fig. G.36). As AlCl content increases in the melt, the intensity of 
3 

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

the composition of higher than 25 mol.% AlCl (Fig. 4.37) 3 ' 

~lthough 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 A~F; is equilibrium with 

3 - A1F6 in cryolite melt. [89~901 By the same token, an equilibrium 

reaction can be imagined between the tetrahedral ~ 1 ~ 1 ;  and the 

octahedral ~1~1:' 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 ~ 1 -  anions to associate. 

with a single A13+ cation. That is thought to be the reason why the 

peak at 247 cm-I 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 ir. is greater than that at 345 ern-l. (Fig. 4.35) As A1 3+ 

ions become less and ~ 1 -  ions become more, ~ 1 ~ +  ions are surrounded by 

more chlorine ions, m d  thus, *13+ inns have the higher chance of 

3 - 
forming higher chlorine complex ion like A1C16 . That may explain why 



- 1 
the peak at 247 cm becomes as strong as the peak at 345 cm-I as A1C13 

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 complex has to be decomposed to 

the retrahedral complex first. T h i s  additional mechanistic step fnr A l  

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 

increase in concentration overpotential. 



Wavenumber shift ( crn-I ) 

Fig. 4.8 Raman spectra of molten M g C l 2 .  T=740°C. 



Wavenumber s h i f t  (cm-'1 

F i g .  4 .9  Raman spectra  of molten LiC1. T-800°C 



5'0 0 400 300 200 3.00 0 

Wavenumber shift ( c m - l )  

Fig. 4.10 R a r n a n  spectra of molten N a C 1 .  T=830°C. 
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Fig. 4 . 1 , l .  Raman s p e ~ t r a  u f  molten KCP.  T=83OeC. 
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Fig. 4.12 Raman spectra of molten CsC1. T=750°C. 
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F i g .  4.13 R a m a n  spectra of m o l t e n  e q u i m o l a r  m i x t u r e  

of N a C l  a n d  K C 1 .  T=750°C. 



Wavenumber shift (an-') 

Fig. 4.14 Raman spectra of molten equimolar mixture 

of LiCl and N a C l .  T=750°C. 



Wavenumber s h i f t  ( crn-l) 

F i g .  4 .15  Rarnan s p e c t r a  o f  m o l t e n  m i x t u r e  o f  
4 a 

nMgCIZ + ( 1 - n ) C s C l .  n= mole f r a c t i o n  o f  MgCl 
2 

T=800°C. 

I 



W a v e n u m b e r  shift (crn-l) 

Fig. ,  4 . 16  Rarnan  s p e c t r a  of molten m i x t u r e s  of  

nMgCIZ + ( 1 - n ) C s C l . .  n= mole f r ac t i on  of MgC12,  <0.33. 

T=800°C. 
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Fig. 4.17 EfFect of CsCl concentration on Raman 

shift in the melt of MgCIZ - CsC1. T=800°C. 



W a v e n u m b e r  s h i f t  (crn-l) 

F i g .  4 . 18  Raman s p e c t r a  o f  33 m o l . %  MgC12 + 
67 m o l . %  C s C 1 .  T = 7 5 0 ° C  
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Fig. 4.19 Rarnan spectra of molten mixtures of 

MgC12 + 2AC1. T=750°C. (A= Cs, K, Na, Li) 



2 
I o n i c  c h a r g e  d e n s i t y  (z/r 1 

- .  /' 
F i g . 4 . 2 0  E f f e c t  o f  i o n i c  c h a r g e  d e n s i t y  off 

a l k a l i  c a t i o n  011 Raman s h i f t  i n  t h e  m o l t e n  - 



Wavenumber s h i f t  (ern-') 

F i g .  4.21. Raman s p e c t r a  of  t h e  s u p p o r t i n g  s o l v e n t  

m e l t  f o r  magnesium e l e c t r o l y s i s .  T h e  w e i g h t  r a t i o  

o f  CaC12, KC1, and NaCl is  6:18:65.  T=770°C. 
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Wavenumber s h i f t  (cm ) 

Fig. 4.22 Raman s p e c t r a  o f  11 wt.% MgC12 - 
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F i g .  4 . 2 3  Raman s p e c t r a  of  m o l t e n  CaCl 
2 ' 'S=8G0°C. 



Wavenumber s h i f t  ( cm-' ) 

F i g .  4 . 2 4  Raman s p e c t r a  o f  33 m o 1 . z  CaC12 + 

67 rnol.:; CsC1. T=840°C.  
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Fig. 4.25  Raman spectra. of 33 rno1.x C a C l  + 
2 

67 rnoi.7; KC1. T=670°C. 
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Fig. 4.26 Raman spectra of 33 mol.7; CaC12 + 

67 mo1.x NaC1. T=670°C. 



Wavenumber shift. (cm-') 

F i g .  4 . 2 7  Raman s p e c t r a  o f  e q u i m o l a r  m o l t e n  m i x t u r e  

of MgC12 + C a C 1 2 .  T=720°C. 



'A7avenurnber s h i f t  (cm-I,) 

Fig. 4 . 2 8  Raman s p e c t r a  of 2 5  m o 1 . Z  A1C13 + 

75 m o 1 . Z  KC1. T=800°C.  



Wavenumber s h i f t .  (cm-l) 

Fig. 4.29  Raman s p e c t r a  o f  n A I C l g  + (1 -n IKC1 .  

( n =  mole f r a c t i o n  o f  A l C l  i n . t h e  m e l t )  3 



Mule 1racLiu11 of A l C l  3 

F i g .  4.30 A p l o t  o f  peak i n t e n s i t y  v s  mole 

f r a c t i o n  of A1C13 i n  KC1 m e l t .  T h e  p e a k  i n t e n s i t y  

w a s  n o r m a l i z e d  a n d  m e a s u r e d  f rom b a s e  l i n e .  
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F i g .  4 . 3 1  Raman s p e c t r a  of 10  rno1.l A 1 C 1 3  i n  

d i f f e r e n t  a l k a l i  c h l o r i d e  melts. T=800°C. 



Wavenumber s h i f t  ( cm- '1  

F i g .  4 . 3 2  R a m a n  s pec t r a  of 45  wt.% L i C l  + 55 wt.% N a C 1 .  

T=700°C. 



Wavenumber sbif t (cm-'1 

Fig. 4 . 3 3  R a m a n  spectra of 10 wt.% AiCl + 3 

4 0  wt.% LiCl + 50 wt.% N a C 1 .  T=610°C. 



Wavenumber shift (cm-l) 

F i g .  4.34 Raman spectra of 10 mol.2 -41C1 in C s C l  melt. 
3 

T=700°C. 
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F i g . , 4 . 3 5  (a) K a r n a n  s p e c t r a  o f  5 mol.7 A I C 1 3  + 

95 m o l . %  C s C i .  T=700°C. 



W a v e n u m b e r  s h i f t  ( c r n - l )  

Fig. 1 . 3 5  (b) Rarnan spec t ra  of .l m o l . 2  A 1 C 1 3  + 



Wavenumber s h i f t  (crn-l) 

F i g .  4 . 3 5  ( c )  Rarnan spectra  of 0 . 5  rnc1.Z A I C I R  + 



'-1) 
Wavenumber shift (cm 

Fig. 4.36 (a) Raman spectra of 5 mol.% A1C13 + 

95 mo1.Z KC1. T=800°C. 
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Fig. 4.36 ( b )  Raman s p e c t r a  of 5 mol.2 A1C13 + . '  



{ V a v e n u m b e r  shift ( c m - l )  

F i g .  4 . 3 6  ( c )  R a m a n  spectra of 5 mol.7; A l C l  + 
3 

95 rnol.7; L i C 1 .  T=700°C. 



Wavenumber shift (cm-') 

Fig. 4.37 (a) R a m a ~  spectra of 15 mo1.X AiC13 + 

85 mol.% CsC1. T=700°C. 



Wavenumber s h i f t  (an-') 

F i g .  4 . 3 7  (b) Raman s p e c t r a  o f  2 1  m o 1 . X  A1C13 + 

79 m o l . %  CsC1. T=700°C. 



Wavenumber shift (an-') 

Fig. 4 . 3 7  ( c )  R2.ma.n spectra of 25 msl.% A 1 C 1 3  + 

75 mol.% CsC1.  T=700°C. 
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Fig. 4.37 (d) Raman s p e c t r a  of 33 mol.% AlCl + 
3 

67 mol.'X CCsl. T=700°C. 



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 g o e a s s i ~ u  cl~luiicle, sudiu clil~i'ide, aid the molten 

mixtures of the two salts were very clean with high val;es of trans- 

rnitted laser power. N6 appreciable Raman peaks were fuurld ~ U L  ~llese 

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 

chlorido which was claimed, by Alfa Prodl-~ct, to he 99.99% ~ I I T P .  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 CaCl even at high temperature, however, 
2 

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

extended perlod of SOC12 treatn~erir was applied to this salt (about 

3 days at 6 0 0 ° 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 KC1. Raman Inessureiner~t u E  the molten mixture of CaCl KC1, 2 ' 

and NaCl in the weight ratio of 6:18:55 showed no appreciable ~eaks, as 

observed earlier in Fig. 4.21. 



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.% MgCl 6 wt.% CaCl 18 wt.% KC1, and 2 ' 2 ' 

65 wt.% NaC1. 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 H 0 but lower than that for the electrodeposi- 2 

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 miI/cm2 throughout 10-hour long 

pre-electrolysis. This constant low current density tells that the 

salts prepared in this research by che method described earlier are pure 

enough for this kind of analytical research. During pre-electrolysis, 

2 - 
Raman spectra were meastired. It was observed that the MgC1 peak 4 

became weaker as time passing, with no change in peak position (Fig. 

4 . 3 8 ) ,  ~ h u u g h  the transmittance was almost constant throughout the pre- 

electrolysis 

Tho sa.me sequential experiments were conducted on the electrolyte 

melt for aluminum chloride electrolysis. 'fie ~nelts of NaC'L, LiC1, and 



the mixtures of NaC1-LiCl and AlCl -NaCl-LiCl were clean, and for them 
3 

Raman spectra were measured (Fig. 4.9,10,14,32,33). Pre-electrolysis 

was conducted on the melt of 5 wt.% AlCl - 42 wt.% LiCl - 53 wt.% NaCl 
3 

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 magnecium experiment. No current reducrion was 

ah,ses-vcd af~er 10 hours long pre-electrolysis at 1.6 V. Although the 

clarity did not appear to be changed, the aluminum chloride Raman peak 

- 1 ac 349 cm continued to diminish in height without change in wave- 

The vaporization of magnesium chloride or aluminum chloride was 

not suspected to be the only reason since any appreciable condensace o t  

magnesium chloride or of even highly volatile aluminum chloride could 

not be located above the melt. Furthermore, the reduceion rate in p ~ g k  

intensity wan Q~~IIUSC constant although the vaporization has to be less 

as time passing because of the lower activity in the melt at the lower 

concentration. 

