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Abstract. The review surveys geometric and algebraic models of
chemical conversion (exchange) processes occurring in multi-
component salt systems in the molten state. Thermochemical
and matrix methods for the construction of conversion figures
are described in detail. The practical applications of matrices and
graphs in studies of complex systems are illustrated. There are
good prospects for using multicomponent salt systems in thermal
power sources and high-temperature processes, such as electro-
lytic aluminising of niobium and silver plating. The bibliography
includes 62 references.

1. Introduction

Multicomponent reciprocal salt systems are involved as major
components in many natural (rocks, minerals, glasses, salt lakes)
and artificial (fertilisers, materials of construction) materials.
Technologies for the production of salts, heat technology, manu-
facturing engineering (salt melts are used for chemical thermal
treatment of metal and alloy products), metallurgy and foundry
practice are the most important areas of applications of multi-
component systems. In the last quarter of the 20th century, salt
systems found increasing application due to considerable growth
in the production of semiconducting materials and progress in the
nuclear industry, rocket technology with the use of autonomous
power supply sources and other branches.

Investigation of reciprocal systems containing four or more
components (unlike binary and ternary systems) requires a special
approach. Prior to the experiment, it is necessary to carry out a
theoretical examination of the composition diagram,' =3 viz., to
partition the diagram of an n-dimensional polytope, derive non-
equilibrium and singular stars and reveal conversion elements.’

Geometric, matrix and algebraic models are widely used in
analysis of reciprocal systems. Below we describe models of
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conversion (exchange) processes occurring in reciprocal systems.
These models are based on interchange reactions in systems
consisting of inorganic salts. Composition figures (polytopes) are
generally partitioned without considering the formation of binary
and triple salts. However, as will be demonstrated in the present
review, phase diagrams of compositions corresponding to con-
version elements, which were determined experimentally by differ-
ential thermal analysis (DTA), provide sufficient information also
on complexation processes in multicomponent systems.

Non-equilibrium and singular stars, which are graphical
models of reciprocal systems, reflect the compositions of simplex
cells resulting from the partition of polytopes. Radishchev?
considered a singular star as a stable complex of a system and
defined it as a combination of geometric models of the system
derived by partitioning the composition figures into simplexes.
Therefore, a singular star consists of stable simplexes and is
represented as a graph. Alekseeva and Dombrovskaya ® charac-
terised a singular star as an equilibrium chemical diagram. The
latter is a geometric figure that represents a combination of
components, which do not react with each other on mixing.

The partition of composition diagrams and location of the
compositions of simplex cells in reciprocal systems are determined
by exchange reactions occurring in these systems. According to
the criterion proposed by Voskresenskaya,? 3 the exchange reac-
tions are shifted toward the formation of a salt pair, which is
derived from another salt pair with heat evolution (AH29g < 0).
The validity of this criterion was confirmed by numerous experi-
ments.?3

The partition can be carried out in various ways, e.g., using
geometric, matrix and combined (matrices + graphs) approaches.
Methods were developed for partitioning polytopes into multi-
dimensional figures consisting of any number of components with
the use of tables of vertex indices in the absence of connections
between salts 3 and taking into account the complex formation in
terms of the graph theory.*

An intersection of non-equilibrium and equilibrium com-
plexes of a system gives geometric elements, which model inter-
change reactions (the so-called conversion elements).

1 In physicochemical analysis of multicomponent salt systems, the term
‘conversion’ is used to describe transformations of two salts into two other
salts, both pairs having the same ion composition and different molecular
compositions. The conversions of basic and secant elements are distin-
guished.
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In systems containing no less than 9 salts, the basic elements
are salt compositions corresponding to geometric figures, which
serve as the basis of simplexes of a cyclic fragment of a star
(triangles for quinary reciprocal systems consisting of nine salts,
tetrahedra for senary reciprocal systems consisting of 12 salts,
etc.).

The secant elements are geometric figures corresponding to
metastable pairs of the starting salts, which react to form reaction
products (a non-equilibrium partition), or stable salt pairs formed
by exchange reactions (an equilibrium partition). The diagonals of
a composition square of a system serve as secant elements for
ternary reciprocal systems, two triangles serve as secant elements
for quaternary reciprocal systems consisting of six salts, efc.

Non-equilibrium and equilibrium partitions can be repre-
sented in a matrix form as tables of vertex indices and matrices
of reciprocal salt pairs. In matrices used in physicochemical
analysis, both composition figures and exchange reactions occur-
ring in the system as well as the reaction products and particular
thermochemical relations are encoded. For example, a matrix
referred to as a table of vertex indices >3 contains information on
how many times each salt is formed in the system under consid-
eration by exchange reactions. The composition of a system is
expressed by ions rather by the formulas of salts, and the
compositions of the salts are seen at the intersection of a row and
a column of the matrix. For example, the table of vertex indices for
the A,B//X,Y,Z,T system (A and B are cations; X, Y, Zand T are
anions) is as follows:

X Y V4 T
A 0 1 2 3
B 3 2 1 0

In this matrix, the AY salt is a product of one exchange
reaction (1), and the BT salt is metastable (0), i.e., the latter is the
starting compound rather than a product of any reaction.

In a matrix of reciprocal salt pairs,? the numbers 1 and 0
signify stability and instability, respectively, of a salt pair. Com-
pounds produced in an exchange reaction are denoted by unity.
The number of unities is equal to the number of exchange
reactions in the system. For example, the matrix for a quaternary
reciprocal system A,B//X,Y,Z consisting of four salts is as follows:

BX BY BZ

AX 0 1 1
AY 0 0 1
AZ 0 0 0

Radishchev 2 introduced the concepts of a point of complete
conversion and a point of incomplete conversion for ternary
reciprocal systems and the concept of a conversion line for
quaternary reciprocal systems. These concepts are used in phys-
icochemical analysis. Radishchev derived components of conver-
sion figures of secant elements for reciprocal systems consisting of
eight salts and considered the conversion of axial (basic) triangles
and secant elements of quinary reciprocal systems consisting of
nine salts. The further development of these concepts involved
three lines.

1. The construction of conversion figures of basic elements.?
Presently, this line of investigation has no practical application.

2. The construction and investigation of conversion figures of
secant elements.® These figures reflect the main thermochemical
relations and the energetics of exchange reactions.

3. The construction of conversion figures taking into account
the formation of binary and ternary compounds involving salts.
These figures are very complicated, and calculations for these
systems can be carried out only on a computer. The energy
characteristics of particular compositions can be estimated by
calculation methods (these characteristics can also be estimated
using conversion figures of secant elements, the procedure being

more simple). This line of investigation has not been developed in
detail.

The second line served as the basis for devising a conversion
method for studying reciprocal multicomponent systems.® This
method was used for solving a number of theoretical problems and
practical tasks.”-® For example, this method made it possible to
choose salt compositions characterised by the optimal heat-
accumulation properties 1% and determine the final target prod-
ucts in complex mixtures.!!

The first review on the conversion method was given in the
monograph,® where the essence of this method was presented,
procedures for deriving conversion elements were considered,
examples of conversion figures and the prediction of phases,
which crystallise from melts modelled by these figures, were
offered, and a proximate method for studying multicomponent
reciprocal systems was briefly described.

Phase complexes of systems were extensively studied by the
conversion method in the late 1970s/early 1980s. Selected results
were given in the monograph;!! however, a systematic review was
lacking. The practical application of the conversion method to the
solution of applied problems (in particular, for heat accumula-
tion) was described in the monograph.® More recent reviews on
the modelling of conversion processes are lacking. This method
was only briefly mentioned (a few references were given) in the
monograph,* because the latter was devoted to an alternative
methodology for studying complex salt systems.

Up to the mid-1990s, experimental data on conversion ele-
ments and their practical applications were accumulated.!! 18
Theoretical studies were devoted primarily to a combination of
the conversion and matrix methods and examination of energy
transfer processes in exchange reactions.!” 3! In this period, a
method was devised for the construction of singular stars of
tetrahedra from conversion elements; matrices of conversion
figures and conversion graphs were derived; the structures of
conversion figures of quinary reciprocal systems of the 3//3 series
were refined; the fine energy structure of axial triangles of quinary
reciprocal systems consisting of nine salts was revealed; the
mechanism of transformation of a system from a non-equilibrium
state to an equilibrium state was studied and intermediate stars of
pentatopes and tetrahedra of reciprocal systems of the 3//3 series
were derived; energy diagrams for the transformation from a non-
equilibrium combination of three salts (a non-equilibrium trian-
gle) to an equilibrium state (a stable axial triangle) were con-
structed; relationships between various models of conversion
processes were revealed. Based on the conversion method, heat-
accumulation compositions were developed, and studies of the
behaviour of ionic liquids in multicomponent melts at various
temperatures were started.

The concept of rational investigation of multicomponent
reciprocal salt systems in melts was elaborated. This concept is
based on thermochemical (energy) criteria and Kurnakov’s cor-
respondence principle.

The aim of the present review is to summarise data on the
modelling of conversion processes in salt melts. Theoretical and
experimental studies, which were performed in the last 20 years,
were surveyed. The relationship between models used in studies of
exchange equilibria was demonstrated. The conversion method of
investigation of reciprocal systems was shown to be of importance
in solving technological problems and developing fundamental
sciences.

I1. Conversion figures, conversion graphs and
matrices

1. Ternary reciprocal systems

A stable secant complex of ternary reciprocal systems consisting
of four salts is represented by one stable diagonal, which divides
the composition square of a system into two ternary systems
(Fig. 1). The stable AX—BY diagonal intersects the metastable
AY —BX diagonal (a metastable secant complex) in the centre of
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Figure 1. Composition square of the ternary reciprocal system A,B//X,Y

with the full conversion point C.

the square, viz., at the point C (a point of complete conversion). At
this point, salts of a metastable pair are completely transformed
into a stable pair (complete conversion):

AY + BX = AX + BY.

An incomplete transformation of salts, i.e., incomplete conver-
sion, corresponds to an arbitrary point of the composition figure,
for example, on the metastable diagonal, but off the conversion
point.

