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According to measured experimental phase diagram data and thermodynamic data, the
HoCl3-MCl (M = Na, K, Rb, Cs) phase diagrams were determined by the CALPHAD technique.
The Gibbs energies of liquid phases in these systems have been optimized and calculated by the
modified quasi-chemical model in the pair-approximation for short-range ordering. A series of
thermodynamic functions have been optimized and calculated on the basis of an interactive
computer-assisted analysis. The results show that the thermodynamic properties and phase
diagrams are self-consistent. The optimized results for the systems are discussed.
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1. Introduction

Molten salts are used as fluid targets in the nuclear
incineration of transuranium elements with proton acceler-
ators. Molten salts are also used as the media in high-
temperature chemical reprocessing of spent nuclear fuel
from fast reactors. Molten salt electrolysis is widely used for
the production of rare earth metals and their alloys.[1] Thus
the phase diagrams of rare earth metal halides in combina-
tion with alkali metal halides are of prime importance for the
aforementioned practical applications.

The authors used the modified quasi-chemical model in
the pair-approximation for short-range ordering to optimize
Gibbs energies of liquid phases and calculate thermody-
namic functions. To obtain some data for thermodynamics
functions without experimental data and continue our
previous work,[2-9] thermodynamic optimization and calcu-
lation of the HoCl3-MCl (M = Na, K, Rb, Cs) phase
diagrams are reported in this paper.

2. Model

Some theoretical models of liquid solution thermody-
namics such as ideal solution, regular solution, subregular
solution, quasi-regular solution, and quasi-chemical theory

were built to describe thermodynamic properties of liquid
phases. However, it is difficult to describe the liquid phase of
a binary system with strong interactions by using the above
models. Pelton and Blander[10-13] modified the classical
quasi-chemical theory of Fowler and Guggenheim[14,15]

with short-range ordering. Instead of the real components of
the system, first-nearest-neighbor pairs were used in the
method. Suppose A and B are the real components in an A-B
system, then three first-nearest-neighbor pairs AA, BB, and
AB are considered.:

ðA-AÞ þ ðB-BÞ ¼ 2ðA�BÞ : DgAB ðEq 1Þ

where (i-j) represents a first-nearest-neighbor pair. With nA
and nB being the respective number of moles of A and B, the
mole fractions, XA and XB, are

XA ¼ nA=ðnA þ nBÞ ¼ 1� XB ðEq 2Þ

To transform to a system of strongly coordinated pairs,
coordination-equivalent fractions YA and YB of the pairs are
defined as:

YA ¼ ZAnA=ðZAnA þ ZBnBÞ
¼ ZAXA=ðZAXA þ ZBXBÞ
¼ 1� YB (Eq 3)

Now the pair fraction Xij is defined as:

Xij ¼ nij=ðnAA þ nBB þ nABÞ ðEq 4Þ

Here nij is the number of moles of (i-j) pairs, and ZA and
ZB are the coordination numbers of A and B. Zij is the
coordination number of i-j pairs.

ZAnA ¼ 2nAA þ nAB ðEq 5Þ

ZBnB ¼ 2nBB þ nAB ðEq 6Þ
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¼ 1

2nAA þ nAB
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þ nAB
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� �
ðEq 7Þ
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� �
ðEq 8Þ

Substitution of Eq 5 and 6 into 3 and 4 gives

YA ¼ XAA þ XAB=2 ðEq 9Þ

YB ¼ XBB þ XAB=2 ðEq 10Þ

The molar pair Gibbs energies of i-j pairs, that is,
g0AA; g

0
BB; and g0AB are defined according to:

g0AA ¼
2g0A
ZAA

; g0BB ¼
2g0B
ZBB

ðEq 11Þ

g0AB ¼ Dg0AB þ g0AA
ZAA
ZAB
þ g0BB

ZBB
ZBA
¼ Dg0AB þ

2g0A
ZAB
þ 2g0B

ZBA

� �

ðEq 12Þ

Then the Gibbs energies of the solution is given by

G ¼ nAg
0
A þ nBg

0
B � TDSconfig þ nAB=2ð ÞDgAB ðEq 13Þ

where g0A and g0B are the molar Gibbs energies of the pure
components, and DSconfig is the configurational entropy of
mixing given by randomly distributing the (A-A), (B-B), and
(A-B) pairs.