The reduction in intensity n f  Raman peaks in extremely clean melts 

has been raporcrtd 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 resublima-- ~1on. 

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 bc associated with loss of Raman spectra, collection of 



s p e c t r a  c l o s e  t o  t h e  e l e c t r o d e s  was thought t o  be complicated because of 

t h e  h ighe r  c u r r e n t  d e n s i t i e s  i n  t hese  r eg ions .  Furthermore, focus ing  of 

t h e  l a s e r  beam became d i f f i c u l t  when the  melt  was too  c l e a r .  

E. During E l e c t r o l y s i s  Raman s p e c t r a  of magnesium e l e c t r o l y s i s  have 

been recorded a t  d i f f e r e n t  c u r r e n t  d e n s i t i e s  up t o  130 mA/crn2 ( F i g .  

4 . 4 0 ) .  E l e c t r o l y s i s  was conducted g a l v a n o s t a t i c a l l y  on t h e  system of 

11 wt .% MgC12 - 6 w t . %  CaC12 - 18 w t . %  K C 1  - 65 w t . %  NaCl a t  750°C, 

which resembles t he  i n d u s t r i a l  composi t ion.  Raman s p e c t r a  were measured 

a t  t h e  p o s i t i o n  c l o s e  t o  t he  g l a s s y  carbon cathode.  By focus ing  t h e  

l a s e r  beam and by u s i n g  the  .round g l a s s y  carbon a s  ca thode ,  it w a s  - 

p o s s i b l e  t o  make t h e  l a s e r  beam pass  through t h e  s u r f a c e  r e g i o n  of  t h e  

cathode i n  t h e  m e l t .  Raman measurement was conducted b e f o r e  and dur ing  

e l e c t r o l y s i s .  There w a s  a  decrease  i n  peak he igh t  of  t h e  M g - C 1  l i n e  

wi thout  a  s h i f t  i n  p o s i t i o n  a s  c u r r e n t  d e n s i t y  i n c r e a s e s .  The t o t a l  
. 

e q u i v a l e n t  charge was 6688 coulombs, based on the  MgCl c o n t e n t  i n  t h e  
2 

m e l t ,  and t h e  t o t a l  charge passed was about  1000 coulombs when t h e  

measurement was f i n i s h e d ,  which means t h a t  the  concen t r a t ion  of  MgCl 2 

was above 9 w t . %  d u r i n g  the  e n t i r e  experiment.  Therefore ,  t h e  peak 

decrease  i n  t he  s p e c t r a  was thought t o  i n d i c a t e  t h a t  t he  l a s e r  beam 

passed  t h c  boundary r eg ion  of t he  ca thode .  

An experiment i d e n t i c a l  t o  t h a t  conducted on MgCl was performed 2 

i n  t h e  A l C l  system. E l e c t r o l y s i s  was conducted on the  mel t  o f  10 w t . %  
3 

A1C1, - 40 w t . 4  LiCl - 50 wt.4 NaCl a t  700°C a t  d i f f e r e n t  c u r r e n t  
2 

d e n s i t i e s .  . A l C l  c o n t e n t  was 3 grams which is of 6512 coulombs equiva-  3 



l e n t ,  and t h e  experiment was conducted be fo re  900 coulombs of t o t a l  

cha rges  had passed .  Other experimental cond i t ions  were the  same a s  i n  

MgC12 experiment above. Fig.  4 . 4 1  shows t h e  Raman r e s u l t s .  One can 

observe  t h a t  the  maximum peak a t  349 cm-L dec reases  a s  cu r ren t  dens i ty  

i n c r e a s e s .  

This  k ind  of  experiment was extremely d i f f i c u l t  t o  perform i n  such 

a  way a s  t o  mainta in  s u f f i c i e n t  melt c l a r i t y  t o  d e t e c t  a proper Raman 

spectrum, because t h e  melts  became milky from p a r t i c u l a t e s  generated b y .  

t h e  e l e c t r o i y s i s  and colored from what seemed LU Le d i s so lved  chlorine. 

These p a r t i c l e s  were extremely f i n e  and almost  smoke-l ike,  and they 

s t r o n g l y  s c a t t e r e d  t h e  l a s e r  l i g h r .  However, no apprec iable  change ia 

t h e  Raman s p e c t r a  was observed. 

From the  f a c t  t h a t  t r ansmi t t ed  power decreased t o  s e v e r a l  peFcent 

from an i n i t i a l  va lue  of about 75% before  e l e c t r o l y s i s ,  it was poss ib le  

t o  determine t h a t  t h e  i n t e n s i t y  decrease i n  t h e  Raman spectrum was a l s o  

due t o  a  s imple decrease  i n  the  i n t e n s i t y  of  t h e  e x c i t i n g  r a d i a t i o n  

because of  the  b locking e f f e c t  of the  p a r t i c u l a t e s .  Although it was 

d i f f i c u l t  t o  q u a n t i f y  the  blocking e f f e c t  of the  p a r t i c u l a t e s  on Raman 

s i g n a l ,  Raman peak he igh t s  i n  F i g .  4.40 and 4 1  c l e a r l y  show the t rends  

i n  c u r r e n t  d e n s i t y  v a r i a t i o n  i n  the  su r face  r eg ion  of the cathode.  

4 .3 .2 .2  Smokc-like p a r t i c l e  genera t ion  dlrring e l e c t r o l y s i s  

A s  desc r ibed  i n  s e c t i o n  4 . 3 . 2 . 1 ,  the  e l e c t r o l y t e  became milky from 



t h e  p a r t i c u l a t e s  genera ted  dur ing  e l e c t r o l y s i s .  These p a r t i c l e s  were 

ev iden t  when the  l a s e r  beam passed through t h e  mel t  s i n c e  they  s t r o n g l y  

s c a t t e r e d  t h e  l i g h t  a s  i n  F ig .  4 .42 .  F ig .  4 .42  ( a )  shows t h e  l a s e r  beam 

pass ing  through the  me l t .  The s h o r t e r  g l a s s y  carbon e l e c t r o d e  was the  

cathode and t h e  long  e l e c t r o d e  was the  g l a s s y  carbon anode shrouded wi th  

fused  qua r t z  t ub ing .  The mel t  composition w a s  10 w t . %  A l C l  - 40 w t . %  3 

LiCl - 50 w t . %  NaC1, and t h e  temperature was 700°C. When e l e c t r o l y s i s  

s t a r t e d  i n  a p o t e n t i o s t a t i c  mode a t  a p o t e n t i a l  o f  1 .90  V between t h e  

e l e c t r o d e s ,  t h e  smoke-like cloud was observed r i g h t  underneath t h e  

cathode ( F i g .  4 .42  ( b ) ) .  The d e n s i t y  of t h e  c loud  became h i g h e r  w i t h  

cont inued  e l e c t r o l y s i s  (F ig .  4.42 ( c ) ) .  A f t e r  some t ime ,  t h e  c loud  

could  be observed i n  t h e  e n t i r e  c e l l ,  and no more Raman obse rva t ion  was 

p o s s i b l e  because t h e  p a r t i c l e s  s c a t t e r e d  t h e  l a s e r  beam ve ry  s t r o n g l y .  

(F ig .  4 .42  ( d ) )  

From t h e  experiments  on aluminum and magnesium e l e c t r o l y s i s ,  i t  

was ev iden t  t h a t  t h e  p a r t i c l e s  were always formed du r ing  e l e c t r o l y s i s ,  

and they  were coming from t h e  cathode i n  the  form of smoke. They were 

observed on such cathode m a t e r i a l s  a s  g r a p h i t e ,  g l a s s y  carbon,  and 

t i t an ium d i b o r i d e .  I t  was a l s o  observed t h a t  they  were genera ted  even 

a t  lower p o t e n t i a l  chan the e q u i l i b r i u u  decomposition p o t e n t i a l  o f  

aluminum c h l o r i d e  o r  magnesium c h l o r i d e .  Upon e l e c t r o l y s i s ,  they  seemed 

t o  be denser  a t  t h e  cathode and a t  the botcom of t h e  c e l l ,  beconing f u l l  

o f  t he  c e l l  wi th  cont inued e l e c t r o l y s i s .  

The p a r t i c 1 . e ~  d isappeared  quick ly  when argon gas s a t u r a t e d  wi th  

SOCl was bubbled through t h e  me l t ,  bu t  i t  took long  t o  remove them 
2 



without  bubb l ing .  I t  was observed t h a t  t h e  anode r eg ion  i n  t h e  c e l l  was 

f r e e  of t h e s e  p a r t i c l e s  du r ing  e l e c t r o l y s i s ,  p o s s i b l y  due t o  t h e  h i g h  

c o n c e n t r a t i o n  of  C 1  
2 ' 

These s c a t t e r i n g  p a r t i c l e s  were thought  t o  be d i f f e r e n t  from t h e  

s t r eamers  s i n c e  they  were gene ra t ed  even under t h e  t h e o r e t i c a l  decom- 

p o s i t i o n  p o t e n t i a l  o f  A l C l  o r  MgCl and they  were i n v i s i b l e  u n l e s s  3 2 ' 

i l l u m i n a t e d  by s t r o n g  l i g h t  l i k e  a  l a s e r  beam. Raman measurements d i d  

n o t  show any d i f f e r e n c e  t o  sugges t  t h a t  t hey  may n o t  be Raman a c t i v e .  

From the  f a c t  t h a t  t hey  were observed on ly  du r ing  e l e c t r o l y s i s ,  it was 

thought  t h a t  t hey  might be r e l a t e d  t o  c u r r e n t  l o s s e s .  Fu r the r  r e s e a r c h  

i s  r e q u i r e d  t o  i d e n t i f y  the  n a t u r e  o f  t he  f i n e  p a r t i c l e s  and t o  f i n d  any 

r e l a t i o n  t o  c u r r e n t  efficiency. 