2. Quaternary reciprocal systems consisting of six salts

The conversion figure of a quaternary reciprocal system
A,B,C//X,Y consisting of six salts of the 2//n (n//2) series contains
two conversion lines denoted in the Fig. 2 as EF and FT. The
points of complete conversion are E, T and F. The following
exchange reactions correspond to these points:

for the point E: CX + AY = AX + CY, the first-stage reaction,
for the point 7: AX + BY = AY + BX, the first-stage reaction,
for the point F: CX + BY = BX + CY, the second-stage reaction.
By summing these equations, we obtain
2CX + AY + 2BY + AX = AX +2CY + 2BX + AY
or
CX + BY = CY + BX.

Hence, two first-stage reactions in the A,B,C//X,Y system are
independent, whereas the reaction corresponding to the point of
complete conversion F depends on the first-stage reactions.

The full conversion figure includes three points of complete
conversion denoted as E, Fand T (in accordance with the number
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Figure 2. Arrangement of the conversion lines in the composition prism
(a) and the conversion figure (b) of the quaternary reciprocal system
A,B,C//X,Y (letters in parentheses correspond to a special case, viz., the
Na,K,Ba//F,WOQy system).

of interchange reactions occurring in the system) and two con-
version lines (see Fig. 2) converging to a common point corre-
sponding to the second-stage reaction.

Since the conversion figure is a part of a composition figure,
one can construct the phase diagram of the system under study
using the lines of the conversion figures as the composition axis.
The conversion figure is a polythermal section, which reflects the
dependence of the melting point on the combination of salt pairs.
This diagram displays salts, which initially crystallise from melts,
secondary, tertiary, etc. crystallisation products and temperatures
corresponding to invariant points.

If only vertices and edges of a conversion figure are displayed,
one obtains a conversion graph. The vertices of this graph
correspond to salt pairs or thermal effects of exchange reactions
giving rise to these salts. In the latter case, the graph is referred to
as an energy graph. This graph can be used for thermochemical
calculations.

Each vertex of a conversion figure or a conversion graph
corresponds to a reaction of a particular stage, and the degree of
this vertex (i.e., the number of edges incident to this vertex)
depends on the stage of the corresponding reaction. As a rule,
the higher the stage, the larger the number of edges incident to the
vertex of the graph corresponding to this reaction. Therefore, the
number of reactions of a particular stage can directly be deter-
mined from the graph. The number of edges incident from vertices
of conversion graphs for systems containing different numbers of
salts are given in Table 1.

Rapid progress in computer technology made it possible to use
matrix methods for displaying composition figures and physico-
chemical interactions in systems,?> and, consequently, the use of
the conversion method © for solving various applied problems on a
computer caused a need to go from geometric objects, viz., graphs
of conversion figures, to matrices of these figures.3 33

It is known that each graph has its own adjacency matrix
A = (ay) with dimensions n x n, in which the element a;; is equal to
the number of edges of the graph connecting the vertices V; and
V;. The distinguishing feature of the graphs of conversion figures
is that they have no multiple edges. Hence, elements of rows and
columns of the matrix can be only 1 or 0. The number of rows and
columns in the matrix is determined by the number of vertices of
the graph, i.e., the number of points of complete conversion of
ternary reciprocal systems involved in the figure. For example, the
graph of a conversion figure of any quaternary reciprocal system
consisting of 6 salts can be expressed by a matrix, in which the
points 4 and C correspond to first-stage reactions, and the point B
corresponds to a second-stage reaction.

A B C
A 0 1 0
B 1 0 1
C 0 1 0

Table 1. Number of edges of conversion graphs incident to the points
corresponding to reactions of particular stages for systems consisting of
4—12 salts.

Number of salts Number of edges for the reaction of stage

1 11 111 v Vv
4 1 0 0 0 0
6 2 0 0 0
8 2 3 4 0
9 of the type
A=2B 2 5 5 8 0
C 3 3 0 8 0
D=E 2 6 0 0 0
10 (2//n series) 3 4 5 6 0
12 (2//n series) 4 5 6 7 8




1006

E S Gryzlova, N A Kozyreva

The matrix of a conversion graph has the following properties.

1. The sum of the numbers in each row and each column is
equal to the degree of the corresponding vertex of the graph (in the
above matrix, the point B has two connections, and the points 4
and C each have one connection).

2. The matrix is symmetric with respect to the diagonal, whose
elements are zero.

3. The matrix unambiguously defines the graph with an
accuracy of up to isomorphous; hence, the corresponding graph
can be constructed based on any matrix.

For practical use of a conversion figure, it is not necessary to
construct the corresponding graph from the adjacency matrix.
Geometric objects can completely be excluded, because the matrix
of a conversion figure contains all necessary information. For
example, the degree of a vertex of a graph defines not only the
number of edges connecting this vertex to other vertices (i.e., the
number of conversion lines) but also the number of chemical
reactions giving rise to the corresponding salt pair, as well as the
reaction stage (the diagonal), on which the conversion point is
located, and the compositions of simplexes of a singular star.

3. Quinary reciprocal systems consisting of eight salts of the
2/[n (n/[2) series

A conversion figure of a quinary reciprocal system consisting of
eight salts (Fig. 3) contains six vertices (in accordance with the
number of exchange reactions), eight conversion lines, two con-
version triangles (4—/—6 and 2—6—5) and one conversion square
(3—5—-6—4). The third-stage reaction corresponds to the vertex 6,
which has the largest number of connections to other vertices. The
second-stage reactions correspond to the points 4 and 5. The
vertices /, 2 and 3 are the points of complete conversion of ternary
reciprocal systems, in which first-stage reactions proceed.

The matrix of the conversion graph for this system takes the
form

1 2 3 4 5 6
1 0 0 0 1 0 1
2 0 0 0 0 1 1
30 0 0 1 1 0
4 1 0 1 0 0 1
50 1 1 0 0 1
6 1 1 0 1 1 0

Table 2. Points of complete conversion and thermochemical relations for
the quinary reciprocal system Li,Na//Br,Cl,NO3,SO;.

Point Ternary Stable Reaction
reciprocal salt pair
system stage [
1 Li,Na//Cl,Br LiCl+ NaBr I (o3}
2 Li,Na//NO3,SO4 LixSO4+NaNO3 1 0>
3 Li,Na//CLNO3;  LiNOs3+ NaCl I 03
4 Li,Na//Br,NO; LiNOs + NaBr 11 04=0,%t0;3
5 Li,Na//CL,SO4 Li>SO4+ NaCl 11 05=0>+0;
6 Li,Na//Br,SO4 Li,SO4+ NaBr 111 0s=0,+0:+0;

4. Senary reciprocal systems consisting of ten salts of the
2/[n (n/[2) series

The conversion figure of a senary reciprocal system shown in
Fig. 4 a,b contains conversion points, lines, triangles and squares
along with bulk elements, such as conversion tetrahedra

1

Figure 3. Conversion figure of a quaternary reciprocal system consisting
of eight salts.

A conversion figure is a geometric model of chemical proc-
esses occurring in a system. This figure forms as the intersection of
stable and metastable complexes or singular or non-equilibrium
stars. Each element of the conversion figure (a point, a line, a
plane, etc.) models exchange reactions taking place in the system.
The point reflects a reaction of one salt pair (i.e., one reaction), the
line reflects an interaction between two salt pairs (two reactions),
the plane reflects an interaction between three salt pairs (three
reactions), etc. For systems including no less than 5 components, a
fragment of the conversion figure enclosed by four conversion
lines, which is commonly referred to as a conversion square, can
be divided by the diagonal into two triangles.

Conversion triangles and squares have central points, which
are points of complete conversion for a particular number of
reactions. For each point of the conversion figure, a chemical
reaction can be constructed. The number of salts involved in this
reaction is equal to the number of these salts located at the
vertices, which enclose this fragment of the conversion figure.
The reaction equations include salts in stoichiometric amounts.

As an example we refer to the quinary reciprocal system
Li,Na//Br,CI,NO3,SO4 consisting of 8 salts. The thermochemical
characteristics of this system are given in Table 2.

a
Na>SO4 | NaNO; | NaCl | NaBr | Nal
1 1 1 1
Li>SO4 | O 1 sf\ 8 10
%
2
LiNO; | 0 0 1 9
AW
LiCl 0 0 0 1 p 1
3
N
4
LiBr 0 0 0 0 1
Lil 0 0 0 0 0
b c
1
4
I- Br— CI— NO;j SOj
3 Li*+ 0 1 2 3 4

6

3

Figure 4. Conversion graph inscribed in the matrix of mutual salt pairs
(a), the conversion figure of secant tetrahedra (b) and the table of vertex
indices (c) of the senary reciprocal system Li,Na//Cl,Br,I,NO3,SO4 con-
sisting of ten salts.




Modelling of chemical conversion processes in multicomponent reciprocal salt systems

1007

(I-5-10-8 and 4-7-9-10) and triangular prisms
4-7-10-8—-6-3 and 5—-8-10—-9—6-2). The point 10, from
which six conversion lines emerge, corresponds to a fourth-stage
reaction. The points § and 9 (five lines) correspond to third-stage
reactions. The points of complete conversion, from which four
conversion lines emerge (the points 7, 6 and 5 in Fig. 4b),
correspond to second-stage reactions.

Other vertices are points of complete conversion modelling
first-stage reactions. The matrix table of vertex indices of the
senary reciprocal system Li,Na//Br,Cl,I,NO3,SOy is presented in
Fig. 4c.

5. Quinary reciprocal salt systems consisting of nine salts of
the 3//3 series

Three thermochemical (five topological A, B, C, D, E) types of
reciprocal quinary systems, viz., 9A 9B, 9C=9C’ and
9D 2 9E, are known.? These pairs are characterised by the same
set of reactions of particular stages (Table 3). However, their
singular stars have different geometry (different topology) and,

Table 3. Number of reactions of particular stages for reciprocal systems of
the 3//3 series.

Type of system Number of reactions of a given stage

1 11 111 v
9A =2 9B 4 2 2 1
9C=29C 4 4 0 1
9D =2 9E 6 3 0 0

correspondingly, different notations.