DSconfig ¼� RðnA lnXA þ nB lnXBÞ

� R nAA ln
XAA

Y 2
A

þ nBB ln
XBB

Y 2
B

þ nAB ln
XAB

2YAYB

� �

ðEq 14Þ

The Gibbs energies of the A-B system are given by:

G ¼ðnAg0A þ nBg
0
BÞ þ RTðnA lnXA þ nB lnXBÞ

þ RT nAA ln
XAA

Y 2
A

þ nBB ln
XBB

Y 2
B

þ nAB ln
XAB

2YAYB

� �

þ nAB
2

DgAB (Eq 15)

DgAB is the molar energy of A-B pairs, which is a
function of mole fractions of the i-j pairs and can be
expressed as:

DgAB ¼ Dg0AB þ
X

giABX
i
AA þ

X
gjABX

j
BB ðEq 16Þ

or

DgAB ¼ Dg0AB þ
X

gijABX
i
AAX

j
BB ðiþ j � 1Þ ðEq 17Þ

For Eq 16 and 17, i + j ‡ 1; in practice we will always
have either i = 0 or j = 0.

3. Experimental Data

Seifert and Sandrock determined the phase diagram of
HoCl3-NaCl system using DTA and high-temperature

XRD.[16] There are three compounds Na3HoCl6, NaHoCl4,
and NaHo2Cl7. In the 1960s, Korshunov et al.[17] measured
the phase diagram of HoCl3-KCl system. Two congruently
melting compounds K3HoCl6 and KHo2Cl7 were confirmed.
The melting points (Tm) of HoCl3 and KCl are 991 and
1047 K, respectively. Experimental dots and data of critical
points were not shown in the phase diagram, so the authors
did not choose it. Later, Roffe and Seifert investigated
HoCl3-MCl (M = K, Rb, Cs) systems by DTA and XRD.[18]

The existence of compounds M3HoCl6, Cs2HoCl5,
Cs3Ho2Cl9, and MHo2Cl7 were confirmed. Additionally,
the 2:1 compounds Rb2HoCl5 and K2HoCl5 were found.

The thermodynamic functions for the formation from
HoCl3 and MCl and for the formation from the compounds
adjacent in the phase diagrams were measured by solution
calorimetry and emf versus T measurements in galvanic
chloride cells for solid electrolytes. These data are shown in
later tables that compare experimental and calculated data.

4. Optimization and Calculation Results

Before calculating the phase diagrams, the coordination
numbers Zij should be determined first. For the binary rare
earth halide systems, ZAA and ZBB both equal 6 experien-
tially.[19] In the HoCl3-MCl systems, there is a tendency to
form the compound HoCl3Æ3MCl, for example, Na3HoCl6,
K3HoCl6, Rb3HoCl6, Cs3HoCl6. So in the pair A-B, ZAA:ZBB
is 3:1. The ratio remains unchanged in the calculation.
Therefore, the coordination numbers are accepted as
ZMM = 6, ZHoHo = 6, ZMHo = 2, and ZHoM = 6.

4.1 Thermodynamic Properties of Pure Components

All thermodynamic data for the pure components at
298.15 K come from the FACTBASE[20] and USEBASE
(Table 1), in which the authors stored the latest published
thermodynamic data. Gibbs energy, enthalpy, entropy, and
thermal capacity at some temperature are expressed using:

CpðJ=mol � KÞ ¼ aþ bð10�3ÞT þ cð105ÞT�2 ðEq 18Þ

G ðTÞ ¼ H0 � TS0 þ
Z T

298:15
CpdT � T

Z T

298:15

Cp

T
dT

ðEq 19Þ

DG0
fus ¼ GLðTÞ � GSðTÞ ðEq 20Þ

4.2 Optimized Parameters of Liquid Phases

In the present approach, the molar energy of A-B pairs,
DgAB is function of mole fractions of i-j pairs shown in
Eq 16 and 17. However, it has different kinds of expres-
sions. In order to suit the form of the FACTBASE, the
Margules expression (Eq 21) is used in this work:
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DgAB ¼
X

XABX
j
nðC1 þ C2TÞ ðEq 21Þ

In Eq 21 n is AA or BB, and C1and C2 are the enthalpy of
mixing and the excess entropy, respectively. In these
systems C2 = 0 and j = 0,1,2,4. All the parameters of the
HoCl3-MCl systems are shown in Table 2.