Tliruugh ~tlt?se exper iments ,  i t  was proved t h a t  S O C l  has  g r e a t  
2 

c l a r i f y i n g  c a p a b i l i t i e s  f o r  p r e p a r a t i o n  of  s p e c t r a l  grade me l t s .  To ou r  

knowledge t h i s  i s  t h e  f i r s t  u se  of th ionyl  chloride i n  t hese  systems, 

The c o l o r  of  t h e  melt  i n s i d e  t h e  anode shroud was found t o  become 

ye l low by t h e  c h l o r i n e  e v o l u t i o n  du r ing  e l e c t r o l y s i s .  I t  was a l s o  

observed t h a t  t he  c o l o r  of t h e  mel t  t u rned  yel low-green when S O C l  was 
2 

bubbled through the  m e l t .  Raman measurements of t h e  co lo red  inelt  d i d  

nor  show any apprec i ab le  change i n  t h e  s p e c t r a , , s u g g e s t i n g  t h a t  t h e  

n a t u r e  of  t h e  c o l o r a t i o n  of t h e  e l e c t r o l y t e  may n o t  be i d e n t i f i e d  by 

Raman spec t roscopy.  The c o l o r  d i sappea red  by sparg ing  wi th  argon.  

These experiments  showed t h a t  gas  s o l u b i l i t i e s  i n  t hese  mel t s  were much 

h i g h e r  t h a n  expec ted .  These obse rva t ions  suggested e i t h e r  t h a t  



the gas solubility data in the literature are wrong, or that gas 

solubilities can greatly exceed the equilibrium val~es. 
- 

4 . 3 . 2 . 3  Streamers occurrence during electrolysis 

Streamers (or metal fogging) were clearly observed in this 

research. The streamers were observed at higher potentials than the 

equilibrium decomposition potential of AlCl or MgC12. The streamers 
3 

were different from the smoke-like particles in that they could be seen 

Co bare eyes without any strong light, and they heavi.1~ 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 

AlCl electrolysis cell. The electrolyte was 10 wt.% AlCl - 40 wt.% 
3 3 

LiCl - 50 wt.% NaC1, and the temperature was 700°C. Electrolysis was 

conducted potentiostatically at a potential of 2.3 V between the anode 

and the cathode. In 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 qr.lartz tubing.  The photograph in Fig. h .43 (a) was 

taken when electrolysis 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. 4.43 

(b)). In Fig. 4 . 4 3  (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 



s t r e a m e r s  wi th  con t inued  e l e c t r o l y s i s ,  and no more Raman measurements o r  

o b s e r v a t i o n  of t h e  c e l l  were p o s s i b l e .  

I n  magnesium e l e c t r o l y s i s ,  t h e  s t r eamers  were f u r t h e r  e v i d e n t  t han  

those  i n  aluminum e l e c t r o l y s i s .  F ig .  4.44 ( a )  i s  a photograph of t h e  

development of  - t h e  s t r e a m e r s ,  t aken  a f t e r  1 minute of e l e c t r o l y s i s .  The 

composition o t  t h e  e l e c t r o l y t e  was 11 w t . %  MgC12, 6 wt.% CaC12, and 

18 w t . %  KCl, 65 w t . $  NaC1. E l e c t r o l y s i s  was conducted g a l v a n o s t a t i c a l l y  

a t  a c u r r e n t  d e n s i t y  o f  100 mA/cm2 a t  a tempera ture  b f  750°C. On t h e  

l e f t  is a 1 / 4  in. graphice c a t . h n r l ~ :  nn rhc r i g h t  is a 1/8 i n .  graphite 

anode shrouded w i t h  f u s e d  q u a r t z  t ub ing .  Streamers  have begun t o  

emanate from the  cathode. Chlor ine  gas bubbles  can  bc s e e n  on t h e  

anode. I n  F i g .  4.44 (b)  , t h e  development of t h e  s t reamers  can be 

c l e a r l y  observed.  F i g .  4.44 (c) shows t h e  same c e l l  as F ig .  4 . 4 4  ( a )  

b u t  a f t e r  approximately 5 minutes  of  e l e c t r o l y s i s  a t  a current d e n s i r y  

o f  100 m*/cxn2. I t  i s  e v i d e n t  t h a t  t he  s t r eamers  emanating from t h e  

ca thode  have grown ove r  e s s e n t i a l l y  t he  e n t i r e  breadth  o f  t h e  c e l l .  

T h i s  photograph a l s o  shows t h e  appearance of t i n y  d r o p l e t s  of  magnesium 

on rhe t i p  of  t h e  ca thode .  Chlor inc  bubbles  a r e  seen  t o  cont i r lue  

evo lv ing  on t h e  anode. About 10 minutes a f t e r  t he  o n - s e t  of e l e c t r o l -  

y s i s ,  t h e  e l e c t r o l y t e  became s o  cloudy that i t  was no t  p o s s i b l e  t o  

observe  t h e  e l e c t r o l y s i s  c e l l  ( F i g .  4.44  ( d ) ) .  

I t  i s  w e l l  known t h a t  many meta ls  d i s s o l v e  t o  some e x t e n t  i n  t h e i r  

own molten h a l i d e  s a l t s .  If t h e  d i s s o l u t i o n  is  cons idered ,  d i s so lved  

magnesium i s  r e p o r t e d  t o  e x i s t  a s  subch lo r ide  i n  t he  form of MgCl [Y31 or  

[ 9 4  j 
Mg2C12, which may be Raman a c t i v e .  But a t t empt s  t o  measure Raman 



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 

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  A1C13-NaC1-LiC1. All the attempts to identify 

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 

Eests were conducted on the electrolyte of 5 wt.% AlCl - 53 wt.% NaCl - 3 

42 wt.3 LiC1. 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 



c h l o r i n a t e  t h e  oxide  a t  t h i s  tempera ture .  The f a c t  t h a t  c h l o r i n e  gas 

c l a r i f i e d  t h e  me l t  sugges ted  t h a t  t h e  p a r t i c l e s  were no t  ox ides .  This  

i s  n o t  i n  agreement w i t h  t h a t  of Wendt and Red-1 l g 6  s i n c e  they  thought  

them t o  be o x i d e s .  

I n  summary, t h e  s t r eamers  could  be c l e a r l y  observed i n  t h e  A l C l  
3 

and MgC1, e 1 e c t r o l y s i . s  c e l l s .  Even thnttgh they may n o t  bc Raman actl .ve,  
L 

t h e  p a r t i c l e s  composing the  s t r eamers  would n o t  be suspec ted  t o  be  

aluminum oxide  o r  magnesium oxide  s i n c e  t.he c h l o r i n e  gas would have no 

e f f e c t  on them were t h a t  t h e  c a s e .  I t  might be a l s o  s a i d  t h e  s t reaming 

i s  n o t  s o l e l y  t h e  r e s u l t  o f  e l e c t r o l y s i s .  

4.3.2.4 Raman s p e c t r a  in the cathodic boundary layer 

A t t ~ m p t s  w c r e  made t o  pclicLrate the ~ a ~ l i o d e  boundary l a y e r  t o  

de te rmine  i f  s p e c i e s  o t h e r  t han  t r i v a l e n t  aluminum e x i s t .  I t  w a s  

e s t i m a t e d  t h a t ,  f o r  a 10 w t . %  ~ l C l  s o l u t i o n ,  t he  boundary l a y e r ,  under 3 

d i f f u s i v e  mass t r a n s f e r  c o n t r o l  c o n d i t i o n s ,  i s  approximately 800 ym 

2 t h i c k  when t h e  c u r r e n t  d e n s i t y  i s  100 mA/cm .(Appendix 1 )  Because t h e  

d i ame te r  of  t h e  laser beam c a n  he reduced t o  600 p m  by c a r e f u l  Cucusing, 

it was thought  t h a t  Raman s p e c t r a  could  be measured f o r  t h e  c a t h o d i c  

boundary l a y e r .  I t  was observed t h a t  t h e  dependence of  Raman peak 

i n t e n s i t i e s  on t h e  c u r r e n t  d e n s i t y  was t h e  i n d i c a t i o n  t h a t  t he  l a s e r  

beam passed  through t h e  s u r f a c e  r e g i o n  of  che ca thode . (F ig .  4 . 4 1 , 4 2 )  

To confirm t h a t  t h e  l a s e r  beam can  pene t r a t e  the boundary l a y e r ,  a  



somewhat d i f f e r e n t  experiment  was conducted. F ig .  4 .45  shows Raman 

s p e c t r a  taken f o r  aluminum c h l o r i d e  e l e c t r o l y s i s  conducted under d i f -  

f e r e n t  c o n d i t i o n s  from those  desc r ibed  up t o  t h i s  p o i n t .  I n  t h i s  c a s e  

the  mel t  con ta ined  n o t  10% A1C13, b u t  only 1% A l C l  i n  t h e  suppor t ing  3 

e l e c t r o l y t e ,  NaC1:LiCl 50:40 by weight a s  be fo re .  The p o i n t  of t h i s  

experiraent w a s  t o  t e s t  t he  s e n s i t i v i t y  of Raman spec t roscopy t o  reduced 

concen t r a t ions  of  A l C l  Curves ( a )  and (b)  were measured i n  t h e  b u l k  3 ' 

e l e c t r o l y t e  a t  t h e  beginning  of  t h e  experiment and a f t e r  p a s s i n g  400 

coulombs of  cha rge .  The t o t a l  equ iva l en t  charge was 650 coulombs, based 

on t h e  A l C l  c o n t e n t  i n  t h e  me l t .  While t he  i n t e n s i t y  o f  t h e  349 cm-L 
3 

peak dec reases ,  i t s  p re sence  is  s t i l l  ev iden t  even i n  cu rve  ( b ) ,  where 

the  t o t a l  c o n t e n t  of  A l C l  a t  t h e  time of  measurement was l e s s  t han  0 . 4  
3 

weight p e r c e n t .  Curve ( c )  was measured i n  t h e  cathode boundary l a y e r  

only a f t e r  30 coulombs of charge  had passed.  The p r i n c i p a l  ~ 1 ~ 1 -  peak 
4 

cannot  be found. This confirms t h a t  t he  l a s e r  beam indeed p e n e t r a t e d  

t h e  cathode boundary l a y e r .  

An e l e c t r o l y s i s  experiment  was conducted on t h e  Alcoa Smelting 

Process  e l e c t r o l y t e .  The temperature was low, 610°C, s o  t h a t  t he  c e l l  

would produce s o l i d  c r y s t a l l i n e  aluminum. This  would serve two 

purposes.  F i r s t ,  t h e  e l e c t r o d e / a l e c t r o l y r . s  i n t e r f a c e  would be much l e s s  

mobile and thus  e a s i e r  t o  fo l low wi th  the  i n c i d e n t  l a s e r  beam. This  

p o i n t  i s  impor tan t  f o r  s tudy ing  t h e  l o c a l  chemistry i n s i d e  the  cathode 

boundary l a y e r .  Secondly,  i f  t h e  s c a t t e r i n g  p a r t i c l e s  observed i n  

e a r l i e r  electro1.ysi.s are f i n e l y  d i spe r sed  aluminum d r o p l e t s ,  conduct ing 

e l e c t r o l y s i s  a t  t empera tures  a t  which the  product is  s o l i d  aluminum is  

one way of reducing  t h e  q u a n t i t y  of  t hese  p a r t i c l e s  i n  t h e  mel t .  The 



r e s u l t ,  however, d i d  n o t  show any d i f f e r e n c e  from the o r i g i n a l  s p e c t r a  

except  t h e  reduced i n t e n s i t y ,  a s  i n  the  Fig .  4 . 4 5 .  Tests  a t  a  temper- 

a t u r e  of 680°C a l s o  gave r i s e  t o  the  same f e a t u r e l e s s  r e s u l t s .  

