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ABSTRACT

The molten salt electrolytes from which the polyvalent active metals are extracted are
strongly structured at unusually long distances that increase the energy consumption of
the electrowinning cell. Under influence of strong electrical pulses they are transferred to
a non-equilibrium state with modification of the structure and intensification of
electrochemical properties. The observed regularities in the electrolytes activation are due
to stimulated dissociation of complex ions on the simpler and more mobile complex and
elementary ions. This is confirmed by the disappearance of characteristic Raman peaks
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1. Introduction

The structure of equilibrium molten electrolytes, the
nature and distribution of structural species in them govern
their physicochemical properties, the mechanisms and
kinetic pathways that determine energetic efficiency of
metals production technologies [1]. For better understanding
the structure of equilibrium molten electrolytes and
improving the chemical and electrochemical technologies
their structure and physicochemical properties should be
studied in a non-equilibrium state. Energy efficiency of
electrochemical technologies depends on the Ohm and
Faraday voltage drops. These main two main factors are
dependent on the structure of the molten electrolyte (ME)
and the state of extracting metals cations: whether they are
in the form of elementary ions or they are in the structural
units- complex ions l\/IXnZ_" (M = Al, Mg, Ce..; X=F, CI

...) with various stability and lifetimes; they contribute
nonequivalent contributions to the mass and charge transfer
coefficients. The phenomenon of ions association leads to
the deviations from the Nernst-Einstein ratio. The diffraction
and spectroscopic studies lead to the conclusion that in the
individual molten chlorides of alkaline earth metals,
aluminum, cerium and other multivalent metals the long-
lived complex ions exist; in them the characteristic signs of
intermediate range order is observed [2]. In their mixtures
with alkali halides the content of complex ions increases and
they become more stable [3]. Electrochemical parameters
usually are defined in the stationary conditions of
unperturbed or weakly perturbed state of the molten
electrolytes. Meanwhile, these parameters can be changed,
and sometimes considerably and in a favorable direction, if
the system is transferred to a non-equilibrium state under the
influence of external forces. One way to achieve this is to
impact on the molten system by short electrical pulses of
high energy causing the simplifying their structure.
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The stimulated dissociation of complex ions can be
manifested in the increase of the electrical conductivity and
the electrolysis current, reducing decomposition potential of
the salts, changes in the spectra of the melts. These changes
could provide the intensification of the electrochemical
technologies process.

It is known that the Wien effect has served as the
experimental proof of the validity of the Debye- Huckel-
Onsager theory of electrolyte solutions and is used as the
research method in physical chemistry. Prior to our
publications, for example [4, 5], in the literature has not
been articles on the Wien effect in molten salts. We have
established the regularities in the dependence of
conductivity of molten salts on the electric field strength
(EFS) by analyzing the waveforms of high-voltage pulsed
discharges (HVPD) discharges in them. The obtained high-
voltage limiting conductivities of individual molten salts
obey the Nernst-Einstein ratio [4-6].

After completion of HVPD in the molten electrolytes,
their low-voltage conductivity (measured by a conventional
AC bridge) turns out to be increased, the electrochemical
potentials of the metals turn out to be more positive [6, 7],
while the characteristic peaks of Raman spectra almost
disappear [8], i.e., the “memory" effect is observed in them,
which is expressed as "activation» of the melts. These
observations were interpreted as a consequence of the
stimulated dissociation of complex formations into simpler
and elementary ions. The activation of molten electrolytes is
followed by the recombination of complex ions during
prolonged relaxation processes in them. In this review we
present some results in studying the phenomenon of molten
electrolytes activation followed by a prolonged structural
relaxation in a non-equilibrium state.

2. Experimental

The measurements of the EFS - dependence of the

conductivity of any electrolyte must be carried out
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exclusively in the regime of the short time electric pulses in
order to avoid a change in the temperature of a sample and
introduction of possible electrolysis products into it. To this
end in view, we have constructed high-voltage setup for
pulsed conductometry. The descriptions of the electric circuit
and the measurement cell are presented, in particular, in the
publications [9, 10]. The setup involves the digital memory
pulsed oscilloscope ASK-8 which records the waveforms of
attenuated current and voltage during HVPD in a sample.
The representative oscillograms (waveforms) of the
discharge without the electric breakdown and at its presence
in a molten salt are shown in figuresla and 1b.