The conversion figure of a reciprocal system of any thermo-
chemical type of the 3//3 series is a graph, whose vertices
correspond to points of complete conversion of ternary reciprocal
systems involved in a more complex system (Figs 5—7). The lines
of complete conversion of quaternary reciprocal systems serve as
edges of the graph. For systems of the 2//n (n//2) series, the
conversion figures contain no other conversion elements. Hence,
the thermochemical type of the conversion figure coincides with
the topological type. The structures of the conversion figures of
quinary reciprocal systems of the 3//3 series are complicated,

0Os Qi (2 Os 0, 0 0Os 0 0>

0 Qo / Q4 0 [ 0 Qo / Q4
0s Qs Qs 0; Q0s O 0; Qs Qs
d e
NacCl NaNO;

Os 0: Os Os
12LiS05 0, KNO; LiICI Qs 12K,SO4

Figure 5. Conversion figures of quinary reciprocal systems consisting of
nine salts of different topological types.

(a) 9A type; (b) 9B type; (¢) 9A =2 9B type; (d) the conversion lines
Qo—0,— Q7 intersecting the axial stable triangle of the 9A 2 9B-type
Li,Na,K//CI,NO3,S04 system; (e) the conversion lines Q9— Qs5— Qg inter-
secting the axial metastable triangle of the 9A = 9B-type Li,Na,K//
CI,NO3,S04 system.

0 0Os 0O 0; Os O 0; 0Os Qi

05 % 1o, o % 1o, ol @ o,

0> Qs Oy 0> Qs 04 0> 0Os Q4

Figure 6. Conversion figures of the 9C-type quinary reciprocal system.
(a) The common conversion figure for the 9C 2 9C’ equilibrium; (b) the
conversion figure with the conversion lines Q;—Qo— Q> intersecting the
axial stable triangle; (¢) the conversion figure with the conversion lines
03— Q09— Qy intersecting the axial metastable triangle.

because each topological type of these systems is characterised by
its own conversion figure. It should be noted that the conversion
figures of the same thermochemical type (9A = 9B, 9C = 9C’,
9D 2 9E) %8 differ in the position of additional lines resulting
from the intersection of axial (basic) triangles with conversion
planes. Therefore, there are various topological types of conver-
sion figures, which have a common thermochemical framework.

The number of edges incident to a vertex of a graph depends
on the stage of the reaction, which is modelled by a particular
conversion point. Systems of the 3//3 series differ in the character-
istic features from 2//n (n//2) systems. For example, the points
corresponding to second-stage reactions in 9B-type systems (see
Fig. 5b, the points Qs and Qs) can have a larger number of
connections than the points corresponding to third-stage reac-
tions (the points Q7 and Qg in Fig. 5b).

The points of intersection of the first-stage diagonals in 9C-
type systems also have different numbers of connections (Fig. 6,
the points Q;, 0>, Q3 and Qy), which indicates that systems of the
3//3 series are more complicated than systems of the 2//n series.

From the thermochemical point of view, the conversion
squares of 9C-, 9D- and 9E-type quinary reciprocal systems
consisting of nine salts are equivalent, because they have diagonals
corresponding to reactions of the same stages: I, II, II, IV (9C
type); I, I, IL, I1 (9D and 9E types). In 9A- and 9B-type systems, the
conversion squares are thermochemically non-equivalent. For
example, the conversion squares for 9A-type systems
(Q1—05—07—Q¢ and Qs—Qs—Q0s— Q) have the same sets of
stages of the diagonals (I, I1, III, IV), whereas the Q03— Q07— Qs— Q9
square differs from these squares (a set of stages of the I, III, III
and IV diagonals). The same is true for 9B-type systems: the

01-05—07—Q¢ and Qy—Qs—Q0s— Qo squares are equivalent,

Figure 7. Conversion figures of
quinary reciprocal systems consist-
ing of nine salts of the 9D («), 9E (b)
and 9D =2 9E (¢) types.
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whereas the 03— Q07— Q¢— Qs square differs from the above two
squares. This fact indicates that salts (or salt pairs) in the
03-07-00-0s (9A type) and Qs—Q9—07-03 (9B type)
squares are less reactive, and this region of the model (a con-
version square) is characterised by a smaller number of reactions
between salts, which are involved in pairs located at the vertices of
this conversion square. The latter can be considered as the most
stable square. The nature of the thermochemical non-equivalence
of the conversion squares in 9A- and 9B-type systems (see
Fig. 5a,b) calls for a more detailed study.

Comparative investigation of conversion figures of systems
belonging to different topological and thermochemical types may
be useful in constructing mixtures of reciprocal salt systems
possessing desired properties. Changes in the reactivity of a salt
mixture upon the addition of a new component or the replacement
of one component with another one can be predicted on the basis
of conversion figures.

For example, the replacement of a component in a 9A-type
system giving rise to a 9C-type system can lead to an increase in the
reactivity of the salt system, because the conversion squares for
9A-type systems contain sets of higher-stage diagonals compared
to the set of diagonals of the conversion squares for 9C-type
systems. The reactivity of the mixtures can be further increased on
going to 9D- or 9E-type systems (see Fig. 7).

Let us consider this relationship using real systems as
examples.

a. Type 9A =2 9B
Systems of the 9A 2 9B thermochemical type are characterised by
the occurrence of nine reactions (four first-stage reactions, two
second-stage reactions, two third-stage reactions and one fourth-
stage reaction). Topological conversion graphs for 9A- and
9B-type systems contain nine points corresponding to the number
of exchange reactions (see Fig. 5a,b), squares and triangles
located on different planes of the three-dimensional space result-
ing from the intersection of secant tetrahedra of singular and non-
equilibrium stars.®

The main framework of these figures is composed of lines
corresponding to conversion figures of quaternary systems con-
sisting of six salts. These lines connect nine vertices of the
conversion figure. For example, these are the Qs—Q7;—Q3,
05— 0503, 0:1-00-0s, 04-00—0Q7, 0;—0s5-0> and
0>—06— Q4 lines in 9A-type systems (see Fig. 5a). The inner
lines, viz., Q7—Qs, 02— Qs and Q>— Q7 in 9A-type systems and
05—06, Os— Qo and Qs— Qo in 9B-type systems (see Fig. 5b), are
a special case. These lines intersect the planes of axial (stable and
metastable) triangles (see Fig. 5d.e). In Fig. 5 ¢, three conversion
squares (Q1-05-07-0o, 03-07-00—0s and
Q04— 06— Qs— Qo) reflect chemical interactions in the quinary
reciprocal system consisting of nine salts.

b. Type 9C = 9C’

The conversion figure of quinary systems of the 9C < 9C’
thermochemical type (see Fig. 6) contains nine vertices (in accord-
ance with the number of points of complete conversion of ternary
reciprocal systems involved in a quinary reciprocal system con-
sisting of nine salts) and 16 lines, twelve of which are fragments of
the conversion figures of all six reciprocal systems consisting of six
salts involved in the quinary system.® Four lines emerging from
the central point of the square (the point of intersection of the
stable highest-stage diagonal with the corresponding metastable
diagonal) are special lines. Both the stable and metastable axial
triangles are divided into four triangles by these lines together with
the conversion line of basic elements of a 9C = 9C'-type quinary
reciprocal system consisting of nine salts.

c. Type 9D 2 9E

The conversion figure of reciprocal systems of the 9D 2 9E
thermochemical type is a graph (see Fig. 7), whose vertices
correspond to nine points of complete conversion of nine ternary

reciprocal systems and edges correspond to 12 conversion lines of
quaternary reciprocal systems consisting of six salts. The inner
lines corresponding to interactions between all salts of the system
are the 7-8, 8—9, 7-9 (E type); 5-6, 5-2, 2—6 (D type); 14,
4-3, 1—-3 (common) lines, which intersect the planes of two stable
axial triangles and one metastable triangle.

Nine diagonals (six first-stage diagonals and three second-
stage diagonals) serve as thermochemical characteristics of
9D =2 9E-type systems.

The thermal effects of the second-stage reactions can be
expressed in a dual fashion as the sums of the thermal effects of
first-stage reactions.

0>+0:=0,+Q5=0Q7,

01+ 0s= 02+ 04= Qs,

Qs+t 05=03+0s= Q9.

From these equations it follows that

0:-0:=05-03= 06— 04.

These relations can be used for solving problems associated

with the construction of systems possessing the desired thermo-
chemical characteristics of salt compositions.

I11. Methods of construction of conversion figures

Several methods were developed for the construction of conver-
sion figures, the so-called, geometric, thermochemical and matrix
methods.

As mentioned above, the geometric method ? is very compli-
cated, because it requires the use of multidimensional geometry.
According to this method, the conversion figures are constructed
by intersecting stable and metastable complexes.

The thermochemical method?® is based on thermochemical
relations, which are used for the construction of an energy graph.
Generally, the centre of this graph is occupied by a conversion
point corresponding to the highest thermal effect, which is the sum
of several thermal effects. This point has the largest number of
thermochemical connections. For example, the point Q¢ for
9C = 9C'-type systems consisting of nine salts (see Fig. 6 ¢) has
six connections and is connected to all points corresponding to
reactions with independent thermal effects (first-stage reactions).
The latter points have a minimum number of connections (three)
and are connected to points corresponding to reactions with
dependent thermal effects (as summands) and the point corre-
sponding to the reaction with the highest thermal effect. The
points corresponding to the thermal effects of second-stage
reactions are connected to the points corresponding to first-stage
reactions and the point corresponding to the reaction with the
highest thermal effect. Three lines emerge from each of these
points.

The conversion figure for systems of the 2//n type can be
constructed from conversion figures of lower dimensionality. For
example, the conversion figure of secant tetrahedra for systems of
the 2//4 series can be constructed from the conversion figures of
systems of the 2//3 series.

The matrix metod 33 will be discussed below.

1. The thermochemical method for the construction of
conversion figures of systems of the 2//n (n//2) series
Conversion figures of systems of the 2//n (n//2) series are shown in
Figs 1;2a,b; 3; 4 a,b.

Let us consider the method for the construction of conversion
figures of a quaternary reciprocal system consisting of six salts
using the Li,Na//CI,NO3,SO4 system as an example. The con-
version figure of reciprocal systems of the 2//3 (3//2) series is
constructed based on thermochemical relations. The point of
complete conversion corresponding to a second-stage reaction is
connected by conversion lines to the points corresponding to first-
stage reactions. The thermochemical relations for the Li,Na//
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Table 4. Thermochemical relations for the Li,Na//Cl,NO3,SO4 system.

Ternary Stable Reaction ?
reciprocal salt pair
system stage 0 /kJ (mol equiv)~!