I n  a n  a t tempt  t o  g e t  t h e  boundary l a y e r  more e a s i l y ,  a  molten t i n  

cathode was t r i e d ,  because;  ( a )  molten t i n  does no t  r e a c t  with g l a s s ,  

(b )  molten t i n  a l l o y s  with aluminum meta l ,  and ( c )  the shape i n  the 

e l e c t r o l y t e  i s  a  hemisphere. More impor tan t ly ,  i n  t h i s  system the 

e l e c t r o l y t e  d e n s i t y  becomes h igher  a s  t h e  concen t ra t ion  of A l C l  3 

decransc3.  [ 9 5  ' 96 This i d l i b i r s  buoyancy d r i v e n  convect ion and al lows 

t h e  boundary l a y e r  t o  grow. E lec t ron  microscopy confirmed t h a t  the  c e l l  

w a s  producing aluminum which a l loyed  wi th  t i n .  However, Rainan measure- 

ments d i d  n o t  show any apprec iable  new peaks correspnnrl ing t~ the o c h c ~  

s p e c i e s .  The same f e a t u r e l e s s  Raman r e s u l t s  were obtained with a  

ca thode  c o n s i s t i n g  of  mol.ten aluminum mctal  cantai l led i n  an alumina tube 

w i t h  a  1/8 i n .  diameter  hole  near  the  bottom. 

Clark  and Woodcock [ 8 2 1  measured t h e  Raman specrrum of molten K C 1  

and found t h a t  spectrum has the  quas i - exponen t i a l  form centered  on zero 

frequency.  I t  was a l s o  repor ted  r e c e n t l y  t h a t  t h e  high-frequency 

reg ions  of  t h e  s p e c t r a  of the i o n i c  melt  can be descr ibed  by an expo- 

n e n t i a l .  ['* ] With t h i s  knowledge, some eff0.rt.s wore made t o  generate 

t h e  base  l i n e  c u r v e s ,  because s u b t r a c t i n g  t h i s  base  l i n e  from the Raman 

spectrum was hoped t o  r evea l  the  weak Raman s i g n a l s .  I n  some systems 

such a s  A1C13 - A C 1  at tempts  were s u c c e s s f u l ,  b u t  i n  genera l  i t  was not  

easy  t o  gene ra te  exac t  base l i n e  curves because of the d i f f i c u l q  i n  

l o c a t i n g  r eg ions  f r e e  of Raman peaks i n  the  s p e c t r a .  



Even wi th  these  var ious  e f f o r t s ,  the  presence of o t h e r  spec ies  

could n o t  be d e t e c t e d .  Although the  ex i s t ence  of the  subvalent  form has  

been j u s t i f i e d  on t h e o r e t i c a l  grounds, s can t  experimental  evidence i s  

a v a i l a b l e  wi th  regard  t o  the  s t a b i l i t y  of the  subvalent  spec ies  of 

aluminum i n  e i t h e r  l i q u i d  o r  s o l i d  phases.  I f  such spec ies  e x i s t ,  i t  i s  

b e l i e v e d  t h a t  they e x i s t  only f o r  k i n e t i c  reasons ( c r e a t e d  f a s t e r  than 

they can  be d ischarged a t  h igh  c u r r e n t s ) .  For example, i f  change of  

va lence  from +3 t o  +1 is r a p i d ,  b u t  the  change from +1 t o  0 ( n e u t r a l  

metal)  is  slow, then  the  lower v a l e n t  form would e x i s t  i n  t h e  boundary 

l a y e r ,  under h igh  c u r r e n t  e l e c t r o l y s i s .  

I n  summary, t h e  subvalent  spec ies  could n o t  be i d e n t i f i e d  dur ing  

aluminum depos i t ion  from A l C l  -LiCl-NaC1 melt by Raman spectroscopy.  I f  
3 

they  e x i s t ,  they  a r e  thought t o  be undetec table  by the  ins t rumenta t ion  

employed. To t r y  t o  d e t e c t  the  presence of t h e s e  s p e c i e s ,  c y c l i c  

voltammetry (Chap. 5 )  was conducted on the  same system. 
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Fig. 4.38 Raman spectra of 11 wt.X MgCIZ - 6 wt.% 

CaCi2 - 15 wr.X KC1 - 6 5  wt.2 N a C l  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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F i g .  4.39 Raman s p e c t r a  o f  5 wt.% AlCl - 42 wt.% L i C l  - 
3 

53 wt.% NaCl m e a s u r e d  d u r i n g  p r e - e l e c t r o l y s i s  a t  1 . 6  V .  

( a )  B e f o r e  e l e c t r o l y s i s ;  (b) A f t e r  1 h o u r ;  ( c )  A f t e r  

4 . 5  h o u r s ;  ( d )  A f t e r  1 0  h o u r s .  



Wavenumber s h i f t  ( ern-') 

F i g .  4 . 4 0  Raman s p e c t r a  of 11 w t . %  MgCIZ - 6 w t . %  

C a C I Z  - 18 w t . l  K C 1  - 65 w t . ;  NaCl m e a s u r e d  d u r i n g  

e l e c t r o l y s i s  a t  d i f f e r e n t  c u r r e n t  d e n s i t i e s .  T=750°C. 

2 2 
(a) No c u r r e n t ;  ( b )  3 0  mA/cm ; ( c )  9 0  mA/cm ; 

2 
( d )  150 mA/cm . 
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Fig. 4.41 Raman spectra of 10 wt .% AICIR - 40 wt.% 
LiCl - 50 wt.% NaCl measured during electrolysis at 

different current densities. T=700°~. (a) No current; 

2 2 2 
(b) 3 mA/cm ; (c) 30 mAlcrn ; (d) 60 m~lcrn~; (el 90 mAlcm . 



Fig. 4-33 Photographs showing tile sn~vke-like particle 

generation during exectrolysis of 10 w/o A1C13 - 40 w/o 

LiCl - 50 w/o NaCl at 1.9 V. T=700QC. 

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

( c )  After 2 min.; ( d )  After 5 min. 



Fig. 4.42  continued. 



Fig. 4.43 Streamer development during AlCl electrolysis. 
3 

Electrolyte; 10 wt.% A1Cl3 - 40 wt.% LiCl - 50 wt.% NaCl. 
V = 2.30 V. T=700°C. (a) When electrolysis started; 

( b )  After 10 sec; (c) After 30 sec; (dl After 10 min. 





Fig. 4.44  Streamer development during MgC12 electrolysis. 

El~ctrolyte: 11 wt.% MgCIZ - 6 W t . %  C a C I Z  18 wt.% KC1 - 
X 

65 wt.2 N a C l .  T = 7 5 0 ° C .  i = l O O  mA/crn . ( a )  After lmin.; 

( b )  Aftc.r 2 rnin . ;  ( c )  After 5 rnin.; (dl After 10 m i n .  



'ig. 4.44  continued. 



Wavenumber s h i f t  ( cmdl) 

Fig.  4.45 Raman s p e c t r a  of 1 w t . %  A1C13  i n  t h e  

suppor t ing  electrolyste(NaC1:LiCl  = 50:40 by weight ) .  

T=620°C. T o t a l  equ iva len t  charge based on A1C13 content  

was 650 coulombs. (a) Before e l e c t r o l y s i s ;  ( b )  Af ter  

400 coulombs of charge passed; (c) A t  t h e  cathode 

boundary l a y e r  a f t e r  30 coulombs of charge passed. 



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 metai 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. [99,100] . 

Diffusion : ~l~l~(e1ectrol~te) + ~lcli(e1ectrode) 

Homogeneous 
reaction 

Charge transfer : A13+ + 3e' = A1 

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 he described as the electrochemical analysis in 

which a potential is imposed on an electrochemical cell and che result- 

ing current response is measured. 'l'he current-poten~lal curves call 

provide insight into the extent of the reversibility of an electrode 

reaccion. Furthermore, chis technique investigates the electrode pro- 

cesses and yields information about the reduction steps and the number 

of electrons involved. 



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, [42,101-1061 

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 

co be considered. 
(6,42,43,101,LU3] 

Less voltammetric research has been conducted on magnesium 

chloride system. The electrolyte has usually been the solutions of 

MgC12 with NaCl or KC1, or both. There has been general agreement th.at 

the deposition of magnesium is diffusion controlled. ( 3 7 - 3 9 3  
There have 

been no reports of voltammetric study on systems resembling industrial 

cleccrolyees. 

Cyclic voltammetry has been known as the most effective and 

versatile electroanalytical technique available for the mechani.stic 

[I121 
study of electrode processes. It is well suited for revealing the 

steps in the overall reaction, determining reversibillty, and i den t f  - 

fying new species which appear as a result of combined electrochemical 

and chemical steps. The effectiveness of cyclic voltammetry derives 

from its capabllicy to rapidly observe redox behavior over a wide range 

of electrcde potential. The purpose.of using -roltammetry in  he present 

research was to try to obtain infor~ation abouc zhe generation of.short- 

lived species in the chloride cells. These are in effect kinetic 



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 be 

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.% MgC12 as electroactive species in a supporting electrolyte 

which contained CaCl KC1, and NaCl at the weight ratio of 6:18:65. 
2 ' 

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

chosen to avoid any electrolysis of MgCl when the E is imposed on the 
2 i 

working electrode. The potential is then scanned negatively, as indi- 

cated by arrows. 'hen the potential is sufficiently negative to reduce 

2 + 
M g  , cathodic current flows as indicated at (b), due to the electrode 

process, 



2 + The e l e c t r o d e  becomes a  s u f f i c i e n t l y  s t r o n g  r educ tan t  t o  reduce Mg . 

The c a t h o d i c  c u r r e n t  i n c r e a s e s  r a p i d l y  (b  + c )  u n t i l  t he  concen t r a t ion  

2  + 
of  Mg a t  t he  e l e c t r o d e  s u r f a c e  approaches z e r o ,  and t h e  c u r r e n t  peaks 

a t  ( c ) .  The c u r r e n t  then  decays ( c  + d) a s  t h e  s o l u t i o n  surrounding the  

e l e c t r o d e  i s  d e p l e t e d  of M ~ ~ +  due t o  i t s  e l e c t r o l y t i c  r educ t ion  t o  Mp. 