U/I, Ohm
(2]

1000 2000 3000 4000
U

Figl. a) The characteristic waveforms of voltage (curve 1)
and current (curve 2) of high voltage discharge in molten
MgCl,. The sweep rate is 0.2 pus/graduation (axe x). The
voltage sensitivity (axe y) is 680 V/graduation, the current
sensitivity is 150 A/graduation;

b) The waveforms of voltage and current of the discharge
in an electrolyte at the electric breakdown presence.
Voltage drops to zero, and current exceeds the limit of the
monitor;
¢) Dependence of U/I as function of U before (curve —)
and after (curve <) reaching the current maximum.

The waveforms show that the high voltage pulse
duration is several microseconds, the current and voltage of
discharge pass through maximums reached in about 1 ps;
after reaching the maximums they fall exponentially (fig.1,
a). Full pulse duration (us) excludes introduction of
electrolysis products into the electrolyte and it’s any
significant overheating.

This analysis and electroluminescence spectra of molten
salts [10, 11] confirm that regularities observed in behavior
of the electrolytes in fields strong that we used take place
with maintaining the electrolytic nature of the conductance.

To study the phenomenon of the electrolytes activation,
their conductivity was measured by using AC Bridge RLC

and the Raman spectra were recorded using a
spectrophotometer - both before impact of high-voltage
pulses on the equilibrium melts and after the pulsed
discharges in them were completed. We studied Raman
scattering of the molten salts excited by means of the 488nm
line an argon ion (Coherent) Laser LGN-503. The relaxation
dynamics of the non-equilibrium systems was defined by
observing the changes in the conductivity and Raman spectra
after pulsed discharges having been completed.
3. Experimental results
3.1 Wien effect in molten simple chlorides and in their
mixtures with potassium chloride

Electrical resistance and conductivity of the melts are
determined on the basis of the analysis of the waveforms of
the current, I, and voltage, U, for the moment of current
maximum, when the quasistationary condition d| /dt =0

and Ohm’s law are satisfied. Figures 2-5 present the plots of
dependence of specific conductivity of molten individual
salts and their mixtures with KCI on EFS.
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Fig 2. Dependence of conductivity of molten MgCl, (a)

and MgCl,(0,2) — KCI (b) on the EFS at 1000 K.
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Fig 3. Dependence of conductivity of molten KAICI, on
the EFS at 560 K (a) at 585 K (b).
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Fig 4. Dependence of conductivity of the molten CeCl; (a)
and 0.2CeCl3-KCI (b) on the EFS at 1110 K.
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Fig 5. Dependence of the conductivity of the molten
NdCI3 (a) and O,8NdCI3 —0,2KCl (b) on the EFS at

1000°C.

As seen from Fig. 2-5, the electrical conductivity of
molten individual chlorides of polyvalent metals and their
mixtures with potassium chloride increases with increasing
EFS and tends to the limiting high-voltage values.

3.2 Electrochemical potentials of the metals in activated
molten chlorides

To determine the values of electrochemical potentials of
metals in non-equilibrium melts we measured EMF of
electrochemical chains of the type

Ag,M /MCIn-NaCl —KCI :NaCl —KCI — AgCl / Ag

with 10 mol % of AgCl and MCI, (M = Ag, Mg, Al, Zn).
EMF of the cells were measured initially under equilibrium
conditions, and then - after the electrolyte in one of the half-
cell being be subjected to the high-voltage pulses action. The
observed change in the EMF of the cell is obviously equal to
the change in the potential of the metal in the electrolyte,
which was transferred to non-equilibrium state. In our
experiments, the equilibrium EMF of silver-magnesium cell
at 1086 K was 1932 mV. After activation of the magnesium
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electrolyte MgCl,-NaCl-KCl by series of pulses with the
amplitude of voltage of 8 kV, the EMF of the cell became
equal to 1630 mV. Consequently, the potential of the
magnesium electrode in its activated chloride electrolyte
became more positive by 15.6% [6]. Similar results were
obtained for other metals.

These results allow expecting that the decomposition
potentials of metal chlorides in non-equilibrium state would
be less than in "equilibrium" state. To obtain such
experimental data, the study was performed employing linear
sweep voltammetry of the magnesium, aluminum and cerium
chloride electrolytes.

300

200

100

m.
.\o\
.\.N.
o9—o

0,05

0,044

0,03 ZLm
< .
—~ 0,02+ y:

0,01 o

0,00 {o—e—e——*

0 1 Uév 3 4
Fig 6. Linear sweep voltammograms in MgCl,-NaCl-
KCI (a) and NaCl-KCI-CeCl; (b).