4.3 Enthalpies of Mixing and Interaction Parameters
of Mixing Enthalpy in Liquid Phases

The calculated enthalpies of mixing (DH) and interaction
parameterskM ¼ DH= XMClXHoCl3ð Þ are shownas lines inFig. 1
and 2, respectively. In Fig. 1, one can find that the enthalpies of

mixing become more negative from HoCl3-NaCl to HoCl3-
CsCl, and the minimum values are about XHoCl3 � 0:4.

Figure 2 shows the variational trend of kM. It is evident
that the values of interaction parameters are more negative
in the alkali chloride-rich range. The broad minimum values
in kM are found at XHoCl3 � 0:25. These results are in good
agreement with the modified quasi-chemical model for
short-range ordering.

4.4 Gibbs Energies of Mixing

Figure 3 shows the Gibbs energies of mixing at different
temperature. From calculated values, we found that the
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Fig. 2 Interaction parameters in the HoCl3-MCl systems

Table 2 Calculated coefficients of the HoCl3-MCl systems

System C1 (j = 0)

C1 (j = 1) C1 (j = 2) C1 (j = 4)

XAA XBB XAA XBB XAA XBB

NaCl -6,779.99 234.34 -3,888.87 0.0000 594.23 0.0000 0.0000

KCl -13,991.36 444.36 -9,189.52 0.0000 -4,663.10 0.0000 0.0000

RbCl -13,077.96 -210.07 3,014.58 -7,327.22 -5,584.27 0.0000 0.0000

CsCl -15,194.88 -1,235.52 -1,982.63 11,597.95 -3,050.86 0.0000 0.0000

Table 1 Thermodynamic properties of pure compounds for solid and liquid state at 298.15 K

Compound T range, K H0 S0 a b c

NaCl (solid) 298-2,000 -411,119.8 72.132 45.940 16.318 ...

NaCl (liquid) 298-1,500 -394,956.0 76.076 77.764 -7.531 ...

1,500-2,000 -390,090.1 84.505 66.944 ... ...

KCl (solid) 298-2,500 -436,684.1 82.550 40.016 25.468 3.648

KCl (liquid) 298-2,500 -42,182.5 86.523 73.596 ... ...

RbCl (solid) 298-2,000 -430,533.6 91.630 48.116 10.418 ...

RbCl (liquid) 298-1,625 -418,498.8 98.279 64.015 ... ...

CsCl (solid) 298-2,000 -441,267.3 101.214 59.731 4.937 ...

CsCl (liquid) 298-2,000 -434,461.9 101.719 77.404 ... ...

HoCl3 (solid) 298-993 -1,005,415.2 146.86 95.562 12.970 -0.962

HoCl3 (liquid) 298-1,100 -1,002,742.1 128.19 143.720 ... ...
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variational trend of Gibbs energies of mixing is similar to of
enthalpies of mixing. The minimum values are also at
XHoCl3 � 0:4. At the same component and temperature, the
values of Gibbs energies of mixing are smaller than those of
enthalpies of mixing.

4.5 Intermediate Compounds

The thermodynamic functions for the formation of
intermediate compounds can be expressed by:

DG0
f ðAmBnÞ ¼ a� bT , J/ mole ðEq 22Þ

The term DG0
f ðAmBnÞ is the Gibbs energy of the formation per

mol of atoms of the compounds, and where a and b are the
enthalpies and entropies for the formation of all the
intermediate compounds, respectively, also listed in Table 3.

Moreover, the experimental values of a are listed in Table 3
and in agreement with calculated values. The measured
melting points or peritectic temperatures with (a) are also
shown in Table 3. All temperatures and experimental values
come from Ref 16 and 18.

4.6 Phase Diagram

All collected data were used to optimize the thermody-
namic properties and phase diagrams by a simple computer
program. The phase diagrams of the HoCl3-MCl systems are
shown in Fig. 4, 5, 6, 7; the solid lines in the figures represent
the calculated data, and the dots show the experimental data.
The experimental invariant points and the calculated values

Table 3 Thermodynamic properties of intermediate compounds

Intermediate compound T0
fus, K

DG0
f ðAmBnÞ ¼ a� bT (J/molÞ

a31023 a31023

Calculated Experimental Calculated Experimental

Na3HoCl6 823(a) -5.22 -5.00 20.83 ...

NaHoCl4 694(a) -8.86 -8.80 -2.28 ...

NaHo2Cl7 710(a) -7.00 -7.00 1.81 ...