The scan  d i r e c t i o n  i s  swi tched  t o  pos i t ive  f o r  the reverse 

s c a n  ( d ) .  When the  e l e c t r o d e  becomes a  s u f f i c i e n t l y  s t r o n g  ox idan t ,  Mg. 

on t h e  e l e c t r o d e  i s  ox id i zed  by t h e  fo l lowing  e l e c t r o d e  process  (d  + e ) .  

The anodic  c u r r e n t  i n c r e a s e s  u n t i l  t h e  s u r f a c e  concen t r a t ion  of M g  

approaches ze ro  and t h e  c u r r e n t  peaks ( e ) .  The c u r r e n t  then  decays a s  

t h e  s o l u t i o n  i s  dep le t ed  of M g  ( e  + f ) .  

The important  parameters  of a  c y c l i c  voltammogram a r e  t he  

magnitudes of t h e  peak c u r r e n t s ,  i and i and the p o t e n t i a l s  a t  
Pa PC ' 

which t h e  peaks o c c u r ,  E and E . The p o s i t i o n  and shape of a  given 
p a  PC 

peak a r e  dependent upon such f a c t o r s  a s  scan  r a t e ,  e l e c t r o d e  m a t e r i a l ,  

s o l u t i o n  composi t ion ,  and t h e  concen t r a t ion  o f  r e a c t a n t s .  

The major t h e o r e t i c a l  work on the  c y c l i c  voltammetry has been done 

on aqueous systems,  b u t  most of t h e  concepts  could  be app l i ed  t o  the  



molten salt systems. The basic equations for cyclic voltammetry relate 

the peak current (i ) and the corresponding potential (E ) to the 
P P 

electrochemical rate constant (ks) at the standard potential (Eo), 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 i is 
PC 

given by the relation 

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, 

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 E for a reversible process is related to the 
P 



polarographic half-wave potential E by the expressions 
1 /-2 

where the polarographic half-wave potential (E ) is related to the 
1 /2  

standard electrode potential EO by the following equation. 

red 
D - E0 - - RT In ( ox +1/2  

5 / 2  nF 
OX Dred 

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 

where n - t r a n s f e r  c n e f f i c i e n t ,  

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

the process. 

The peak potential for the irreversible 2rocess is also given by a 

different expression from that for the reversible process. 



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

E E O -  b (0.52 - 0.5 log(b/v) - log kS + 0.5 log v 
PC 

where k is the heterogeneous rate constant. 
S 

'For quasi-reversible reactions, the responses virtually approach 

those of the reversible reactions at low scan rates, while they resemble 

those of the irreversible reactions at high scan rates. The potential 

difference between cathodic and anodic peaks, AE , or the dependence of 
P 

the potential of the peak on scan rate may be used as tests for the 

reversibility of the reactton. 

A11 thc nbovc congidcrations havc bccn based on the assumption 

that the reaction product is soluble either in the solvent or in the 

electrode (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. 



Table 5.1 Diagnostic C r i t e r i a  For Charge Transfer  

Reactions [ 105 I 

1 .  Reversible Charee Transfer  

E : Independent of  v 
P 

E - E - 2.22RT/nF ( V )  and independent of v 
PC Pa 

i /v 'I2 : i n d e p o n d ~ n t  o f  v 
P 

2 .  Q u a s i - r e v e r s i b l e  C h a r ~ e  - Transfer  

E s h i f t s  wi th  v 
P 

E - E - 2.22RT/nF ( V )  a t  l o w v ,  
PC Pa 

bu t  increases  with v 

i /v1/2 : v i r t u a l l y  independent o f  v 
P 

i. /i - 1 only f o r a - 0 . 5  
Pa PC 

* A s  v i nc r ea se s ,  the  response approaches 

3 .  I r r e v e r s i b l e  C h a r ~ e  Transfer  

E s h i f t s  ca thod ica l ly  by a factor of 
P 

1.151RT/anF ( V )  f o r  LO-fold increase i n  v .  

i /v 1 constant  with v 
P 

* There is no cur ren t  on the reverse  scan. 
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F i g .  5 . 1  A t y p i c a l  c y c l i c  voltammogram of  2 .2  w t . %  

MgC12 i n  CaC12 - K C 1  - NaCl m i x t u r e  m e l t  i n  t h e  

weigt1.t; r a t i o  of  6:18:65. Working e l e c t r o d e :  S i l v e r .  

2 
Area:  0 . 0 8  cm . T=SOO0C. v=0 .3  V/s. , 



5 .2  Experimental 

Experiments were conducted i n  the  same furnace a s  t h a t  descr ibed  

i n  Raman S c a t t e r i n g  S t u d i e s  s e c t i o n .  The cnly  d i f f e r e n c e  was the  s i z e  

which was increased t o  accommodate t h e  b igge r  e l c c t r o l y s i s  c e l l s .  The 

windows were of g r e a t  he lp  f o r  checking t h e  e l e c t r o d e  p o s i t i o n  o r  f o r  

observing t h e  occurrences  i n  t h e  e l e c t r o l y t e .  The working cond i t ion  of 

the  furnace  was chosen t o  e l imina te  t h e  thermal convect ion i n  the  c e l l  

by c a l i b r a t i n g  t h e  furnace  f o r  uniform temperature a t  the window l e v e l .  

The s a l t s  were p u r i f i e d  by the  method descr ibed  e a r l i e r .  

The c e l l  f o r  c y c l i c  voltammetry was made of fused quartz (52 uun 

O . D . ) .  The s t a i n l e s s  s t e e l  cap has  7 f i t t i n g s ,  2 gas p o r t s ,  and one 

3/8 i n .  O . D .  tube which accessed t h e  c e l l  by means of a  3/8 i n .  va lve .  

F i g .  2 )  The f i t t i n g s  were used f o r  a  thermocouple, a  r e fe rence  e l e c -  

t r o d e ,  cathode and anode f o r  p r e - e l e c t r o l y s i s ,  and a counter  e l e c t r o d e  

and two working e l e c t r o d e s  f o r  voltammetry. Due t o  the d e t a c h a b i l i t y ,  

t h e  valved tube al lowed melt composition t o  be regula ted  and sampled a s  

we l l  a s  t o  in t roduce  a new e l e c t r o d e ,  a l l  without i n t e r r u p t i o n  of the  

experiment .  

Working e l e c t r o d e s  were made from d i f f e r e n t  s c l i d  subs tances  such 

a s  plat inum, g o l d ,  s i l v e r ,  t ungs ten ,  and pyro ly t i c  g r a p h i t e .  The e l e c -  

t rodes  were u s u a l l y  s e a l e d  with an fused  quar tz  tubing s o  t h a t  only 

c o n t r o l l e d  a r e a  can be exposed t o  the  s o l u t i o n .  The shapes of wire and 

f l a g  were a l s o  used a s  working e l e c t r o d e ,  when the s e a l i n g  was d i f f i -  



c u l t .  The a r e a  of the  working e l e c t r o d e  was made much smal ler  than  t h a t  

of the counter  e l ec t rode  s o  t h a t  the  counter  e l ec t rode  might no t  be 

po la r i zed  t o  an apprec iable  e x t e n t ,  and t h u s ,  t he  c e l l  c u r r e n t  could 

r e f l e c t  the r e a c t i o n  a t  t h e  working e l e c t r o d e .  The counter  e l e c t r o d e  

cons i s t ed  of 3 mm diameter g l a s sy  carbon.one end of which was ground t o  

a  poin t  so t h a t  the  gas evo lu t ion  during measurement could be smooth and 

cause minimal d is turbance  of the  e l e c t r o l y t e .  

Reference e l ec t rodes  used t h e  a sbes tos  f i b e r  a s  the  diaphragm and 

were prepared i n  t h e  fol lowing s t e p s .  The a sbes tos  wick (7  mm long) is  

i n s e r t e d  i n t o  the  one end of the  7 cm-long 8 mm-diameter fused qua r t z  

tubing which was made 2 - 3 mm by p u l l i n g  i n  the  flame. The tube wi th  

t h e  asbes tos  wick is  hea ted  t o  burn away any c o t t o n  threads  and the  

b inde r s  i n  the  a sbes tos .  The tube i s  squeezed onto the  a sbes tos  i n  the  

e x t e n t  t h a t  i t  can hold  t h e  wick t i g h t l y ,  but  no t  completely s e a l  t h e  

end. The t i p  i s  checked f o r  small  leaks  by t e s t i n g  with a  Tes la  c o i l  

a f t e r  evacuat ion .  The well-made t i p  has a  small  leak  a t  t he  a sbes tos  

f i b e r ,  and a f i n e  b lue  spark  can be seen going from the  Tes la  c o i l  i n t o  
. - 

t h e  t i p .  Tips  with no l e a k  o r  b i g  l eak  cannot show these  spa rk .  This  

tubing  i s  j o i n t  t o  6 nun diameter  qua r t z  tubing .  A 1 mm diameter  s i l v e r  

wire  i s  used f o r  the  r e fe rence  e l e c t r o d e .  One end of t h i s  wire i s  

+ 
c o i l e d  t o  g ive  a  l a r g e  s u r f a c e  a r e a  Ag/Ag exchange r e a c t i o n  when the  

wire  i s  dipped i n  the  me l t .  The e l e c t r o l y t e  f o r  the  r e fa rence  e l e c t r o d e  

is charged i n  the  glove box f i l l e d  wi th  dry argon gas .  For the MgC12 

s tudy ,  the e l e c t r o l y t e  f o r  the  r e fe rence  e l ec t rode  was a s o l u t i o n  of 

AgCl ( 5  weight percent )  i n  the suppor t ing  e l e c t r o l y t e  f o r  magnesium 

e l e c t r o l y s i s ,  i . e . ,  CaCl -KC1-NaC1 i n  the  r a t i o  of 6:18:65 by weight ,  
2 



and a solution of AgCl/NaCl/LiCl (5:53:42 by weight) for A1C13 

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, P a  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 Di-gital computer, 

DEC MfNC 23. The FORTKAN programs for the measurements are shown in the 

Appendix 2. 
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5.3 Results and Discussion 