Li>SO4+ NaCl II
Li>SO4+NaNO3 1
LiNO3z + NaCl I

Li,Na//CLSO4
Li,Na//NO3,S04
Li,Na//CLNO;

Q3 - Q] + Qz = 2678
0, = 17.95
0,=18.83

a Hereinafter, the thermal effects of the reactions are given in kJ per mole
of equivalents.

CI,NO3,S04 system are given in Table 4. The elements of the
conversion figure of this system are listed in Table 5.

Three points of complete conversion correspond to the
following chemical reactions:

point B: 2 LiCl + Na,SO4 = Li,SO4 + 2NaCl—Q;,
point C: 2 LiNO3 + NaSO4 = Li»SO4 + 2NaNO3;—Q;,
point A: 2 LiCl + 2NaNO3; = 2 LiNO3 + 2NaCl—- Q..

The composition figures of systems of the 2//4 (4//2) series
have three first-stage diagonals, two second-stage diagonals and
one third-stage diagonal. The conversion figure of these systems
consists of two triangles and one quadrangle connected in a
particular manner.

Table 5. Conversion elements for the Li, Na//CI,NO3,SO4 system.

Conversion element Salt composition

Point 4 LiNO;, NaCl

Point B Li»SO4 . NaCl

Point C Li»SO4, NaNO;

Line A-B Li,SO4, LiNO3, NaCl
Line B—-C Li>SO4,NaCl, NaNO3

The thermochemical relations in the quinary system Li,Na//
Br,CI,NO3,SO4 consisting of eight salts are given in Table 6. The
elements of the conversion figure are shown in Fig. 8.

Table 6. Thermochemical relations for the Li,Na//Br,Cl,NO3,SO4 system.

Ternary Metastable Stable Reaction

reciprocal pair pair

system stage Q

Li,Na//Cl,Br LiBr+NaCl LiCl+ NaBr I 0

Li,Na// LiNO; + Li>SO4+ 1 0>

NO;,S04 +Na»>SO4 +NaNO3

Li,Na//CI,NO; LiCl+NaNOs; LiNOs+NaCl I 03

Li,Na//Br,NO; LiBr+NaNO3; LiNOs;+NaBr II =
=0,+0;

Li,Na//C1,SOs LiCl+NasSO4 Li;SO4+NaCl II 5=
=0>+0;

Li,Na//Br,SO4 LiBr+Na>SO4 Li;SO4+NaBr III  Qs=
=0;+0:+03

The conversion figure for the Li,Na//Br,CI,NO3,SO4 system is
constructed based on the thermochemical relations taking into
account the following facts. The centre of the conversion figure
should be occupied by a point corresponding to the maximum
thermal effect. This is the point B in Fig. 8 corresponding to
intersection of the stable Li»SO4—NaBr diagonal (a third-stage
diagonal) and the metastable LiBr—Na;SO4 diagonal. The
point B has the maximum number of connections to points of
intersection of the lowest-stage diagonals (four connections).

Na2$O4 NaNO; NaCl NaBr
1 2 D 31 4
Li»SO4 | 0 ITNT—1
E
5 6 7 B
LiNO; | 0 0 1 1
F C
9 10 11 12 \\
LiCl |0 0 0 1 4
13 14 15 16
LiBr 0 0 0 0

Figure 8. Conversion graph of the quaternary reciprocal system Li,Na//
Cl,Br,NO3,SOy4 inscribed in the matrix of mutual salt pairs.

These are the points A4 (a point of intersection of the first-stage
diagonals LiCl—-NaBr and LiBr—NacCl), D (a point of intersec-
tion of the first-stage diagonals Li>SO4—NaNO; and LiNO3;—
NaS0.), E (a point of intersection of the second-stage diagonals
Li»SO4—NaCl and LiCl—NaSO4) and C (a point of intersection
of the second-stage diagonals LiINO3;—NaBr and LiBr—NaNO3).

The points of intersection of second-stage diagonals (£ and C)
each have three connections to the points of intersection of first-
stage diagonals (4, D and F) and the point of intersection of
fourth-stage diagonals (B). Finally, the points of intersection of
first-stage diagonals 4, D and F each have two connections (see
Fig. 8).

The conversion elements for the Li,Na//Br,CI,NO3,SOy4 sys-
tem are given in Table 7.

The following reactions occur in the system:

point 4: 2 LiBr + 2NaCl = (1)
= 2LiCl + 2NaBr—6.69 kJ (mol equiv)—!,

point B: 2LiBr + Na>SO4 = 2)
= Li,SO4 + 2 NaBr—33.47 kJ (mol equiv)—!,

point C: 2 LiBr + 2NaNO; = 3)
= 2LiNO;3 + 2NaBr—25.52 kJ (mol equiv)~!,

point D: 2 LiNO3 + Na,SO4 = 4)
= Li,SO4 + 2 NaNO;—7.95 kJ (mol equiv)—!,

Table 7. Conversion elements for the Li,Na//Br,CI,NO3,SO4 system.

Conversion element Salt composition

Point 4 LiCl, NaBr

Point B Li»SO4, NaBr

Point C LiNOs, NaBr

Point D Li>SO4, NaNO3

Point E Li>SO4, NaCl

Point F LiNO;, NaCl

Line A-B Li>SO4, NaBr, LiCl
Line A-C LiNOs;, NaBr, LiCl
Line B—C Li>SO4, LiNO3, NaBr
Line B—E Li»SO4, NaBr, NaCl
Line B—D Li>SO4, NaNOs3, NaBr
Line C—F LiNO;, NaBr, NaCl
Line D-E Li>SO4, NaNO3, NaCl
Line E-F Li,SO4, LiNO3, NaCl

Triangle A-B-C
Triangle B—E—D
Plane B—-C-F-E

Li>SO4, LiNO3, LiCl, NaBr
Li>SO4,NaNO3, NaCl, NaBr
LizSO4 5 LiNO3, NaCl, NaBr
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point E: 2LiCl + Na>SO4 = (5)
= Li;SO4 + 2NaCl—26.78 kJ (mol equiv)~!,

point F: 2 LiCl + 2NaNO; = (6)
= 2LiNO; + 2NaCl—18.83 kJ (mol equiv)—!.

By summing the reactions (1)—(6), we obtain the overall
equation for the chemical reactions proceeding in a reciprocal
system consisting of eight salts

6 LiBr + 2LiCl + 3Na,SO4 + 2NaNO; =
= 3Li,SO4 + 2LiNO3 + 2NaCl + 6 NaBr.

The right-hand side of the equation represents the most stable
salt composition. In the diagram of this system, this composition
is modelled by a four-vertex sphenoid, which can include stable
eutectic mixtures characterised by the highest thermal capacity.®

2. The thermochemical method for the construction of
conversion figures of the 3//3 series

The principle for the construction of conversion figures of secant
tetrahedra for reciprocal systems consisting of nine salts of various
thermochemical types is analogous to that used for systems of the
2//n (n//2) series. Let us consider selected systems.

a. System Li,Cd,Na//CLLNO3,SO4 (9A type)
The centre of the conversion graph (see Fig. 5 @) is occupied by the
point Qo corresponding to intersection of fourth-stage diagonals
(the LiINO3 + CdCl; salt pair). This point has four thermochem-
ical connections to the points Q;, Q4 (points of intersection of
first-stage diagonals) and Q7, Qs (points of intersection of third-
stage diagonals). Data on the salt compositions corresponding to
these points, the reaction stages and constituent thermal effects
are given in Table 8. The points of intersection of third-stage
diagonals Q7 and Qg each have 5 connections: one connection
between these points (Q7— Qs lines), one connection to the point
Qy, one connection to the point Q>, one connection to the point
Qs (the latter three points correspond to first-stage reactions; the
03-0s, 03— 07 and Q>—07, O>— Qs lines) and connections to
the points of intersections of second-stage diagonals (the Qs— Qs
and Qs— Q7 lines).

The following three connections correspond to the points of
intersection of second-stage diagonals Qs and Qs: two connections
to the points of intersection of first-stage diagonals (the Q;—Qs,

Table 8. Points of complete conversion and thermochemical relations for
the Li,Cd,Na//CI,NO3,SO4 system.

Point Ternary Stable salt Reaction
reciprocal pair
system
stage Q
/kJ (mol equiv)~!
1 Li,Cd//SO4,NO3 LiNO3+CdSO4 1 0,=2.51
Li,Na//SO4,NO; NaNO;+ 1 0,=17.95
+ Li>SO4
3 Na,Cd//CL,SOs4  NaSO4+CdCl, 1 Q3=12.55
4 Li,Na//CILNO3;  LiNO;+ NaCl I 04=18.41
5 Na,Cd//SO4,NO3 NaNO;+ I 05=0,+0,=
+CdSO4 =10.46
6 Li,Na//Cl,SO4 Li»SO4+NaCl I Qs=0>+ Q4=
=26.36
7 Na,Cd//CILNO3; NaNO3;+CdCl, I Q;=0;,+0:+0;3=
=23.01
8 Li,Cd//CLSO4 LixSO4+CdCl, 1T Qs=0:+03+ Q4=
=38.91
9 Li,Cd//CLNO3s  LiNO3;+CdCl, IV  Qy=0,+0:+

+05+0,=41.42

0>-0s, 0>— Qs and Q4— Q¢ lines) and connections to the points
of intersection of third-stage diagonals (the Qs— Q7 and Qs— Qs
lines). The points of intersection of first-stage diagonals have the
minimum number of connections (2) (except for the point Q>).
These points form the Q;,—Qs, Q>-Qs, Q;—Qg, 0>—0s,
0>-07,0>-0s,03-07, 03— 0sand Qs— Qs Q4— Oy lines.
Each of three conversion squares and the conversion triangle
(see Fig. 5a) are characterised by a particular set of stages of
stable diagonals. These three conversion squares are thermo-
chemically non-equivalent. The conversion square
Q9—Q0s— Q03— Q7 includes a point of intersection of fourth-stage
diagonals, two points of intersection of third-stage diagonals and
one point of intersection of first-stage diagonals. Consequently,
these points correspond to the most stable salts of the system.
The relationships between the geometric elements of conver-
sion and the chemical composition of the quinary reciprocal
system Li,Cd,Na//CI,NO3,SOy4 are given in Table 9. The conver-
sion figure of this system is characterised by the following features:
the point of complete conversion of ternary reciprocal systems
corresponds to crystallisation of two salts with different cations
and anions; the conversion line of quaternary reciprocal systems
corresponds to crystallisation of four salts with either three
different cations and two different anions or with two different
cations and three different anions; the planes, which characterise
interactions in the quinary reciprocal system, correspond to
crystallisation of four or five salts. (The conversion figure of the
thermochemical type 9A 2 9B is shown in Fig. Sc.)

