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RAMAN SCATTERING STUDIES OF MOLTEN SALT ELECTROLYSIS OF LIGHT METALS

S.-Y. Yoon, J. H. Flint, G. J. Kipouros, D. R. Sadoway

Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

The adaptation of laser Raman scattering instrumentation to permit in
situ investigation of laboratory-scale magnesium chloride and aluminum chior-
ide electrolysis cells is described. For the systems, MgCl2-CaCl,-KC1-NaCl
and A1C13-NaCl1-LiC1, melt spectra are reported as well as spectra taken
during electrolysis.
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Introduction

Molten salt electrolysis is used in the extraction of 1ight metals. This
is a very energy-intensive process. Indeed, the electrometallurgical indus-
tries are estimated to consume 5 percent of the total generated electrical
energy in this country (1). It is somewhat ironic that the Teast dense struc-
tural metals, which can reduce energy consumption when used as materials of
construction in transportation vehicles, are the most energy-intensive metals
to produce. Therefore, it is to decrease net energy utilization that efforts

are being made to reduce the energy requirements of these extraction processes.

The electrolytic production of magnesium accounts for about 70% of the
total magnesium production in the Western world (2). Magnesium production by
electrolysis requires 15 - 18 kWh/kg of magnesium metal. The current effic-
jency of the anhydrous electrolytic processes (I.G. Farben - Norsk Hydro)
exceeds 90%, while that of the hydrous electrolytic process (Dow Chemical)
is closer to 80% (3). Essentially all aluminum is extracted in Hall-Héroult
cells by the electrolysis of alumina dissolved in cryolite. Energy consump-
tion is 12 kWh/kg of aluminum metal, with current efficiency exceeding 90%.
The commercial production of aluminum by the electrolysis of aluminum chlo<-
ride was developed by Alcoa in the 1970's; this process (the Alcoa Smelting
Process) is reported to consume 30% less energy than Hall cell based technol-

ogy (4,5).

"Metal fog" formation and coloration of the normally transparent electro-

lyte are both associated with loss of current efficiency (6,7.8). As well,
multiplicity of valence can decrease current efficiency through so-called
redox looping. Aluminum is reported to be both trivalent and monovalent in
chloride melts (9).

As part of a study of the causes of lose?of current efficiency, Raman

spectra of laboratory-scale molten salt electrolysis cells are being measured.

Raman spectroscopy has been chosen because it is generally acknowledged to be
the most powerful technique available for the study of complexing ionic spe-
cies (10). The purpose of this paper is to describe the adaptation of laser
Raman scattering instrumentation to permit in situ real time analysis of melt
chemistry and thereby provide the basis for "fast Raman" spectroelectrochem-
istry in these systems. Results are presented from the investigations of the
electrolysis of anhydrous magnesium chloride and the electrolysis of aluminum
chloride. Apart from their intrinsic value, these results are in support of
future work on the much more difficult to handle cryolite-based system.

Literature

Magnesium and aluminum do not exist as discrete ions in chloride melts;
instead, they are thought to form the chlorocomplexes MgC12- and A1C14~, re-
spectively (11-16). Vibrational spectra confirm this, in pért1cu1ar the Raman
spectra of MgClp or A1Cl3 in alkali or alkaline earth chlorides (15-22) . How-
ever, the purpose of these studies was to determine the structure of molten
salts, not to understand the electrolytic production of Tight metals. As a
consequence, melt spectra were not taken during electrolysis, nor were they
taken of melts resembling industrial compositions.

Experimental
Instrumentation

The schematic diagram of the instrumentation is given in Fig. 1. A mono-
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chromatic Tinearly polarized laser beam from either an Art laser (Coherent
Innova 90-4) or Kr* laser (Coherent Innova 90-K) passes the optical instru-
ments: mirrors to change beam direction, a polarization rotator to change the
polarization state, and a focusing lens. The focused beam irradiates the
sample in the cell which is held inside a specially designed furnace describ-
ed later. Electrolysis is conducted galvanostatically with a potentiostat
(EG&G PARC, Model 173). The charge passed during electrolysis is measured by
a coulometer (EG&G PARC, Model 179).

3
214._._._0_._._,__.__.._ ——— ._}'2\_.._.4?\2

Figure 1. Schematic diagram of Raman instrumentation.

(1) Lasers; (2) Mirrors; (3) Polarization rotator; (4) Lenses;
(5) Power meter; (6) Furnace; (7) Polarization analyzer;

(8) Spectrometer; (9) Detector; (10) Detector controller;

(11) Optical multichannel analyzer (OMA); (12) Plotter

Most of the incident beam is transmitted unchanged and strikes a power
meter (Newport Research, Model 185) which measures the transmitted power. The
scattered beam is collected by a lens at 90° from the beam propagation direc-
tion, where the depolarization ratio can be most accurately measured (25).