5.3.1 ng2+ reduction in MgC1 2-CaC1 KC1-NaC1 melt 2- 

The elec~ruchentical Lellaviu~ uf Cl~e sulvel~~ rlec~iuly~t: was first 

examined. The standard decomposition potentials of pure MgCl NaC1, 2 ' 

and AgCl at 750°C were calculated as about -2.69, -3.25, (1131 an* 

-0.84 V, respectively. These values were calculated for pure 

liquid states, and thus, they are not representative of the true decom- 

position potentials in the solution. m e  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 voltmmogram 

of the molten CaCl -KC1-NaC1 mixture in the weight ratio of 6:18:65 2 

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 ele'ctrode was silver wire immersed 

in the molten mixture of AgC1-CaC1 -KC1-NaCl (5:6:18:55 by weight). 2 

Since the voltage range of interest for MgCl -CaCl -KC1-NaC1 electrolyte 2 2 

lies up to -1.65 V with respect to silver reference electrode, the 

voltammogram in Fig. 5.3 was generated by scanning up to -1.75 V at a 

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

1 mAj in the potential range of magnesium deposition, and it aid not 



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 by the fact that the anodic 

charge 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 SOCl provides materials 
2 

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 ' 2 

KC1-NaC1 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 

2 area of the working electrode was 0.08 cm . 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 so,luble reaction product 

which is expected under the circumstances, since magnesium alloys with 

silver under these conditions. The cathodic wave was found to obey the 

Heyrovsky- Ilkovic relationship (Fig. 5.5) , which donfirms the soluble 

product. [ 115 I 

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 

Nicholson and .Shain[l16] predicts 98 mV for 2 e1ectro.n process, while 



F i g .  5 . 4  shows about  182 mV which i s  c l o s e  t o  196 mV f o r  1 - e l e c t r o n  

p r o c e s s .  However, t h e  scan  r a t e  had e s s e n t i a l l y  no e f f e c t  on the  

d i f f e r e n c e  i n  t h e  peak p o t e n t i a l s ,  and t h e  r a t i o s  of anodic peak c u r r e n t  

t o  t h e  c a t h o d i c  c u r r e n t  were n o t  u n i t y . ( F i g .  5 . 6 )  These observa t ions  

a r e  i n  conformity wi th  the  q u a s i - r e v e r s i b l e  p r o c e s s .  Thus, it may be 

t o o  e a r l y  t o  s t a t e  t h a t  t h e r e  1s a monovalent s p e c i e s  L e i l l g  ~ed i i ced  a t  

t h e  working e l e c t r o d e .  This  obse rva t ibn  w a s  i n  good agreement with 

l i t e r a t u r e .  [37,117!  

F i g .  5 . 7  shows a  c y c l i c  v o l t ~ o g r a m  o b t a i n e d  f o r  t h e  depos i t i on  

of magnesium a t  plat inum working e l e c t r o d e  from t h e  same melt  descr ibed  

i n  t h e  p rev ious  paragraph.  The scan  r a t e  w a s  0 . 1  V / s  and the  area of 

2 t h e  working e l e c t r o d e  was 0.08 cm . The voltamrnogrm i n  Fig.  5 .7  is 

c h a r a c t e r i s t i c  of  t h e  s t rong  adsorpt ior l  o f  t h e  r educ t ion  product .  The 

weak peak a t  - 1 . 2  V on the  r educ t ion  curve  and t h e  s t r o n g  peak a t  

- 0 . 8 2  V on t h e  o x i d a t i o n  curve a r e  thought  t o  be  r e p r e s e n t a t i v e  of  t he  

a d s o r p t i o n .  I l l 2  'I8 I Furthermore, i n  t h e  c a s e  of a  plat inum w o r d n g  

e l e c t r o d e ,  t he  ca thod ic  peak p o t e n t i a l  s h i f t e d  t o  more ca thodic  va lues  

a s  t he  scan  r a t e  i t ~ c r e a s e d ,  whereas t he  anod ic  peak p o t e n t i a l  remained 

unchanged(Fig. 5 . 8 ) ,  r e s u l t i n g  i n  much g r e a t e r  va lue  of t h e  d i f f e r e n c e  

i n  the peak p o t e n t i a l s  than t h a t  i n  the  c a s e  of  s i l v e r  e l e c t r o d e .  With 

working e l e c t r o d e  of g l a s sy  carbon,  no s h a r p  c a t h o d i c  peak could be 

obsc rvcd . (F ig .  5 . 9 )  In s t ead ,  a broad wave fo l lowed by a sharp inc rease  

i n  the  c u r r e n t  on t h e  reduct ion  curve and s e v e r a l  peaks on the ox ida t ion  

curve  were gene ra t ed ,  This  obse rva t ion  was i n  good agreement with the 

l i t e r a t u r e  [ 3 9 1  which explained them by t h e  d e p o s i t i o n  of  magnesium and 

sodium. The Sumps a t  - 1 . 5  V and - 0 . 5  V on t h e  ox ida t ion  curve were 



expla ined by ox ida t ion  of pure sodium and the  sodium p e n e t r a t i n g  t h e  

carbon e l e c t r o d e ,  r e s p e c t i v e l y .  The monovalent species  could no t  be 

d e t e c t e d  a t  platinum o r  g l a s s y  carbon working e l e c t r o d e s .  

The ca thodic  peak c u r r e n t  vs (scan rate)''? p l o t s  were l i n e a r  and 

w i t h i n  experimental e r r o r ,  passed through the  o r i g i n  (Fig .  5 . 1 0 , l l ) .  

This  confirmed t h a t  t h e  magnesium reduct ion  process was d i f f u s i o n  

c o n t r o l l e d  i n  the  experiments a s  conducted. 
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F i g .  5 . 3  Res idua l  c u r r e n t  i n  t h e  CaC12-KC1-NaC1 

mix ture  mel t  i n  t h e  weight r a t i o  of 6:18:65. 

2 
Working e l e c t r o d e :  Tungsten.  Area: 0.0242 cm . 
T=750°C. v=0.05 V l s .  



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

Fig. 5.4 Voltammogram of 2.2 wt.% MgC12 in the 

molten CaC12-KC1-NaC1 mixture in the weight ratio 

of 6: 1 8 ; G 5 .  Working electrode: Silver. T=750°C. 

Area: 0.08 crn2. v-0.4 ~1s'. 



V o l t a g e  ( V )  w . r . t .  Ref. 

F i g .  5 .5  A p l o t  of l o g [ ( i  - i ) / i j  v s  V on the 
P 

2 +  r e d u c t i o n  w a v e  f o r  t h e  Mg r e d u c t i o n  a t  s i l v e r  

l:~orking e l e c t r o d e .  MgC12 c o n t e n t :  2 . 2  ot.% i n  the 

molten C a C l  -KCl-NaC1 mix tu re  i n  t h e  w e i g h t  r a t i o  
2 

2 of 6:18:65 .  Area: 0.08 c m  . T=750°C. ~ 2 0 . 4  V / s .  
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Fig. 5.6 Cyclic voltammograms at different scan 

rates for 2.2 wt.% MgC12 in the molten CaC12- 

KC1-NaC1 mixture in the weight ratio of 6:18:65. 

2 
Working eleclrude: Silver. Area: 0.08 cm . 
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Voltage (V) w.r.t. Ref. 

Fig. 5.7 Cyclic voltammogram of 2 . 2  wt.% MgC12 

in the moltcn CaC!l2-KC1-NaC1 m i x l u r e  ia the 

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

2 
Platinum. Area: 0.08 cm . T=750°C v=0.1 V/s. 



V ~ l t a g e  (V) w . r .  L .  Ref. 

F i g .  5.8 C y c l i c  ~ ~ o l t a m m o g r a m s  a t  d i f f e r e n t  s c a n  

r a t e s  f o r  2 . 2  w t . %  MgC12 i n  t h e  m o l t e n  CaCl 
2-  

KCl-NaC1 m i x t u r e  i n  t h e  w e i g h t  r a t i o  of 6:18:65. 

Z 
Working e l e c t r o d e :  P l a t i n u m .  Area :  0.08 cm . 
T=750°C. ( a )  v=0.3 V l s .  



Voltage (V) w.r.t.. R e f .  

Fig. 5 . 8  ( b )  v=0.5 V / s .  
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V o l t n g e  ( V )  w.r.t. R e f .  

Fig. 5.8 (c) v=0.8 V / s .  



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

F i g .  5.9 Cycl ic  volta~iiuogi~alii a t  g la s sy  carbon 

e l e c t r o d c  f o r  2 . 3  w t . X  MgC12 i n  t h e  rnoltcn CaC12- 

KC1-NaC1 mixture i n  the  weight r a t i o  of 6:18:65. 

Area: 0.542 crn2 T=750°C. v=O.l V l s .  



( scan  r a t e )  1/2 

Fig.  5.10 A p l o t  of t h e  ca thodic  peak current  v s  

( scan  r a t e )  ' I 2  f o r  iMg2+ r educt ion  a t  s i l v e r  

e l ec t rode .  MgC12: 2 . 2  wt.% i n  t h e  moltru C a C 1 2 -  

KCl.NaC1 mixture i n  t h e  weight r a t i o  of 0;10;G5. 

2 
T=750°C. Area: 0.08 c m  . 
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(scan r a t e )  1 1 2  

Fig .  5.11 A p l o t  of the  ca thodic  peak 

c u r r e n t  v s  ( scan  r a t e )  'I2 f o r  the reduct ion 

of llg2+ a t  platinum e lec t rode .  MgC12: 2 . 2  w t .  % 
i n  t h e  molten CaC12-KCl-NaC1 mixture i n  t he  

2  
weight r a t i o  of 6:18:65. T=750°C A=0.08 crn . 