Derived from this dependence the values of the
decomposition potentials of MgCl, and CeCl; in non -
perturbed melts were found equal to 2.73 V and 2.1 V,
respectively, in good agreement with the literature. After
exposure to the molten electrolyte of 10 pulses with the
voltage amplitude of 6 kV, electrolyze current is increased by
more than 20%, while the electrolysis voltage was
maintained equal to the initial value (points 1-2). While
maintaining the same initial value of the electrolysis current,
the voltage on the cell is correspondingly reduced (1'-2).
This means that the decomposition potentials of the MCI,
salts decrease upon activation of their electrolytes. A similar
analysis was performed and similar results have been found
for the electrolysis of aluminum and neodim chloride
electrolytes. The degree of electrolyze intensification rises
with increasing number of activating pulses and their voltage
amplitude, and tends to the saturation.

3.3 Intensification of conductivity of molten metal
chloride electrolytes

An analysis of the waveforms in Figure 1,c shows that
U/l for full discharge sweep at U —0 in the lower curve
(after reaching the maximum current) is lower than the initial
value (at t —0, U —0) determined from the upper curve. In
our experiments on Wien effect, every next voltage pulse was
applied to an electrolyte only after the initial low-voltage
conductivity was restored. This indicates that the electrical
conductivity of a sample measured by a conventional AC
Bridge increases as a result on subjecting it to a large electric
pulse electric field; that is, the memory” effect is observed.
The activation degree is expressed as Ay / x(0) = [x(t)—
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%(0)]/%(0), where %(0) is the initial (low-voltage) conductivity
and yx(7) is the low-voltage conductivity at time 1=0 after the
end of a high-voltage pulse. The conductivity activation
degree also rises with increasing number of pulses and their
voltage amplitude, and tends to the saturation. In Figure 7, as
examples, these dependences are presented for a magnesium
electrolyte
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Fig 7. Dependence of relative increase in conductivity

AZ/Z(O) of the molten mixture 0,2MgC|2 —0,8KCI

on the number of activating pulses in series with the
voltage amplitude of 8.5 kV (a) and on the voltage
amplitude of single pulses (b) at 983K.

Similar results were obtained for other compositions of
molten mixtures

[5-9, 12-14]. The results obtained in Sections 3.1 and 3.3
are collected in Table 1.
Tablel.Wien effect and activation degree of some molten

chloride electrolytes.

Melt T,K | 500, | £ Ay Ay
Slem | Slc ,% ,%
m | x(0) x(0)

(Wien (Activation)
effect)

MgCl, 1000 | 1.05 | 3.48 265 14

0.8KCIMgCI | 980 140 | 3.72 166 35

2

KAICI, 560 0.50 | 4.50 800 30

CeCl; 1110 | 1.10 | 9.70 782 17

0.8KCI- 1110 | 1.20 | 2.12 77 32

CeCl,4

NdCl; 1082 | 0,95 1.65 79 15

NdCl,-KCl 1082 | 0.79 1.25 58 18

3.4 Relaxation in activated molten chloride electrolytes
The above values relate to the degree of activation at the

time t = 0 after the completion of the pulses. In this section,

the regularities of the change in the degree of activation

Ayl y(0)=[x(t)— x(0)]/ (0) in time are described;
here x(1) is the low-voltage conductivity of the melt at time
t after the pulse action completion.

The activated molten electrolytes are in the non-
equilibrium state with the increased conductivity.
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These systems tend to the equilibrium state with the
restoration of the equilibrium values of the electrical
conductivity at unchanged temperature; in these systems the
relaxation processes take place. The figures below show
some examples of the relaxation curves in some non-
equilibrium molten electrolytes.
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Fig 8. Change of the relative values Ay/x(0),% in time
in the molten mixture MgCl,(0,2)- KCI A) activated by
one pulse of voltage amplitude 2,2 kV, and B) activated

by 3 pulses of the amplitude 10 kV. T=983 K.
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Fig 9. The relaxation curves in the molten KAICI,

activated by single pulses of voltage amplitude: 1) 8,6 kV
and 2) 13,0 kV at T=558 K (A) and B) in the molten

NdCl, —0,2KClI activated by single pulse of the

voltage amplitude 5 kV at 1082 K.

