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Scheffe’ simplex centroid design and alternating electric bridge method have been used to design an
experiment and to measure the conductivity of the rare earth molten salt system NdCl3-LiCI-KCl. The
results are presented in the form of a regression equation between composition and conductivity, as well as
in the form of an isogram of conductivity for the ternary system.

Conductivity with viscosity, density, and surface ten-
sion are basic physicochemical properties of molten
salts. Such measurements are important for the study
of molten salt structure and for the electrolysis pro-
duction of rare earth metal. But there are many dif-
ficulties in the measurement of such properties, espe-
cially in systems containing rare earth chloride and a
multicomponent system such as difficulties in obtain-
ing dehydrated salts of chloride, wasting time and high
expense. Reports about properties of such systems are
few. Mixture design! is a new statistical method of
design. Because it is efficient and economic, it has
been widely used in experimental design in all fields.
Its application to physicochemical areas can be seen
in references.>~% In this paper, the conductivity of
ternary system NdClz3—KCI-LiCl has been studied by
one of the methods of mixture design : Scheffe’ simplex
centroid design.®) Only seven experimental points were
employed for the regression equation between composi-
tion and conductivity and the isogram of conductivity.
This kind of method of experimental design can be ex-
tended to the studies of systems with more compositions
and to study of other properties.

Experimental

Preparation of Material. = Dehydration of LiCl was
performed by heating the mixture of LiCl and NH4Cl at vac-
uum conditions. The melting point (mp) of LiCl obtained
is 883 K. The mp of KCI after drying is 1045 K. NdCls is
obtained by the following process: Nd2O3 (99.5 wt%) was
dissolved in hydrochloric acid to obtain NdClz-6H20, then
this was heated in vacuum to dehydrate NdCls-6H2O step
by step in a dry HC1 atmosphere. Its mp is 1033 K. All sam-
ples for measurements are made in a box containing P2Os.

Measurement of Conductivity. The conductivity
has been measured by the Wheatstone’ bridge method. The
Quartz capillary cell is about 1 cm longer than the Pt elec-
trode in order to increase the response resistance of the sam-
ple. The weight of the sample is about 15 g. Argon is used

as protecting atmosphere. The experimental temperature is
873 K and was controlled within £2 K. One experimental
design, simplex-centroid design,” adopts the fitting of the
qth order centroid polynomial:

q
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For the mixture design of three-component system, ¢=3,
Eq. 1 is written as follows:

Y =51X1 + B2 X2+ 3 X3+ f12X1 Xo
+B13X1 X3 + P23 X2 X3 + (123 X1 X2 X3. (2)

In order to determine the seven parameters in Eq. 2 one
needs to design seven experimental points. Because the
experimental temperature is 873 K, and lowers than melt-
ing points of all three pure components, then the concen-
tration range of the seven experimental points of design is
forced to be limited in some ranges melted at 873 K which
are determined according to the NdCl3—LiCl-KCl phase
diagramS) as follows: 10%<NdCls<80%, 20%<LiCI<90%
and 0SKCIL70%. T=873 K. In a system with restraint
conditions such as in this system, variables in the polyno-
mial are not composition X, but fictitious variables which are
some kind of combinations of the compositions. The poly-
nomial with three components and third order conforming
to this experimental condition is represented as follows:

Y =bi1Z1+b2Z2+b3Z3+ b12212>
40132173 + bas Z2Z3 + b123 2122 Z3. (3)

Here Z; is a fictitious variable. The restraint conditions for

a practical variable are:
0<a:; £ X<kl i=1, 2, 3,---q. (4a)

X1+X2+'~-+Xq:1. (4b)

In the above equation, a; and b; are the lower and upper
bounds of X;, respectively. If all of upper and lower bounds
satisfy the following Eq. 5 for each component:
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q
b; + Z a; =1,
J#i
then the system degenerates into a system without restraint
conditions. According to the equation transformation of X;
into Z;, the upper bounds of the fictitious variable Z;*** can
be obtained:

ZP¥ = (b —as)/R=(1 —gaj) —ai]/R=1

Here R is the conversion factor of equiform transformation.
Figure 1 shows the experimental points of simplex-centroid
design. Because the fictitious variable is only an invented
variable, it must be reconverted into the original variable
when in practical use.

Results and Discussion

Measured conductivities of NdCl3-LiCl-KCl at 873
K are presented in Table 1. Here Z;, Z», and Z3 are fic-
titious variables, and X7, X5, X3 are practical variables
which represent NdCls, LiCl, and KCI mass fractions
respectively. Y7 and Y, are two measured results of
conductivity of the same sample. After determining the
seven parameters in the special third order polynomial
Eq. 3, and converting the fictitious variable Z; into the
practical variable, X;, the following regression equation
has been obtained:

Y=2.74X; — 1.03X2 — 1.04X5 + 18.17X, X
+15.60X1 X5 + 15.81 X2 X5 — 82.92X; X2 X5.  (7)