5 . 3 . 2  ~ 1 ~ '  r e d u c t i o n  in A l C l  3-LiC1- l (aC1 m e l t  

The vol tammetr ic  s tudy  was a l s o  conducted on A 1  d e p o s i t i o n  from 

A1C13-LiC1-NaC1 me l t .  F ig .  5.12 shows a  t y p i c a l  c y c l i c  voltammogram 

ob ta ined  us ing  a  gold  working e l e c t r o d e .  The e l e c t r o l y t e  con ta ined  

1 . 5  w t . %  A l C l  i n  t h e  suppor t ing  s o l v e n t  of LiC1-NaC1 mixture i n  t h e  
3 

weight r a t i o  of 40:50.  The temperature was 700°C. The r e f e r e n c e  

e l e c t r o d e  was s i l v e r  wi re  immersed i n  t h e  molten mixture of AgC1-LiC1- 

NaCl (5:42:53 by we igh t ) .  Glassy carbon se rved  a s  t he  counter  e l e c -  

t r o d e .  The scan  r a t e  was 0 .05  V / s  and t h e  a r e a  of t h e  working e l e c t r o d e  

2  was 0.173 cm . I n  F i g .  5 .12 ,  the  r educ t ion  and ox ida t ion  p roces ses  can 

c l e a r l y  be observed. I t  may a l s o  be observed t h a t  t he  ca thod ic  c u r r e n t  

does n o t  i nc rease  s h a r p l y ,  a s  i n  t h e  case  of magnesium reduc t ion  a t  

s i l v e r ,  which sugges ted  t h e  s o l u b l e  product  t o  t he  e l e c t r o d e .  The 

r i s i n g  p o r t i o n  of t h e  ca thod ic  wave r a s  found t o  obey Heyrovsky-I lkovic 

r e l a t i o n s h i p ,  which confirms the  s o l u b l e  p roduc t . (F ig .  5 .13)  

I n  F ig .  5 .12 ,  t h e  r educ t ion  and ox ida t ion  peaks a r e  found a t  -0.545 

and -0 .489  V wi th  r e s p e c t  t o  t he  r e f e rence  e l e c t r o d e ,  r e s p e c t i v e l y .  I n  

F i g .  5 .14 ,  i t  may be observed t h a t  t he  peak p o t e n t i a l s  a r e  unchanged 

wi th  inc reased  scan  r a t e s .  The d i f f e r e n c e  i n  the  peak p o t e n t i a l s  was 

observed t o  be 56 m V .  This  va lue  i s  c l o s e  t o  the  t h e o r e t i c a i  v a l u e  of 

62 mV f o r  t h e  simple r e v e r s i b l e  3 - e l e c t r o n  r educ t ion  p roces s .  However, 

t he  r a t i o  of  t h e  anodic  peak c u r r e n t  t o  t he  carhodic  c u r r e n t  i s  much 

g r e a t e r  t han  u n i t y ,  e l i m i n a t i n g  the  p o s s i b i l i t y  of a  simple r e v e r s i b l e  

r e a c t i o n .  With the  f a c t  t h a t  the peak p o t e n t i a l s  d i d  no t  changed wi th  



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.% 

AlCl in LiC1-NaC1 mixture(40:50 by weight). The temperature was 700°C 3 
2 and the area of the working electrode was 0.097 cm . 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 idenfical ca char of Bouteillori ~ I I J  

Marguier. [lo'' It was concluded that the aluminum reduction from 

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

experiments conducred 

The cathodic peak current was found to be linear in the square 

root of scan race ,  which, wichin  lie expeLiuleilta1 error, passed t h~o i igh  

the origin.(Fig. 5.18,19) It may be drawn a conclusion that aluminum 

reduction from AlCl -LiCl'NaCl melt is controlled by diffusion in the 3 

concentration range studied (1 - 2.2 wt.% A1C13). This is in good 

agreement with many reports, [ I 9  109-1111 even though some intermediate 

species have been reported. [421  
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F i g .  5.12 A c y c l i c  vo l t apmogram f o r  1.5 w t . %  8 1 C l 3  

i n  t h e  m o l t e n  ~ ' i ~ l - ~ a C l  m i x t u r e  i n  t h e  w e i g h t  r a t i o  

of 40:50, Working e l e c t r o d e :  Guld .  Area: 0.1'73 c m  2 

T=700°C. v=0.05 V l s .  
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Fig. 5.13 A p l o t  of l o g [ ( i  - i ) / i ]  vs  V on t h e  
P 

3+ ca thod ic  wave for A 1  reduct ion  a t  gold working 

e l e c t r o d e .  A1C13 content: 1 . 5  w t . %  i n  t h c  molten 

LiC1-NaC1 mixture i n  t h e  weight ra.t.i .0 of  40:50.  

2 Area: 0.173 cm . T=700°C. v=0 .05  V / s .  



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

Fig. 5.14 Cyclic voltammograms at different scan 

rates for 1.5 wt.% AICIQ in the molten LiC1-NaC1 

mixture in the weight ratio of 43:50. T-700°C. 

2 
Working clcctrodc: Gold. Arca: 0.173 cm . 



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

Fig. 5.19 A cyclic voltai~lmogram at 800°C for 

1.5 wt .% AlCl in the molten LiC1-NaC1, rn.ixt.iire 3 

in the weight ratio of 40:50.  Working electrode: 

2 
Gold. Area: 0.173 cm . v=0.5 V / s .  
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Vol t.a.ee (V) w. r. t., R e f .  

Fig. 5.16 A cyclic voltammogram at silver working 

electrode for 1 wt.% A1C13 in the molten LIC1- 

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

2 Area: 0.097 cm. . v=0.3 V,/s. 



Vol tage  (V) w . r . t .  R e f .  

F ig .  5.17 A p l o t  of l o g [ ( i  - i ) / i ]  v s  V on t h e  
P 

3+ 
c a t h o d i c  wave f o r  A 1  r e d u c t i o n  a t  s i l v e r  working 

electrode. tl..l.C1.. c n n . t n n t . :  1. wt.& .in t h e  molten 
' - ' 3  

LiC1-NaC1 mix tu re  i n  t h e  weight r a t i o  of 40:50. 

Area: 0.097 crn2. T=700°C. v=0 .3  V l s .  



( scan  r a t e )  1 / 2  

F i g .  5.18 A p l o t  of t h e  c a t h o d i c  peak 

c u r r e n t  v s  ( scan  r a t e )  f o r  t h e  reduct ion  of 

t h e  molten LiC1-NaC1 mix tu r e  i n  t h e  w e i g h t  
2 

r a t i o  of 40:50. T=700°C A=0.173 cm . 
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Fig. 5.19 A p l o t  o f  t h e  c a t h o d i c  peak 

current v s  (scan r2t.e) f o r  t h e  r e d u c t i o n  

of A 1 3 +  aL silvar e l e c t r o d e .  AlC13 :  1.5 wt.3 

in t h e  m o l t e n  LiC1-NaC1 m i x t u r e  i n  t h e  w e i g h t  
2 

r a t i o  of 40:50. T=700°C A-0.18 cm . 



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 

2 - 
complex, MgC14 . The Raman peaks are located at 107, 142, 249, 

- 1 
and 351 em-'. One of them (249 cm ) is completely polarized. 

2. Aluminum also exists in the alkali chloride melt as the tetra- 

hedrally coordinated ~ 1 ~ 1 ;  ion. Other higher complexes such as 

A1 ~ 1 -  could not be observed in the composition range for the 
2 7 

electrolyte representative of industrial practice. The Raman 

peaks of ~ 1 ~ 1 ;  are located at 125, 183, 349, and 483 cm-'. As in 

t h e  rase n f  magnesium, onc of thc peaks (349 cm-l) is yulruized, 

and others are not 

3. Calcium appears to coordinate with chlorides in much the same way 

that magnesium does. Because of the 1ower.charge density of 

L - 
calcium, however, the peaks are not as sharp for CaC14 as they 

2 - 2 - 
are for MgC14 . The principal peak of CaCl is located at about 

4 

180 ern-' and is polarized. 

4. It was observed that the stronger Raman peak can be obtained for 



t h e  molten mixtures of  MgCl o r  A l C l  wi th  t h e  l a r g e r  a l k a l i  metal 2  3 

c h l o r i d e .  This  phenomenon could  be expla ined  by the  lower charge 

d e n s i t y  of  t h e  l a r g e r  a l k a l i  metal  c a t i o n  from which c h l o r i n e  ion 

can be d.rawn more e a s i l y  t o  form t h e , c h l o r o  complex ion .  

5 .  I t  was found t h a t  ~ l ~ +  ion  can form o t h e r  complex ion  wi th  C s C l  a t  

 he luw c u ~ ~ c c n t r a t i s n  of AbCl 'l2ite ~ n l l l r l  hr. r . x y l a i i ~ e d  by the 3 ' 

f a c t  t h a t  t he  p o s s i b i l i t y  f o r  ~1~~ ion  t o  form higher  c h l o r i n e  

complex ion  is h igher  when it  i s  surrounded by more c h l o r i n e  ions .  

Chlor ine  ions  can e a s i l y  be obta ined  from the  lower charge d e n s i t y  

a l k a l i  metal  c a t i o n .  

2 - 2  - 
6 .  I t  i s  ~ o s s i h l e  t o  i d e n t i f y  both  the  MgCIL and CaC14 peaks when 

bo th  MgC12 and CaC12 a r e  p resen t  i n  the  same m e l ~ .  This  1s a 

demonstrat ion of the  a d d i t i v i t y  proper ty  o f  Raman spectroscopy and 

could  s e r v e  a s  the b a s i s  f o r  measuring MgCl concent ra t , ion  i.n c e l l  2 

b a t h  o n - l i n e  i n  r e a l  time b a s i s  us ing  the  CaCl concen t ra t ion  a s  a  
2 .  

s tandard  . 

7 .  The s o - c a l l e d  s t reamers  which could be c l e a r l y  observed during 

o b ~ ~ c r 1 : 1 l - y . q i 2  wcrc found not  t n  he  Raman active. On t h i s  b a s i s ,  i t  

is concluded t h a t  the  s t reamers  a r e  no t  cova len t ly  bonded com- 

pounds such a s  network oxides .  The ques t ion  of d i s so lved  metal 

remains unresolved.  

On s i l v e r  and platinum e l e c t r o d e s ,  magnesium depos i t ion  r e a c t i o n  

from XgC1 -CaC1 -KCl-NaCl melts  w a s  found ro be q u a s i - r e v e r s i b l e .  
2 2 



Aluminum reduction on gold and silver from AlCl -LiCl-NaC1 melts 3 

was also observed to be quasi-reversible. 

9 .  Subvalent species were not identified during aluminum deposition 

from AlCl -LiCl-NaC1 melt seither by Raman spectroscopy or by 
3 

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, 

app1icatio.n of thionyl chloride proved to be the most effective 

way to eliminate troublesome impurities, especially fine particles 

which were believed to be undissolved oxides. The use of SOC1, in 
L 

this manner has not teen 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 



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 AlCl - CsCl melts at great CsCl excess. It 
3 

would be interesting to study the AlCl - CsCl system by a spectro- 
3 

electrochemical technique because, in the diffusion boundary layer on 

3 - the cathode, the conditions for the formation of A1C16 are thought to 

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

3 - 
klClh as a kinetic entity.- 



Appendix 1: Calculation of Diffusion Layer Thickness 

and 

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

calculated. 

z FDC 
6 - -  I Aw 

where 

- 'bulk - 0.10 x 1.5 g/cm3 at 10 wr. r A ~ C I . ~  
- 6  2 

D =. 5 x 10 cm /s  

With these values, diffusion layer thickness is calculated. 