K3HoCl6 1077 -59.29 -53.50 66.89 ...

KHo2Cl7 841 -54.46 -54.60 -11.69 ...

Rb3HoCl6 1147 -76.58 -76.80 33.03 ...

Rb2HoCl5 785(a) -91.87 ... -23.82 ...

RbHo2Cl7 886 -59.01 -65.00 27.71 ...

Cs3HoCl6 1150 -95.00 -95.00 28.21 ...

Cs2HoCl5 915(a) -81.75 ... 8.55 ...

Cs3Ho2Cl9 842(a) -128.85 -128.00 17.56 ...

CsHo2Cl7 913 -65.77 -65.60 5.68 ...

(a) Peritectic temperature
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Fig. 3 Gibbs energies of mixing in the HoCl3-MCl systems
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for the HoCl3-MCl (M = Na, K, Rb, Cs) systems are shown
in Table 4. Generally, the optimized data agree with exper-
imental data. However, the melting of pure component is
fixed by computer program. The calculated data of critical
points are shown in figures. Dotted lines show solid-solid
phase transformations.

5. Discussion

Thermodynamic properties of mixing in the liquid phase
were obtained by optimization and calculation. Figures 1
and 3 show enthalpies and Gibbs energies of mixing in
liquid phases. The enthalpies and Gibbs energies of mixing
become more negative in the sequence from HoCl3-NaCl to
HoCl3-CsCl with the increasing of the radius of alkali metal
ion from Na+ to Cs+, and the HoCl3-CsCl system has the
largest negative value. The minimum of the enthalpies and
Gibbs energies of mixing are shifted toward the alkali
chloride-rich compositions and located in XHoCl3 � 0:4. It is
evident that the ionic radius of the alkali metal influences
the magnitude of enthalpies and Gibbs energies of mixing as
well as the location of minimum. The bigger the ionic
radius, the smaller the mixing enthalpies and Gibbs
energies, and the minimum shifted more toward the alkali
chloride rich composition.

Rare earth ionic charges are higher and radii are bigger,
Cl electronegativity is higher and Cl flexibility is bigger.
Coulomb force, van der Waals force, and polarization exist
in the molten systems simultaneously. So asymmetric
interactions are reflected in the parameter, kM, (see
Fig. 2). All the systems have negative kM with the degree
of negativity increasing sharply with the increasing radius of
the alkali metal ion and show more negative values of the
interaction parameter in the alkali chloride-rich region than
in the holmium chloride-rich range. Furthermore, broad
minima in the composition dependence of the interaction
parameters were found near XHoCl3 � 0:25. Liquid phase
short-range ordering sharply increase in the regions of these
minima. Moreover, the interaction between the rare earth
halides and alkali metal halides is stronger. This favors
easier formation of compound and associated ions, for
example, compounds M3HoCl6 (M = Na, K, Rb, Cs) and
the ion [HoCl6

3-].
From Fig. 4 to 7 and Table 4, it can be noted that the

optimized phase diagrams and the critical points are in
agreement with experimental data. Especially, the differ-
ences between critical points are small, the biggest temper-
ature difference is no more than 8 K, and mole fractions are
no more than 1%. Comparing the four phase diagrams, we
found the number and stability of the compounds to increase
with increasing ionic radius of the alkali metal. Because the
radius of Ho3+ (89.4 pm) is smaller than the radii of alkali
ions (102, 138, 152, and 167 for Na+, K+, Rb+, and Cs+,
respectively) and its charge is three times greater than that of
alkali ions, the polarization of Ho3+ versus Cl- is stronger
and the antipolarization of M+ trends weaker from Na+ to
Cs+. Consequently in the systems, negative deviations from
ideal solutions become bigger and bigger from Na+ to Cs+.
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So it is beneficial to form intermediate compounds. For
example, compound M3HoCl6 gradually becomes more
stable and Tm increases step by step. For Rb3HoCl6 and
Cs3HoCl6, Tm is far higher than the Tm of the pure
components (RbCl, CsCl, and HoCl3).

6. Summary

Using CALPHAD technique, the phase diagrams and
thermodynamic data in the systems were critically esti-
mated. Generally, the optimized phase boundaries agree
with experimental data. The calculated enthalpy and inter-
action parameter are reasonable. All show that the optimized
phase diagrams and calculated thermodynamic parameters
are thermodynamically self-consistent.
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