The scattered 1ight passes through a polarization analyzer and is focus-
ed onto the entrance slit of the spectrometer, which in this case is a triple
monochromator (Spex Industries Triplemate 1403). In the spectrometer the beam
is collimated, dispersed, and refocused onto an exit slit. At this stage much
of the stray light is eliminated. The refocused 1ight is again collimated and
dispersed on the grating, which can be varied in order to change the resolu-
tion. The final mirror projects a flat image onto the focal plane, where it
is seen by the detector, an intensified silicon photodiode array (EG&G PARC
Model 1420-3). The amplified signal is digitized in the detector controller
(EG&G PARC Model 1218) and transmitted as data to the optical multichannel
analyzer, EG&G PARC, OMA, Model 1215,
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The plane of polarization of the exciting radiation is set by a polariza-
tion rotator (lI or H1). The beam then passes horizontally through the molten
sample. The scattered radiation is collected at 90° and is imaged onto the
vertical entrance s1it of the spectrometer while passing through a vertical
polarization analyzer (I always). The spectrometer s1it width is 100 um,
equivalent to n6 em-1. Typically, the spectra were recorded for approximately
1 minute, corresponding to 200 scans on the OMA, which was calibrated using
the emission lines of a neon lamp in the green. A1l spectra reported in this
article were obtained using the 514.5 nm 1ine of argon as exciting radiation.

Furnace. Specimens were heated by a method somewhat different from those
previously employed in spectroscopic studies. This was due to the need to
accommodate the 1aboratory-scale electrolysis cells, which are quite large
compared to spectrocells commonly employed in such work. Specifically, an
electrical resistance tube furnace was designed and built (Figure 2). It con-

Fused quartz
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Plug Thermocouple

Figure 2. Furnace for Raman Scattering Studies of Molten Salt Electrolysis.

sisted of nichrome wire wrapped around a vertical fused quartz tube, 5.1 cm
in diameter x 30 cm 1ong, contained in a can packed with aluminosilicate in-
sulating fiber. To permit jrradiation and observation of the sample in the
furnace, three sidearm tubes were connected to the vertical tube to serve as
windows. Located in the same horizontal plane and in a tee configuration,
the sidearms were heated by 1ndependent1y—control1ed nichrome windings to
maintain a constant temperature in the sample. The maximum operating temper-
ature of this furnace was 1273 K.

Electrolysis cell. The cell is made of optical grade square fused quartz
tubing, 1" on edge, joined to round tubing 41 mm 0.D. (Figure 3). The cap is
a compression fitting made of 304 stainless steei and has ports for the cath-

ode, anode, inert gas inlet, and thermocouple. The cap also has a sidearm for
gas outlet.

The anode is made of 1/8" dia. high density graphite rod shrouded by a
1/4" fused quartz tube. For the cathode, 1/4" mild steel or TiBp for magnes-
jum, or graphite, TiBp, or 1iquid metal for aluminum, are used.
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Figure 3. Spectrocell for Raman Scaftering Studies of Molten Salt Electrolysis.

Salt Preparation

For the magnesium experiments the necessary salts are anhydrous MgC12,
KC1, NaCl, and CaCl,.

For anhydrous MgCly, the starting material is NH4C1.MgCl2.6Hp0. In the
argon-atmosphere glove box the salt is: charged into the fused quartz tube
which was dried under vacuum at 750°C. The charged tube is heated to 175x5°C
under vacuum for 8 hours. At this stage the moisture is removed. The temper-
ature is then increased to 340°C very slowly (30°C every two hours), and the
tube is Teft for 8 hours at this temperature. At this stage NHyqC1 vaporizes
and deposits on the wall of the upper part of the tube. The remaining powdery
MgClz is removed in the glove box and transferred to another reactor in which
it is heated slowly to 550°C (100°C every 2 hours) to remove the remaining
NH4C1 and water. At this temperature, Ar gas bubbled through SOC1, is passed
over the salt for 24 hours to remove any oxides or hydroxychlorides. After
this, MgClp is sublimed and deposits on the wall of the tube.

The preparation of KC1, NaCl, and CaCly is simpler. The salt is dried
under vacuum at 150°C, 300°C, and 500°C for 5 hours at each temperature. The
argon gas bubbled through SOCl2 is passed for 24 hours at 550°C. The salt, -
except for CaClp, is then sublimed at 770°C. CaClp has too low a vapor pres-
sure for this procedure, so this last step is omitted and instead SOC12 is
passed for another 24 hours.

The necessary salts for A]C]:f electrolysis are A1Cl,, NaCl, and LiCl.
n

A1Cl3 1is very hygroscopic, subliming at a very Tow temperature (182°C).
Analytical grade A1C13 is sublimed 5 times under vacuum at 170°C. In the
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glove box, this salt is then charged into a tube which was dried at 700°C.