Table 9. Conversion elements for the Li,Cd,Na//Cl,NO3,SO4 system.

Reciprocal system Conversion element Salt composition

Li,Cd//NO3,S04 point Q; LiNO3;, CdSO4
Li,Na//NO3,S04 point Q> Li»SO4, NaNO;
Na,Cd//Cl,SO4 point Q\g Na,SOy4, CdCl,
Li,Na//CI,NO3 point Q4 LiNO;, NaCl
Cd,Na//NO3,S04 point Qs NaNOs;, CdSO4
Li,Na//Cl1,SO4 point Q¢ Li,SOy4, NaCl
Na,Cd//CI,NO; point Q7 NaNOs, CdCl,
Li,Cd//C1,SO4 point Qs Li»SO4, CdCl,
Li,Cd//CI,NO3 point Qg LiNO3, CdCl»
Li,Cd,Na//NO3,S04 pair of lines LiNO3, Li»SO4, NaNO3,
0:-05-0> CdSO,4
Na,Cd//CI,NO3,S04 pair of lines NaNO3, NaySOy4, CdCl,,
05-07-0s3 CdSO,4
Li,Na//CI,NO3,S04 pair of lines LiNOs, Li>SOy4, NaCl,
02-06— Q4 NaNO3
Li,Na,Cd//Cl,SO4 pair of lines Li>SOy4, NaCl, NasSOy,
06— 05— 03 CdCl,
Li,Cd//CINO3,S04 pair of lines LiNO3;, Li,SO4, CdCl,,
0,-09-0s CdSO4
Li,Na,Cd//CI,NO3 pair of lines LiNOs3, NaCl, NaNOs,
04—00—-07 CdCl,
Li,Na,Cd//CLLNO;,SO4 triangle LiNOs, Li»SO4, NaNOs,
0s—09—07 CdCl,
triangle Li>SO4, NaNO;,
07—-03—-0s Na,S04, CdCl,
square LiNOs, LizSOq,
04-0Q9—0s—0s  NaCl, CdCl,
square LiNOs3, NaNOs;, CdCl,,
0:1—090-07-0s CdSO4
square Li>SO4, NaNO;3, LiNO;3,
Q7* Qg*Qg*Q3 N'szO4, Cdclg

b. System K,Ba,Na//F,Mo0QO4,WOj, (9B type)
For 9B-type systems (unlike 9A-type systems), the conversion
figure of secant tetrahedra contains one conversion square



Modelling of chemical conversion processes in multicomponent reciprocal salt systems

1011

Table 10. Points of complete conversion and thermochemical relations for
the K,Ba,Na//F,M004,WOy, system.

Point Ternary Stable salt Reaction
reciprocal pair
system stage Q
/kJ (mol equiv)~!
Ba,Na// Na,WO4 + I 0,=1.67
MoO4, WO, +BaMoOg4
K,Ba//F,MoO4 BaF2+K2MOO4 1 Q_7:2.51
Na,K// KoWO,+ 1 03;=12.34
MOO4,WO4 + NRQMOO4
Ba,Na//F,WO4 BaWO4+ (NaF), 1 0,=19.04
K,B'd// K2W04+ 11 Q5:Q1+Q3:
MoO4,WO4 +BaMoOg4 =14.01
Ba,Na//F,MoO4 (NaF),+BaMoO4 II 06=0,1+04=
=20.71
K,Na//F,MoO4 (NaF)2+K2MOO4 111 Q7: Q1 + Q2+
+04=23.22
8 K,Ba//F,WO4 BaF2+K2WO4 111 Q8:Q1+Q2+
+Q03;=16.52
9 K,Na//F,WOs (NaF),+K,WO, IV Qo=0Q;+ 0>+
+05+04=
=35.56

03-07—Q¢—Qs and five conversion triangles, Q;—Qo—Qs,
05-07-09, Q4=Q9=0s, Qs—0s— Qo and 0s5-0s—0Qv (a
degenerate triangle, see Fig. 5 b,c¢). The thermochemical relations
for the K,Ba,Na//F,M004,WO, system are given in Table 10.

The framework of the conversion graph for this system is
constructed analogously to the conversion graph for 9A-type
systems. The difference is that the former contains the additional
05—06, 05— Q9 and Qs— Qo lines resulting from the intersection
of the conversion figure with the axial triangle of the (NaF),—
KoWO4—BaMoOy system. The point of intersection of fourth-
stage diagonals Qo has the largest number of thermochemical
connections (six connections) (see Fig. 55). The points Qs and Qg
which correspond to second-stage reactions, each have four
thermochemical connections. The points Q7 and Qs correspond-
ing to third-stage reactions each have three connections, and the
points Q;, Q>, Q3 and Q4 corresponding to first-stage reactions
each have two connections.

A chemical conversion reaction of the salts, which are located
at the vertices of metastable figures, into salts located at the
vertices of stable figures can be written for each point of the
conversion figure. To follow the conversion in quinary reciprocal
systems consisting of nine salts, one can use special diagrams put
forward by Radishchev.? These diagrams can be constructed as
follows: three-dimensional figures, which intersect each other (a
pyramid and a sphenoid), are projected onto the plane of
intersection of both spaces* (giving rise to a conversion square,
Fig. 9). The metastable and stable diagonals in this planar figure
are indicated by dashed and solid lines, respectively.

For the K,Ba,Na//F,M00O4,WOj system, this method gave
one of conversion squares B—Z —T— F of secant tetrahedra (see
Fig. 9) resulting from the intersection of the metastable sphenoid
(KF)2—Nax;W0O4—-K>:Mo004—BaWO, and the stable pyramid
(NaF)z—Na2M004—BaMoO4— Ban— K2W04 .

The equation for the central point of the conversion square
B—Z—T-F has the form

2(KF)2 + 2Na;WO4 + 2 KoMoO4 + 2BaWO, = 7
= (N’dF)g + BaF; + BaMoO4 + Na,MoO4 + 4 KoWOq,.

1 The figures are located in different three-dimensional spaces involved in
this four-dimensional space.

(NH.F)Z N32W04 Na2M004

7 AN
7 AN

B// A A

(KF),

K2M004

E/ 7
N ’
NI

BaWO4

BaF» BaMoO4

Figure 9. Conversion square B—Z—T— F (a fragment of the conversion
figure) of the 9B-type quinary reciprocal system Na,K,Ba//F,M0O4,WOy .

The right-hand side of the equation includes a metastable pair
of salts, which react according to the equation

BaF; + Na;MoO4 = (NaF), + BaMoOy. 8)

By summing the equations (7) and (8), we obtain

2(KF); + 2Na;WO, + 2 KaMoO, + 2 BaWO, = ©)
= 2(NaF), + 4 Kx-WO, + BaMoOj.

The exchange reactions afford salts, which form a stable axial
triangle.

¢. System Li,Na,K//Cl,Br,SO4 (9C type)

Let us consider a procedure for the construction of a conversion
figure based on stages of stable diagonals using the Li,Na,K//
Cl1,Br,SO4 system as an example (see Fig. 6).

The thermal effects of the second-stage reactions giving rise to
the stable Na>SO4 + (KBr), (Qs), (LiCl), + (KBr)2 (Qs),
Li,SO4 + (KC])Z (Q7) and LixSO4 + (NaBI‘)2 (Qg) pairs are the
sums of two effects, and the thermal effect of the fourth-stage
reaction [the stable Li»SO4 + (KBr), pair (Qy)] is the sum of four
effects (Table 11). Hence, the conversion point corresponding to
the second-stage reaction should have the following three con-
nections: two connections to conversion points corresponding to
first-stage reactions and one connection to the Qg point. Below are
given the thermochemical connections for four points of complete
conversion.

Table 11. Points of complete conversion and thermochemical relations for
the Li,Na,K//ClL,Br,SO4 system.

Point  Ternary Stable salt Reaction
reciprocal pair
system stage Q
/kJ (mol equiv)—!
1 K,Na//CL,SOs NaxSO4+(KCl), 1 Q:=3.56
2 Li,Na//Cl,Br  (LiCl)+(NaBr), I 0->=6.69
3 Na,K//CLLBr  (KBr),+(NaCl), I 03;=17.53
4 Li,Na//C1,SO4 Li,SO4+(NaCl), I 04=26.78
5 K,N’d//BI‘,SO4 N’cleO4+ (KBI‘)Z 11 Q5: Q/ + Q3:
=11.09
6 Li,K//Cl,Br (LiCl)>+(KBr), 1II Qs=0>+0;3=
=14.22
7 Li,K//CL,SOs LixSO4+(KCl), I 0,=0;+04=
=30.34
8 Li,Na//Br,SO4 Li>SO4+ (NaBI‘)z 11 Qg = Qg + Q4 =
=3347
9 Li,K//BI‘,SO4 LizSO4+(KBI‘)2 v Q91Q1+ Q2+

+ 05+ 044456
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Point of complete Thermochemical

conversion connections

0s 0:-05,03-05,05-09
Os 0>-05,03-06, 05— 09
07 0:1-07,04-07,07-09
Os 0>-0s,04—0s,0s— Q9

The conversion graph presented in Fig. 6 b,c is constructed
based on thermochemical relations in such a way that the central
conversion point Qo is connected to the points of intersection of
second-stage diagonals (the points Os, Qs, Q7 and Qs) and the
conversion points corresponding to first-stage reactions (Q;, Q>,
Qs and Q) along the diagonal of the conversion square.

The main thermochemical framework of the conversion figure
of secant tetrahedra for systems consisting of nine salts of any
type can also be constructed from the conversion figures of
quaternary reciprocal systems consisting of six salts, which are
involved in this quinary system of the 3//3 series. The conversion
lines of the quaternary reciprocal systems involved in the
Li,Na,K//Cl,Br,SOy4 system are as follows:

System Conversion line
Na,K//Cl,Br,SO4 0:1-05-0;3
Li,K//ClL,Br,SO4 05— 09— 07
Li,Na//Cl,Br,SO4 0>-0s—04
Li,Na,K//CI,Br 0;-0s—0>
Li,Na,K//CL,SO4 04~07-0;
Li,Na,K//Br,SO4 Qs—09—0s

The above-listed lines serve as the outer edges of the graphs
and the inner lines dividing the figure into four smaller squares.