It is seen from Figs. 7-9 that the degree of electrical
conductivity activation Ay/x(0) reaches 45%, the increased
electrical conductivity of the electrolytes in the non-
equilibrium state decreases in the time and tends to the initial
(equilibrium) values in 5-10 min.
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Relaxation in non-equilibrium electrolytes occurs in a
step-oscillatory regime (Fig.8,A), or in a purely oscillatory
regime Fig.8,B and Fig.9,B), and either in the regime of a
smooth exponential decrease (Fig. 9,A) in the conductivity.
3.5 Changes in Raman spectra of molten MgCl. and
ZnCl:

In the beginning, we have reproduced the known literary
characteristic Raman spectra of equilibrium molten salts
MgClz and ZnCl.. Then we recorded the spectra of the melts
after them exposing to microsecond high voltage pulses. The
spectra for the molten MgCl. and ZnCl,, normalized using
the total polarized scattered intensity, are shown in fig.10.
The Raleigh background signals were removed from all
spectra via standard baseline subtraction and all spectra are
normalized into a unit area. The obtained spectra of
individual equilibrium molten salts are in good agreement
with literature data.
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Fig. 10.A) Raman spectra of equilibrium molten MgCl,
(curve 1) and of its melt subjected to 3 electric pulses of
voltage amplitude of 8kV (curve 2) at 973 K. The curve 3

is Raman spectrum of the non equilibrium melt 10

minutes after activation.

B) Raman spectra of solid ZnCl; (curve 1), of its
equilibrium melt at 624 K (curve 2) and of the melt
subjected to 5 electric pulses of voltage amplitude of 8kV
(curve 3) at 624 K. The curve 4 represents the Raman
spectrum of the non-equilibrium melt in the relaxation
processes 10 minutes after activation.

As a result of previous pulses influence, the spectral
peaks disappear almost completely due to dissociation of
complex ions and the melts transition to a non-equilibrium
state. In the relaxation processes in non-equilibrium melts the
Raman spectra take several minutes to be re-established [8,
15].

4. Discussion
The structure and electrochemical properties of molten
electrolytes are studied mainly in their equilibrium or slightly

non-equilibrium states; they are determined by the nature and

distribution of structural species in them.

For the molten alkali halides [16] and alkali earth halides

[17], the structural autocomplex model has been a priori

assumed according to which the molten salts may be

considered as the mixture of \py Z-4anions and \qZ+
4

cations as the structural elements. Later, as a result of the
development of spectroscopic methods, it was proved that
autocomplexes in individual molten metal halides are not a
priory abstraction but can quite reliably be fixed in Raman
spectra [18]. Their Raman spectra indicate presence in the
molten magnesium electrolyte of a discrete tetrahedral
MgCIf‘ species in equilibrium with complex ions MgClI

MgCl; *MgCI?~ Mg,ClIZ Mg,CI3 [19] In the
molten aluminum chloride electrolytes complexions ajc| -
4

and Al,Cl; are identified [20]. In addition to binuclear

forms in the melts does not excluded the probability of the
existence of higher polymeric forms of formula Al Cls,, 1

In the chloride electrolytes of rare-earth metals (Ln) the
isolated octahedral LnClg’ ions are indefinitely formed and

form loose network-clusters composed of edge bridged
octahedrons connected to each other [21]. The observed
behavior of the molten electrolytes in the Wien effect and the
activation phenomenon can be understood on the basis of
stimulated dissociation of the complex ions under action of
strong electric pulses. The system tends to the equilibrium
state, to reestablish its equilibrium characteristic structural
species diversity and their distribution. Performing a Fourier
analysis of the time series for the relaxation in non-
equilibrium molten |\/|gc|2 — KCJ leads to the conclusion

about realization of a quasi-periodic regime of oscillation and
about deterministic chaos; the dimensionality of a phase
space corresponds to five [23]. This phase space corresponds
to the five structural spaces in this system above; from the
fig.8 we see that the number of conductivity oscillations is
also equal to five. The observed structural relaxation in non-
equilibrium systems exhibits all the signs of the self-
organization.
5. Conclusions
The molten chloride electrolytes of polyvalent metals

subjected to the high voltage microsecond pulses exhibit the
phenomenon of activation and the transition to a non-
equilibrium state with increased electrical conductivity,
disappeared characteristic Raman peaks and prolonged
structural relaxation. The results obtained provide new
insight in the physical chemistry of molten electrolytes.
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