Appendix 2: Fortran Programs for Cyclic Voltammetry 

c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - *  
C---FILE NAME: VOLTAM.FOR : MAY 31, 1986----------:--------* 
C---SAYPLING OF VOLTAGE 6 CTJRRENT FROM CYCLIC VOLTAMETRY---* 
C---WRITTEN IN DEC MINC23 FORTRAN--------------------------* 
C---SUBROUTINE SAMPLE,SAVDAT, AND MINC FORTRAN SYSLIB-* 
c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - *  

PROQIWf V0LT"l.H 
DIMENSION IDATA(1600),X(800),Y(800) 
COMMON/DATA/VO,V9,SCR1CRANGE,CTEYP 

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(5,*) V9 
TYPE *,'DATA POINTS PER VOLT (<150) = ' 
READ ( 5 , *) DPPV 
TYPE *,'SCAN RATE IN VOLTS - ' 
READ(5,*) SCR 

c--- 
VRANGE-ABS(V9-VO) 
TBT-VRANGE.kDPPV+O. 5 
TSEC-VBANGE/SCR 
SYKEQ-'L'P'l'/'TS EC 
NPT-INT(TPT+O.5) 

C---DATA SAMPLING SECTION 
J SAM=NPT*2 
KSAM-J SAM*2 
ISAM-KSiW 

TYPE *,'TOTAL NO. OF SWPLES COLLECTED- ' ,ISAM 
ISMP-IFIX(SFREQ+0.5) 

CALL SAMPLE(IDATA,ISMP,ISAM) 
C---CONVERSION OF MACHINE MEASURE UNIT TO ACTUAL FORM 

FACTOR-10.2373/4096. 
X(l)=VO 
Y(l)-O. 0 

DO 10 I-1,JSAM 
J-(I-1)*2 +I 
K-I*2 
X(I+l)-(IDATA(J)-2047)*FACTOR 
Y(I+l)=(IDATA(K)-2047)kFACTOR 

CONTINUE 



C---MEASURED DATA PREVIEW AND FILE SAVE SECTION 
JSAM-JSAM+l 

WRITE(6,lOO) (I,X(I),Y(I),I-1,JSAM) 
100 FORMAT(lX,'I- ',14,2F12.3) 

CALL SAVDAT(X,Y,JSAM) 
STOP 
END 



c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - *  
C---FILE NAME: SAMPLE.FOR : MAY 31, 1986-------------------a 
C---DATA SAMPLING ROUTINE BY A/D CONVERTER WITH SPECIFIED--* 
C---SAMPLING RATE AND AUTO-GAIN SETTING--------------------* 
C---SEE RT-11 MANUALS FOR MORE DETAILS ON CAD2FP ROUTINE---* 
c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - *  

SUBROUTINE SAMPLE(IDATA,ISMP,IPTS) 
DIMENSION INF0(40),IBUF(1000,4),IDATA(2000) 

ISAM-2000 
NSAM-1000 

C---SAMPLING PREPARATION SECTION 
10 LUNTINUE 

TYPE 100 
100 FOXMAT(' CONNECT CHANNEL 0 TO SIGNAL GENRATOR AND1/ 

* I , CHANNEL 2 TO CURRENT OUTPUT FROM1/ 
jt , ' THE PAK k'U'I'EN'I'iOSTA,T'/' ST2 ON' 
* , '  COMP. TO FRAME SYNC.ON PARC 175 ' //) 

TYPE * , '  TYPE 1 IF EVERYTHING IS OK ' 
R E A D ( 5 , : k )  TEST 

IF (TEST.NE.l) GO TO 10 
C---HARDWARE CHSCK-UP SECTION: TRIGGER CHECK 

NSWP-1 
PERIOD-(l/FLOAT(ISMP)) 
PERIOD==XRATE(PERIOD,I2ATE,IPRSET) 
MODE-256 

IF (IPTS.GT.1000) NSWP-2 
ITIMES-0 

20 CALL SETIBF(INFO,IND,,IBUF(1,1),IBUF(1,2), 
.A ,1our(l,3),1nu~(l,4)) 

TiFE .k, 'IND - ' , IND 
CALL RLSBUF(INFO,IND,O,1,2,3) 
TYPE *,'IND2 - ',IND 

IF (IND.NE.l) PAUSE 'BUFF REL ERROR' 
CALL CLOCKA(IRATE,IPRSET,IND) 

IF (IND.NE.l) STOP 'CLOCK INITI. ERROR' 
SnLL ADSWP(INFO,NSAM,O,MODE,IPRSET,,,,0,2) 
TYPE *,'INFO -.',INFO(l) 

IF (INFO(l).NE.O) GO TO 20 
C---ACTUAL DATA SAMPLING SECTION 
C---SAMPLING IS TRIGGERED BY PULSE FROM SIGNAL GENERATOR 

3 0 cUN'L'IpTuE 

IF (TTIMES.EQ.NSWP) GO TO 40 
TYPE *, 'OK1' 

INO-IWTSUF(INFO,,ID,IND)+l 
DO 32 K-O,l,NSWP-1 
DO 32 I=I,NSAM 

J=I+K*NSAM 
IDATA(J)=IBUF(I,K+~) 

3 2 CONTILWE 
TYPE *,'SWEEP NO.= ',ITIMES,' IN0 = ',IN0 

C TYPE 200,ID,IBUF,(IBUF(I,INO),I-i,NSAM) 
C200 FORM.4T(/,' CONVERTED A/D DATA FOR BUFFER *'Ii 
c + ,/(3(110))) 



CALL RLSBUF(INF0, IND, ID) 
ITIMES-ITIMES+l 

IF (INFO(l).EQ.O) GO TO 34 
IF (NSWP.EQ.l) GO TO 40 

GO TO 30 

CONTINUE 
CALL STPSWP(INFO,I,IND) 

IF (IWTBUF(INFO,,ID,IND).GE.O) GO TO 40 
TYPE 300, INFO (1) 
FORMAT(/' A/D SWEEP ENDING CODE- '13) 
TYPE *,'IND - ',IND 
TYPE *,'NSAM - ',NSAM 
TYPE 400,ID,IDATA,(IDATA(I),I-1,ISAM) 
FORMAT(/,' CONVERTED A/D DATA FOR BUFFER #'I1 

* ,/(3(15))) 
RETURN 
END 



c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - *  
C---FILE NAME: SAVDAT.FOR : MAY 31,1986--------------------* 
C---DATA FILE SAVE ROUTINE---------------------------------* 
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---------* 
c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - *  

SUBROUTINE SAVDAT(X,Y,NPTS) 
DIMENSION X(l),Y(l) 
LOGICAL*l FILE(15),AFL,G,HDR,TEMP(81),FIL2(15) 
COMMON/DATA/V0,V9,SCR,CRANGElCTEMP 

C---FILE NAME INPUT SECTION 
OFFSET-X(1) 
FACTOR-X(2)-X(1) 

10 CALL GTINPT('0UTPUT FILE NAME (<CR> TO QUIT) - ' 
dr , T W  , MCHR) 

IF (NCHR.EQ.0) GO TC 90 
DECODE(NCHR,10O1TEMP,ERR-10) FILE 
CALL GTINPT('PMTTER FILE NAME - ',TEMP,NCHR) 
DECODE(NCHR,lOO,TEMP,ERR-10) FIL2 

100 FORMAT (15A1) 
C---FILE EXISTENCE CHECK SECTION 

FILE(15)-0 
OPEN(UN1T-1,TYPE-'OLD1,NAME-FILE,ERR-30) 
CLOSE (UNIT-1) 
TYPE 200 

200 FORMAT ('FILE ATLREADY EXISTS: OVERWRITE ? Y/[N] ' )  
ACCEPT 210,AFLG 

2 LU FUKMA'I' (All 
IF i~Fu.Eq.'Y'j GO TO 30 

GO TU LO 
C---FILE FORMAT SELECTION SECTION 
3 0 CALL GTINPT('F1LE FORMAT ([F]/U) - ' ,TEMP,NCHR) 

DECODE(NCHR,210,TEMPlERR=30) AFLG 
3 2 CALL GTINPT( ' I I W E R  ON OUTPUT ? ( [Y] /?I) - ' 

A , TEMP, NCILR) 
DECODE (NCHR,210,TEMP,ERR=32) HDR 

3 4 CALL GTINPT('DATA (0:Y ONLY, 1:X-Y PAIR (0/[1]1) = ' 
* , TEMP, NCHR) I 

I TYP- 1 
IF ('NCHR. NE. 0) DECODE (LJCHR, 3 U O  ,'IU.IL', ESCI<-34 j ITYP 

300 FORMAT (12) 
C---DATA WRITING SECTION 

IF (AFLG.EQ.'U1) GO TO 50 
C---FORMATTED DATA FILE 

OPEN (UNIT-l,NIU?E=FILE,TYPE=lNEW1,FORM='FO~TTED') 
IF (HDR.EQ.'N1) GO TO 42 

c- - - 
TYPE *,'CELL 'L'ELMPERATURE - 7 '  
READ(5,*) CTEMP 
TYPE *,'CTJRRENT SCALE = ? '  
READ(5,*) GRANGE 
TdRITE(1,400) CTEMP,CRANGE 



400 FORMAT(lX,'TEMP- ',F8.1,4X,'CURRENT SCALE- ',F8.1) 
WRITE(1,410) NPTS,FACTOR,OFFSET 

410 FORMAT(lX,'NPTS- ',15,4X,'FACTOR- ',E12.3,4X 
* ,'OFFSET- ',E12.3) 

c- - - 
42 CONTINUE 

IF (ITYP.EQ.l) GO TO 46 
DO 44 I-1,NPTS 

44 WRITE (l,*,ERR-60) Y(1) 
GO TO 80 

c- - - 
46 CONTINUE 

DO 48 I-1,NPTS 
48 WRITE (1,420) I,X(I),Y(I) 
420 FORMAT(LX,I4,2F12.6) 
c- - - 

OPEN(UNIT-2,NAME-FIL2,TYPE-'NEW',FORK-'FORMATTED') 
DO 49 I-1,NPTS 

49 WRITE(2,430) X(I),Y(I) 
430 FORMAT(lX,2F12.6) 

GO TO 80 
C---UNFORMATTED DATA FILES 
50 CONTINUE 

OPEN (UNIT-1,NAME-FILE,TYPE'-'NEW',FORM- 
si. 'UNFORMATTED') 

IF (HDR.NE.'N') k'RITE(1) ITYP,NPTS,FACTOR,OFFSET 
IF (ITYP.EQ.1) GO TO 52 

WRITE (1,ERR-60) (Y(I),I-1,NPTS) 
GO TO 80 

5 2 WRITE (1,ERR-60) (X(I),Y(I),I-1,NPTS) 
GO TO 80 

C---ERROR HANDLING SECTION 
60 CONTINUE 

CALL ERRSNS(IERN0,IUNIT) 
TYPE 600,TERNO 

600 FORMAT ( '  ERROR ',I4,' : ON WRITING FILE1/) 
GO TO 10 

c- - - 
80 CLOSE (UNIT=l) 
9 0 RETURN 

END 
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