The conversion figure of a 9C-type quinary system (see
Fig. 6 b,c) contains nine vertices (in accordance with the number
of ternary reciprocal systems involved in the quinary system) and
14 lines, twelve of which are elements of the conversion figures of
all six reciprocal systems consisting of six salts, which are involved
in this quinary system. Two lines emerging from the central point
of the square (the point of intersection of the most stable fourth-
stage diagonal with the corresponding metastable diagonal) are
special lines (Qo—Q; and Qv—Q>, Fig. 6 b; Q03— Q9 and Q4—Qo,
Fig. 6 ¢). These lines together with the conversion line of the basic
elements of the 9C-type quinary reciprocal system consisting of
nine salts divide the stable and metastable axial triangles into four
triangles.

d. System Na,K,Ca//F,CLLWO4 (9D type)

Let us consider the construction of a conversion figure of the
topological type D using the Na,K,Ca//F,CLLWOy4 system as an
example. The thermochemical characteristics of this system and
the salt compositions for the conversion elements are given in
Tables 12 and 13, respectively. The conversion figure of secant
tetrahedra is shown in Fig. 7a. The conversion graph of this
system consists of three conversion planes and two conversion
triangles: 9-6-8-4, 2—-7-1-8, 9-3-7-5, 3—4—1, 2—-6-5.
Each conversion square necessarily includes two points of inter-
section of second-stage diagonals and two points of intersection of
first-stage diagonals [9D-type systems are characterised by the
presence of six first-stage diagonals and three second-stage
diagonals (see Table 12)]. The vertices of the conversion triangles
3—4—1 and 2—-6-35 are the points of intersection of first-stage
diagonals. The conversion squares (the main framework of the
conversion figure) of this system are identical to the conversion
squares of 9E-type systems. There are the following special six
inner lines in the conversion figure of the Na,K,Ca//F,Cl,WO4
system: 3—4, 3—1,4—1, 2-5, 2—6 and 5—6. These lines corre-
spond to exchange reactions proceeding in the quinary reciprocal
system consisting of nine salts and intersect the planes of the stable
basic triangles CaWO4—(NaF),—(KCl), and CaF,-K,;WO4—
(NaCl), .

Table 12. Thermochemical relations for the 9D-type quinary reciprocal
system Na,K, Ca//F,CI,WO4 consisting of nine salts.

Metastable Stable Reaction
salt pair salt pair
stage Q
/kJ (mol equiv)~—!

CaF,;+Nay;WO, CaWO4+ (NaF), 1 1=12.636
Na2W04 + (KC])Z K2W04 + (Ndcl)z 1 Qg =22.720
(KF), + (NaCl), (NaF), + (KCl), 1 03;=32.342
K2W04 + CaClz CaWO4 + (Kcl)z 1 Q4 =40.710
CaWO4 + (KF); K,WO,4 + CaF, 1 Q05=42.426
(NaF),+ CaCl, CaF,+ (NaCl), 1 Q065=750.794
N32W04+(KF)2 K2W04+(NaF)2 11 Q7:Q_7+ Q3:

=Q0;+05=55.062
Na,WO4+ CaCl, CaWO,+ (NaCl), 11 Q0s=0>+04=

=0;+0s=63.430
(KF),+ CaCl, CaF;+ (KCl), 11 Q9o=0Q4+0s5=

—0;+0s=83.136

Table 13. Salt compositions for conversion elements of the 9D-type
Na,K,Ca//F,Cl,WO4 system.

System Conversion element  Salt composition
Na,Ca,K//F,WO4 1-7 NaF, K;WO4, CaWO4
Na,Ca//F,CLLWO4 1-8 NaF, NaCl, CaWOy4
Na,K//F,CLLWO, 2-7 NaF, NaCl, KxWOy
Na,Ca,K//CLLWO, 2-8 NaCl, K,WOy4, CaWOy4
Na,Ca,K//F,Cl 3-9 NaF, KCl, CaF,
Ca,K//F,CI,WO,4 4-9 CaF», KCI, CaWOq4
CB.,K//F,CI,WO4 5-9 KC], K2W04, C‘sz
Na,Ca,K//F,Cl 6-9 NaCl, KCl, CaF,
Na,K//F,CL,WO4 3-7 NaF, KCI, Ko;WO4
Na,Ca,K//F,WO4 5-7 NaF, K,;WOq,, CaF,
Na,Ca,K//CLLWO4 4-8 NaCl, KCl, CaWOy,
Na,Ca//F,CLLWO,4 6-8 CaF>, NaCl, CaWO4

The points of intersection of second-stage diagonals each have
four thermochemical connections. The points of intersection of
first-stage diagonals /-7,2-7,3-7,5-7,1-8,2-8,4-8,6-38,
3-9,4-9,5-9, 6-9 have the same number of connections (see
Fig. 7 a). These 12 lines form the 9D 2 9E-type framework of the
conversion figure common to the two types. The salt compositions
involved in the thermochemical 9D 2 9E-type framework of the
conversion figure belong to quaternary reciprocal systems.

The special conversion lines 2—5—6 and /—3—4 correspond
to the NaCl, KoWOy, CaF, and NaCl, KCl, CaWOy salt compo-
sitions, respectively in the Na,Ca,K//F,Cl, WOy system.

Hence, the conversion figure of secant tetrahedra for 9D-type
quinary reciprocal systems consisting of nine salts is a graph
containing nine points of complete conversion of ternary recip-
rocal systems, 12 lines (edges) corresponding to salt compositions
of six salts and six special inner lines, which model an interaction
in a system composed of nine salts.

e. System Na,Ba,Fe//CLS,SO4 (9E type)
The conversion figure of reciprocal systems of the 3//3 series of the
9E topological type is a nine-point graph (see Fig. 7 b).

Nine points of complete conversion of ternary reciprocal
systems serve as vertices of the graph, and 12 conversion lines of
quaternary reciprocal systems consisting of six salts, which are
constituents of the main thermochemical framework of the figure,
serve as edges. Six triangular planes are sections of the composi-
tion prism for a quinary reciprocal system consisting of nine salts.
The 8-7, 9—8 and 7-9 diagonals intersecting the plane of the
axial stable triangle are special inner lines of three conversion
squares.
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Nine diagonals (six first-stage diagonals and three second-
stage diagonals) serve as the thermochemical characteristics of 9E-
type systems. The thermal effects of a second-stage reaction can be
expressed as the sums of the thermal effects of first-stage reactions:

01+ 03= 0>+ 04,
01+ 0s=0s5+ 0y,
0>+ Q6= 03+ 0Os.
From these equations it follows that
06—05=04—0:1=03—02,
i.e., the thermal effects for six diagonals are related by the
following condition: the differences for three pairs of thermal

effects should be equal to each other. For example, these differ-
ences for the Na,Ba,Fe//Cl, S,SO4 system are as follows:

05— 05 = 89.12—85.56 = 3.56 kJ (mol equiv)~!,
0,—0; = 10.04—6.48 = 3.56 kJ (mol equiv)~!,
03— 0> =11.72—8.16 = 3.56 kJ (mol equiv)~".

The main thermochemical characteristics of the Na,Ba,Fe//
C1,S,SO4 system (9E type) are given in Table 14. The conversion
graph of the 9E-type system consists of three conversion squares,
which are divided by diagonals into six triangles. The diagonals of
the conversion squares are the 7—8, §—9 and 7—9 lines, which
correspond to the FeS + (NaCl),, FeS + BaSOs and
(NaCl), + BaSOy salt pairs, respectively. These lines intersect
the stable axial triangle (NaCl),—FeS—BaSO,4 and characterise
the chemical interaction in the quinary reciprocal system Na,Ba,
Fe//C1,S,SO4. The conversion points /, 2, 3, 4, 5 and 6 corre-
sponding to first-stage reactions are involved in conversion
squares (two points per square) and each have two thermochem-
ical connections to conversion points corresponding to second-
stage reactions. For example, the conversion square 4—9—-6-8
includes the conversion points 4 and 6 (first-stage reactions)
connected to the points 8 and 9 (second-stage reactions).

The points 7, 8 and 9 each have six thermochemical connec-
tions (four connections to the points corresponding to first-stage
reactions and two connections to each other). The points corre-
sponding to second-stage reactions should be connected to other
points, viz., the conversion points of first-stage reactions. For
example, the point 9 is connected to the points 3 and 5 [the points
of intersection of the first-stage diagonals BaCl, + FeS (Qs) and
BaSO4 + FeCl, (Q5)], and the point 8 is connected to the points /
and 4 [the points of intersection of the first-stage diagonals
FeSO4 + (NaCl), (Q;) and (NaCl), + BaS (Q4)]. Finally, the
point 7 corresponding to the second-stage reaction giving rise to

Table 14. Points of complete conversion and thermochemical relations for
the Na,Ba,Fe//Cl,S,SOy4 system.

Point  Ternary Stable Reaction
reciprocal salt pair
system stage Q
/kJ (mol equiv)—!
1 Na,Fe//C1,SOs (NaCl),+FeSO4 1 Q0,=6.48
2 Ba,Na//S,SOs Na,S+ BaSO4 1 0-=28.16
3 Ba,Fe//C1,SO4 BaSO4+ FeCl, I 03=11.72
4 Na,Ba//CLS  (NaCl),+BaS 1 04=10.04
5 Ba,Fe//CLS BaCl, + FeS 1 Q5=285.56
6 Na,Fe//S,SO4 NaySO4+ FeS 1 05=289.12
7 Na,Ba//CL,SO4 (NaCl),+BaSO, II 0,=0,+04=
=0;+03=18.20
8 Na,Fe//CL,S  (NaCl),+ FeS 11 0s=0s5+04=
:Q1+Q6:95-60
9 Ba,Fe//S,SO4 BaSO4+ FeS 11 Qo=0>+0s=
:Q3+ Q5:9728

the (NaCl), + BaSOy pair (Q;) is connected to the points / and 2
of the conversion square 2—7— /-8 and the points 3 and 5 of the
conversion square 9—3—7—5. All these constructions are deter-
mined by the thermochemical dependences of the second-stage
reactions on the first-stage reactions. For example, the thermal
effect of the second-stage reaction giving rise to the BaSO4 + FeS
pair is equal to the sum of the thermal effects of the first-stage
reactions (see Table 14) Qs (the stable BaCl, + FeS pair) and Q3
(the stable BaSO4 + FeCl, pair)

Qo = Q5+ Q3 =85.56+11.72 = 97.28 kJ (mol equiv)~ .