At 100°C, argon gas bubbled through SOC1y is passed over the salt for 24
hours, and then the A1C13 is sublimed under SOCl2 at 150°C. The salt is again
sublimed under vacuum at 180°C without passing SOC]Z.

The procedure for LiCl purification is the same as that for NaCl or KCIT.

Typical Experiment

The electrolytic cell is charged and assembled with the cap and elec-
trodes in the :giove box. The charged cell is placed in the furnace and the
salt is melted under high purity argon.

Results and Discussion

Raman spectra measured for pure molten MgClp at 740°C in this laboratory
(Figure 4) are essentially identical to those of C.-H. Huang and M. H. Brook-

er (18).

Intensity

0 200 400 600
Wavenumber Shift (cm-')

800 1000

Figure 4. Raman spectra of pure molten MgC12.

The Raman spectra of molten FgClp in the industrial electrolyte (11%
MgClo, 6% CaCl,, 65%_NaCl, 18% KC1) show a peak shift_ (Figure 5). The peak
shifted from 205 cm=1 in pure molten MgCl, to 249 cm-1 in the industrial

electrolyte.

Figure 6 shows the Raman spectria taken during electrolysis. Thereis ade-
crease in peak height without a change in wavenumber for the peak at 249 cm-1,
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Figure 5. Raman spectra of MgCly in pure molten state (A) and in industrial
electrolyte (B).

Because AiCi3 sublimes without melting at 182°C, Raman spectra of pure
molten A1C13 cannot be obtained. The spectra for NaCl-LiC] melts do not show
any peaks (Figure 7). Before electrolysis, the spectra for A1C13 in the NaCl-
LiCl melt were taken at 610°C (Figure_8). These spectra show four distinc
peaks, at 121 cm'], 177 cm'], 349 cm'], and 485 cm-1, The peak at 349 cm-
is polarized, the others are not. These spectra look like those of CClq (26)
in that there are four peaks, one of them is polarized, and the others are
not. By comparison, the conclusion is that aluminum coordinates with four

chlorines to form a tetrahedrally coordinated tetrachloroaluminate ion, A1C1£.

In order to compare the peak height at different compositions and test
the sensitivity of Raman spectroscopic instruments at reduced concentration,
Raman spectra were taken of 10% and 1% A1Cl3 in equimolar compositions. of
NaC1-LiCl (Figure 9).

Figure 10 shows the spectra during electrolysis at 620°C taken at every
250 coulombs at the same position, near the graphite cathode. The peaks de-
crease in height with time. Because A1C13 vaporizes and white particles ema-
nating from the cathode block the incident and scattered beams, this decrease
cannot be attributed only to electrolysis. However, with the use of trans-
mitted power figures and more elaborate data reduction techniques, it should
be possible to separate these effects to permit the determination of aluminum
concentration in the electrolyte.
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Figure 6. Raman spectra of 11% MgC]2—6% CaC12—65% NaC1-18% KC1 at 740°C.
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Figure 7. Raman spectra of 55% NaCl-45% LiCl.
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Figure 10. Raman spectra of 10% A1C13-50% NaCl1-40% LiCl during electrolysis
at every 250 coulombs. T = 620°C. Current density = 100 mA/cm2.

Conclusions

Laser Raman scattering instrumentation has been adapted to permit in
situ investigation of Taboratory-scale magnesium chloride and aluminum chlo-
iride electrolysis cells. The study is presently being broadened to include
Hall cells. Furthermore, Raman spectra of refractory metal halides have been
measured (27). On the basis of experience with the technique to date, it is
felt that Raman spectroscopy could be used for spectroreducibility studies
of multivalent metals in molten salts, as well as for spectrocorrosion
studies of inert electrode materials.
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Addition agents

chlorine, 179

copper in silver el
259

glue, 179

H3BO3, 77

in aluminum electrc
453

NaF, 77

reagent control at

SbFG-, 229

Sb(v), 229
sulfamic acid, 13
thiourea, 179

Cell design

air sparged cell, 1
cell covering, 389
depolarized anode w
electrode design, :Z
fluidized bed, 143,
inert electrodes
cobalt ferrite,
for Hall cells,
nickel ferrite,
low gas flow sparge
rotating disk elect
297
scale up factors, 4
use of dimensionall
anodes, 331
use of ionexchange
use of ionselective

Companies and agencies

Asarco, 405

Bureau of Mines, 45
Copper Refineries F
ILO, 415
Metallurgie Hoboken
Mitsui/Furukawa, 41
Mitsui, 395

Depolarization

acetic acid, 319

by ammonium sulfite
by sulfite/iodide,
ethanol, 319
ethylene glycol, 31
methanol, 339