The reason of the larger difference between two results
of conductivity of No. 1 may be an inhomogeneous dis-
tribution of compositions in molten salts. The calcu-
lated correlation coefficient of Eq. 7, Rs is 0.99. In-
serting values of practical valuables for an arbitrary
point: X7;=0.209, X5=0.146, and X3=0.645, into Eq. 7,
Y=2.26 Q! cm™! is obtained; its conductivity has also
been measured to be 2.29 Q' cm™! (see No. 8 in Ta-
ble 1) and the relative error of point No. 8 is 1.3%.
Figure 2 (which is taken from Ref. 7) shows the con-
ductivities of the system of NdCl3—LiCl-KCl as a func-
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Fig. 1. Simplex-centroid design for three-component
system.
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Fig. 2. The relation between mole conductivity and

mol% NdCl; for eutectic composition of LiCI-KCI is
fixed at 1050 K. (This curve is taken from Ref. 7).
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Fig. 3. The relation between conductivity and mol%
NdCls for eutectic composition of LiCI-KCl is fixed
at 873 K.
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Table 1. Fictitious Variable, Practical Variable, and Measured Values of Con-
ductivity
No. Fictitious Practical Measured values of conductivity, Y;
variable variable (wt%) (Q tem™)
Zl ZQ Z3 X1 X2 X3 Yl )/2 Average
1 1 0 0 0.90 0.10 0.00 3.88 4.12 3.98
2 0 1 0 0.20 0.80 0.00 2.62 2.64 2.63
3 0 0 1 0.20 0.10 0.70 2.21 2.21 2.21
4 1/2 1/2 0 0.55 0.45 0.00 5.57 5.50 5.54
5 1/2 0 1/2 055 0.10 0.35 4.00 4.00 4.00
6 0 1/2 1/2 020 045 0.35 2.33 2.33 2.33
7 1/3 1/3 1/3 0433 0.333 0.233 3.26 3.20 3.23
8 / / / 0.209 0.146 0.645 2.28 2.30 2.29
Table 2. Activation Energy of Electroconductivity
Temperature/K  Conductivity/Q~* em™!  Conductivity at 1071 K
LiCl 961—1133 11.5 exp (—0.053/kT) 6.5
KC1 1071—1213 7.1 exp (—0.107/kT) 2.2

tion of NdCl3 wt% added to the eutectic mixture (46.0
wt% LiCl) of LiCl and KCl. It is to be noted that the
curve in Fig. 2 is drawn simply from seven experimental
data. In this paper, the conductivity of systems similar
to those in Ref. 7 have been calculated with the regres-
sion equation (Eq. 7) (see solid line in Fig. 3). The very
similar trend of concentration variation can be seen be-
tween Figs. 2 and 3.

Figure 4 shows the variation of conductivity with LiCl
content when the ratio of KCl to NdClj3 is fixed to be
47.17 wt% KCl, where KCl and NdCl; forms a congru-
ent compound 3KCI-NdCls.

Figure 5 depicts the conductivity as a functlon of KC1
concentration while the ratio of NdCl; to LiCl is kept
at their eutectic composition (28.5 wt% LiCl).®)

Figure 6 illustrates the isogram of conductivity of
ternary system NdCIl3-KCI-LiCl. It is made from
data calculated from the regression Eq. 7. From
Figs. 4, 5, and 6, it can be seen that, with the increase
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Fig. 5. The relation between conductivity and mol% KCI.
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of concentration of KCI, the conductivity of system of
KCI-LiCl-NdCls decreases strikingly, and the effect of
LiCl on conductivity of the system is just opposite to
that of KCl. Therefore, Lit plays the main role in proc-
ess of electrical conduction of this system. The data'®
of electrical conduction activation energy and conduc-
tivity for LiCl and KCl at temperatures near 1000 K
in Table 2 also surports above conclusion. Values 0.053
and 0.107 eV in the above exponents are activation en-
ergy for LiCl and KCI, respectively. It can also be seen
that the concentration (83.3 mol% LiCl) where maxi-
mum positive deviation appears (see Fig. 4) just cor-
responds to the composition of eutectic point of the
pseudo binary system 3KCI-NdCl3-LiCL.® The effect
of NdCl3 on the conductivity of NdCl3—KCI-LiCl sys-
tem is small, especially when NdCl3 content exceeds 30
wt% and the ratio, KCl: LiCl, is fixed (The isogram is
nearly vertical) compared with the effect of KCl. This
tendency can also be seen in Fig. 3, in which in the
middle of the curve, the slope is nearly zero. It can
also be seen from the above Figures that all conductiv-
ity curves of systems containing NdCls are not straight
lines with concentration and reveal negative deviation
in some ranges of composition and positive in others
for the NdCl3—-KCIl-LiCl system. The reason why con-
ductivity curves containing NdCl; in NdCl3~KCl-LiCl
system are not straight lines is that there exists some
equilibriums relating to formation and destruction of
complex ions in the molten salts and these equilibriums
may change complex ion’ concentration, which further
affects conductivity behavior of the molten salts. But
the reason why concentration range which has maxi-
mum conductivity in this system is not near pure LiCl
but in the middle LiCl and dilute KCI1 concentration
range (see Fig. 6) should be further investigated. Elec-
tron absorption spectrometry of molten salts containing
ACI-NdCl; (A represents alkali metal) at 1103 K has
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Fig. 6. Isogram of conductivity for ternary system NdCl3-LiCl-KCl.

confirmed that the content of NdCI3™ increases progres-
sively from LiCl to CsCl and there also exist NdCl; and
NdCIZ~ ions in the molten salts at the same time. Such
information about the formation and variation of com-
plex ions in molten salts containing NdCls can be seen
in Ref. 9
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