At the same time, this thermal effect is related to the thermal
effects of the first-stage reactions yielding the BaSO4 + NaxS (Q>)
and Na,SO4 + FeS (Qg) pairs

Q9= 0>+0s=8.16+89.12 = 97.28 kJ (mol equiv)~ .

Analogously, the thermal effect of the second-stage reaction
giving rise to the (NaCl), + FeS pair (Qs) is equal to the sum of the
thermal effects of the following first-stage reactions:
(NaCl), + BaS (Q4) and BaCl, + FeS (Qs) as well as
(NaCl), + FeSO4 (Q;) and NaSO4 + FeS (Qp)

Qs =04+ 05=0;+ Qs =10.04 + 85.56 =
= 6.48 + 89.12 = 95.60 kJ (mol equiv)~ .

Analogously, the following equation can be written for Q7
07=0:+ Q4= 0+ 03=28.16+10.04 =
= 6.48 + 11.72 = 18.20 kJ (mol equiv)~'.

The above-considered methods for the construction of con-
version figures of secant elements for quinary reciprocal systems
consisting of nine salts of various thermochemical types are
simple, convenient and do not require complicated tools of multi-
dimensional geometry.

The general algorithm for the construction of conversion
figures of secant tetrahedra for quinary reciprocal systems con-
sisting of nine salts of various thermochemical types can be stated
as follows:®

(1) the determination of stable diagonals in ternary reciprocal
systems based on the thermal effects of exchange reactions;

(2) the determination of reaction stages and the constituent
thermal effects;

(3) the determination of the thermochemical type of the
system;

(4) the determination of the number of thermochemical con-
nections for each point of complete conversion corresponding to
the diagonal of the corresponding stage from the thermochemical
relations in the system;

(5) the connection of nine points of complete conversion of
ternary reciprocal systems, which correspond to intersections of
diagonals of the stable and metastable complexes of the system, in
accordance with the number of thermochemical functional con-
nections revealed for each conversion point.

3. The matrix method for the construction of conversion
figures

The thermochemical method is simple and convenient but requires
the determination of the stages of stable diagonals, which is not
always possible because of the lack of reliable data on the
enthalpies of formation of salts. This gave impetus to the develop-
ment of a procedure without this drawback. The matrix method is
the most descriptive way of constructing conversion figures of
secant elements.® 3233 This method does not require numerical
values of the thermal effects of exchange reactions. To construct a
conversion figure for reciprocal systems of the 2//n (n//2) series
using matrices of reciprocal salt pairs, it is only necessary to know
which salt pair is more stable. The presence (or the absence) of
unities in cells of matrices of reciprocal salt pairs determines the
sought-for thermochemical relations.
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In the ternary reciprocal system A,B//X,Y, a stable diagonal
in a four-cell matrix is denoted by unity. The conversion point of
this system results from the intersection of the AX-BY and
AY —BX diagonals, which occupy the cells 2 and 3, respectively.
Since the conversion point belongs both to stable and metastable
diagonals, it can be placed either in the cell 2 or in the cell 3. For
convenience, let us display the point of complete conversion of the
ternary reciprocal system in the cell occupied by the stable
diagonal, i.e., in the cell with unity.

BX BY

AX 10 2)0
AY )1 40

In the matrix of reciprocal salt pairs of a quaternary reciprocal
system consisting of six salts, three cells are occupied by unities. A
stable salt pair, i.e., the unity located at the intersection of a row
and column with two unities, forms a stable second-stage diago-
nal. The other two salt pairs denoted by unities correspond to
first-stage diagonals.

BX BY BZ

AX 0 0 1
AY 1 0 1
AZ 0 0 0

A conversion figure is constructed as follows: points corre-
sponding to points of complete conversion of ternary reciprocal
systems are placed in cells with unities. Then the points are
connected by straight lines emerging from the point correspond-
ing to the second-stage diagonal.

Let us consider the construction of a conversion figure of
secant elements for more complex systems of the 2//n series, for
example, for a quinary reciprocal system consisting of eight salts.
This system is represented by a matrix consisting of 16 cells, six of
which have unities and correspond to stable diagonals of ternary
reciprocal systems. The matrix of reciprocal salt pairs for the
Li,Na//Cl,Br,NO3,SO4 system is presented in Fig. 8.

For convenience, the conversion figure of the salt is placed in
the matrix in such a way that the first row contains three unities,
the second row has two unities, and the third row contains one
unity, i.e., in accordance with an increase in the stability of salts of
the upper row and a decrease in the stability of salts of the left
column. The unity in the fourth cell corresponds to a third-stage
diagonal, unities in the third and eighth cells correspond to
second-stage diagonals, and all other unities correspond to first-
stage diagonals (see Fig. 8).

Conversion figures are constructed by connecting successively
the points placed in cells with unities. The conversion point
corresponding to the intersection of a stable third-stage diagonal
and its metastable pair is connected by straight lines to the points
in cells occupied by second-stage diagonals. The latter points, in
turn, are connected to the point in the cell occupied by a first-stage
diagonal. Therefore, the connection of four points located in the
cells of the upper right part of the matrix by lines gives rise to a
fragment of the conversion figure forming a quadrangle. Triangles
result from the connection of points located in the first row and the
last column of the matrix, respectively. The order in which the
points are connected can be represented by the following scheme.
The quadrilateral fragment of the conversion figure is
3 >4 -8 -7 3;thefirst triangle is 2 —» 3 and 2 — 4; the second
triangle is 8 —» 12 and 4 — 12. In the case of this arrangement of
unities and zeros in the matrix, the conversion figure always has
the form shown in Fig. 8.

A conversion figure can be constructed in an alternative way.
Let us consider this procedure with the use of the same Li,Na//
C1,Br,NO3,S0;4 system consisting of eight salts as an example.

1. First, we write matrices of reciprocal salt pairs, which are
constituents of quaternary reciprocal systems consisting of six
salts.

NaBr |Na,SO4 | NaCl NaBr | NaNOj | NaCl
LiBr |0 0 0 LiBr |0 0 0
LizSO4 | 1 . 0 L LiNO; | 1 . 0 i
LiCl 1 l 1 0 LiCl 1 l 1 0

NaCl [ NaNO3 |NaSOq4 NaBr [ NaNO; |NaSOy4
LiCl |0 0 0 LiBr [0 0 0
LiNO; | 14 0 1 LiNOs |14 0 1
Li»SO4| 1 L 0 Li>SO4( 1 1 0

2. Then we inscribe conversion figures for all quaternary
reciprocal systems into the matrices by connecting the points
corresponding to unities in rows and columns.

B oC E Ji F Eg

D D¢ Cll o4 Bl o4

3. Finally, the conversion figures are transferred to a matrix of
a quinary reciprocal system consisting of eight salts. The con-
version figure for the Li,Na//CL,Br,NO3,SO4 system is obtained
automatically.

This procedure is particularly convenient for the construction
of conversion figures for senary and more complex systems of the
2//n (n/]2) series, because it substantially simplifies the determi-
nation of thermochemical relations.

The proposed algorithm is applicable only to systems of one
thermochemical type, viz., to systems of the 2//n (n//2) series. For
systems consisting of nine salts of the 3//3 series, three matrices of
the 2//3 (3//2) series involved in this quinary system should be
considered.3?

Conversion figures for various thermochemical types of
quinary reciprocal systems are different. Hence, the algorithms
for the construction of these figures are also different.

Let us consider the procedure for the construction using the
Ba,K,Na//F.M0oO4,WO, system (the B= A thermochemical
type) as an example. The thermochemical relations for this system
are given in Table 15.

Table 15. Points of complete conversion and thermochemical relations for
the Na,K,Ba//F,M004,WOy, system.

Point Ternary Stable Reaction
reciprocal salt pair
system stage Q

/kJ (mol equiv)~—!

! Na,Ba//F,WO,;  (NaF),+BaWO, I 0,=19.04
2 K.Ba//F.MoOs K,MoO4+BaF, 1 0-=2.51
3 Na,Ba// Na; WO, + I 0:=1.67
MOO4,WO4 + B’dMOO4
4  NaK/ Na;MoO, + I 0;=12.34
MOO4,WO4 + K2W04
5 Na,Ba//F,MoOs (NaF),+BaMoO4 II 05=0;,+04=
=20.71
6  K,Ba/ KoWO,+ M Qs=0,+0;=
MOO4,WO4 + BaMoO4 = 1401
7 K,Ba//FWO; BaF,+KoWO, III  0,=0;+0:+0;=
=16.52
8§  K,Na//FMoOs; (NaF)+K,MoOs Il  QOs=0Q;+0>+04=
=23.22
9 KNa//EEWOs  (NaFn+KoWOs IV Qo=0,+0,+

+05+04=35.56
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This system includes three quaternary reciprocal systems of
the 3//2 series (Na,K,Ba//F,WOy4; Na,K,Ba//F,MoOQO4; Na,K,Ba//
Mo0O4,WQ,) and three systems of the 2//3 series (Na,Ba//
F.Mo04,WO4; K,Ba//F,M004,WOy4; Na,K//F.M004,WO,).
The matrices of reciprocal salt pairs and the matrices of con-
version figures for these systems are given below (in the matrices of
reciprocal salt pairs, the point numbers from the matrices of the
conversion figures are given in parentheses).!!

Let us write the matrix table consisting of 9 columns and
9 rows and then place unities from the matrices of the conversion
figures in rows and columns. The conversion graph corresponding
to this matrix belongs to the 9B topological type (Fig. 10).

VA K E D T C F A

>3]

Z(
K(2)
E(3)
D(4)
Ue)
C(0)
H7)
A(8)
B(9)

—_0 O O = O O O O
SO O = O O O o oo
OO O == O O oo
—_—0 O = O O O o O
—_—0 = O O O = O
—_— O O == = O O
_—_—0 O = O O = O
_0 = =0 O O = O
O O O =

Matrices of reciprocal salt pairs

NﬁzWO4 K2W04 B’dWO4 N32M004 K2M004 BaMoO4

NaF 0 190 1) NaF 0 1(8) 1(5)
KF 0 0 0 KF 0 0 0
BaF, 0 1m0 BaF, 0 12) 0

N32W04 K2W04 BaWO4 BB.FZ BB.MOO4 BaWO4

Na2M004 0 1(4) 0
K2M004 0 0
BaMoO, 1(3) 16) 0

NaF 0 1(5) 1(1)
Na;MoO, 0 0 0
Na,WO,; 0 1(3) 0

(=]

Ban BaMoO4 BaWO4 KF K2M004 K2W04

A conversion graph can be constructed by the matrix method
using an alternative procedure. In this case, stable salt pairs, which
are determined from the melting diagram (if data on the enthalpies
of formation of the salts are lacking) of ternary reciprocal systems,
serve as the starting data. Let us consider the construction of a
conversion graph using the quinary reciprocal system Ag,Li,Na//
CI,NO3,S0;4 of the 9C 2 9C’ type as an example. The thermo-
chemical data for this system are given in Table 16. This system
includes nine ternary reciprocal systems. Stable salt pairs for these
systems are determined from experimental data.

Table 16. Thermochemical characteristics of the 9C-type quinary recip-
rocal system Ag,Li,Na//CI,NO3,SO4.

Ternary Stable Reaction
reciprocal salt pair
system stage Q

Ag,Li//C1,SO4 AgCl+ LixSOq4 v Qo=0;+0>+03+04=

=Q0st07=05+ Qs

AgNa//CLSO;  AgCl+NaSO; II  Qs=0;+ 0y
LiNa//CLSO,  NaCl+LixSOs II 0, =0;+0>
AgLi//CLNO;  AgCl + LINO; II  Qs=0>+0y

Ag,Na//CI,NO;
Li,Na//CI,NO3
Ag,Li//NO3,SO4
Ag,Na//NO3,S04
Li,Na//NO3,S04

AgCl+NaNO; 1 04
NaCl+ LlNOz 1 Qz
AgNO3;+Li,SO, 11 05=0,+0;
AgNO3 + N'cleO4 I QJ
NaNO;+LixSO4 1 0,

Two adjacency matrices (Fig. 11) are constructed from the
matrices of reciprocal salt pairs of six reciprocal quaternary
systems involved in the Ag,Li,Na//Cl,NO3,SO4 system.3? In one
matrix, the salts are arranged according to common cations (the
cation matrix I), whereas the salts in another matrix are arranged
according to common anions (the anion matrix II). As a result, the
thermochemical characteristics of all six quaternary reciprocal
systems, which are involved in the quinary reciprocal system of
nine salts, are determined.

From the matrices I and II, it is evident that the AgCl and

KF 0 0 0 NaF 0 1(8) 1(9) Li>SOy4 salts each have four unities; the AgNO3, LiNO3, NaCl,
K>MoOs 1(2) 0 0 Na;MoOs 0 0 1(4) NaNOs3 and Na,SOy salts each have two unities; and the Ag>SO4
KaWOs  1(7) 1(6) 0 Na;WO, 0 0 0 and LiCl salts have no unities.
Then the table of vertex indices is compiled (Table 17).
Matrices of conversion figures
Table 17. Table of vertex indices for the 9C-type quinary reciprocal system
7 9 2.5 7 3 4 6 AgliNa//CLNO3,SO,.
1 0 0 1 2 0 0 1 3 0 0 1 Metal Cl NOs3 SO4 >
7 0 0 1 5 0 0 1 4 0 0 1
9 1 1 0 7 1 1 0 6 1 1 0 Ag 4 2 0 6
Li 0 2 4 6
Na 2a 20 2¢ 6
13 s 2 6 8 4 8 9 5 6 6 6 18
1 0 0 1 2 0 0 1 4 0 0 1 Note. Here and in the figures presented below, the indices of different salts
3 0 0 1 6 0 0 1 3 0 0 1 of the same metals are labelled a, b, c.
5 1 1 0 8 1 1 0 9 1 1 0
Z(1) T(5) It is known that this type of system is characterised by one
fourth-stage reaction, four first-stage reactions, and four second-
E(3) stage reactions. The pair of salts, both of which are characterised
D) ﬁ F7) by the presence of four unities in the corresponding .adja}cency
B©Y) - matrices, AgCl— Li,SOy4 (the thermal effect of the reaction is Qo),
P corresponds to a fourth-stage reaction. The salt pairs produced in
4 second-stage reactions are located at the intersection of rows and
c6)  A®) K2 columns with two unities in the adjacency matrices I and II:

Figure 10. Conversion figure of the 9B-type quinary reciprocal system
Na,K,Ba//F,M004,WOj,.

AgCl-NasSO4 (Qs), NaCl-Li>SO4 (Q7), AgCl-NaNOs (Qs)
and AgNO3—Li>SO4 (Q5).

Other salt pairs are formed by first-stage reactions (Q,, 02, Q3
and Q). To determine the constituents of the thermal effects of the
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1
AgCl | AgNO; | AgSO, | Licl LiNO; | Li,SOs | NaCl | NaNO; | Na,SO4
AgCl 0 0 0 0 1 1 0 1 1
AgNO; | 0 0 0 0 0 1 0 0 1]
AgsrS0O4 0 0 0 0 0 0 0 0 0
LiCl 0 0 0 0 0 0 0 0 0
LiNO3 1 ¢ 0 0 0 0 0 le 0 0
LixSOs | 1 1 0 0 0 0 1 1 0
NacCl 0 0 0 0 1 1 0 0 0
NaNO3 1o 0 0 0 0 1 | 0 0 0
Na»SO4 1 1 0 0 0 0 0 0 0
I
AgC] LiCl NaCl AgNO3 LINO3 NaN03 AngO4 L12S04 Na2S04
AgCl 0 0 0 0 1 1 0 1 1
LiCl 0 0 0 0 0 0 0 0 0
NaCl 0 0 0 0 l e 0 0 le 0
AgNO; 0 0 0 0 0 0 0 1 1
LiNOs 1 0 1 0 0 0 0 0 0
NaNO; | 1] 0 0 0 0 0 0 0 1l
Ag>SOy4 0 0 0 0 0, 0 0 0 0
Li>SO4 1 0 1 1 1 0 ) 0 0 0
Na,SO4 1 ) 0 0 1 : 0 0 0 0 0
Figure 11. Cation (I) and anion (IT) adjacency matrices of the quinary reciprocal system Ag,Li,Na//Cl,NO3,SO4.
reactions, submatrices of quaternary reciprocal systems extracted “
from the adjacency matrices I and II should be considered. For the 1 2 3 4 5 6 7 8 9
Ag,Li//CI,NO3,S04 system (in the upper right part of the cation
St 4 SyRTEI A Lo I \s\ o lo o |1 o |1 |o 1
matrix), the following reactions can be written:

AgNO; + LiCl = AgCl + LiNO; — Qs 210 \6\ 0 0 0 1 1 0 0

1/2 Ag,SO4 + LiNO3 = 1/2 LiSO4 + AgNO3— Qs 3 0 0 \ 0 1 0 0 1 0

4 0 0 0 0 1 0 1 1

1/2 AgySO4 + LiCl = 1/2 Li>SO4 + AgCl— Qo

5 1 0 1 0 \ 0 0 0 1

Hence, Qo = Qs + Os.

A consideration of the Ag,Li,Na//Cl,SO4 system (the upper 6 0 1 0 1 0 \6\ 0 0 1
right semimatrix in the anion matrix) shows that Qo = Q7 + Qs. 5 | | 0 0 0 0 \G\ 0 ;
Other relations given in Table 16 are obtained in the same way.

Then the matrix of the conversion figure of the Ag,Li,Na// s 0 0 1 1 0 0 0 \ 1
CLNO3,S04 system is compiled (Fig. 12 @). This matrix includes
unities from the matrices I and I along with two connections, viz., 9 1 0 0 1 1 1 1 1 \0\
1-9 and 94, resulting from the intersection of the stable (AgCl -

Li>2SO4—NaNO3) and metastable (Ag,SO4— LiCl— NaNO3) axial b
triangles of singular and non-equilibrium stars. O Os 03 Figure 12. The matrix of the conversion figure

Once all necessary connections have been determined from the

. on fi h . (a) and the conversion figure (b) of the quinary
matrix of the conversion figure, one can construct the conversion 0 reciprocal system Ag,Li,Na//Cl,NO3,SO.
graph of the qglnary I'CClpI'OC'd.l system Ag,Ll,Na//Cl,N03,SO4 of Q7 Q8 (1) AgCl, (2) LlCl, (3) NaCl, (4) AgNOz , (5)
the 9C type (Fig. 125). LiNOs, (6) NaNOs, (7) Ag2SOq, (8) LizSO4.,

Using the matrix of the conversion figure, one can find the salt (9) NasSOy; unity and zero in the cells of the
compositions of secant tetrahedra and determine the total thermal 0> Qs 04  matrix signify respectively the presence and the
effect for each tetrahedron.® For this purpose, it is necessary to absence of a connection between stable salt
perform a summation over the corresponding rows of the matrix. pairs from the cation and anion matrices.

For example, the rows 5, 3, 8 and 9 should be summed for the




Modelling of chemical conversion processes in multicomponent reciprocal salt systems 1017
0s5—03—Q0s—Qosquare: AgNO3;—Li»SO4 (Qs), AgNO3 —Na>SOy4 a b
(Q3), AgCl—NaxSO4 (Qs) and AgCl-LixSO4 (Qy). The salt
composition of the tetrahedron is bo (NaF)2 | (KF)2 | BaF i di i
AgNO;—Li,SO4— AgCl—Na,SOs,, the total thermal effect of the ( 91 fn 4y )
reaction is Qo + Qs + Qs + Q3. The results of summation are Na,WO, | 04 0 0 G 4
given in Table 18. :

K>oWO4 1 0 1

F — + >

Table 18. Salt compos_itions of the secant tetrahedra for the quinary BaWO. 1 0 0
reciprocal system Ag,Li,Na//CI,NO3,SO4. 4 ¢

Overall thermal
effect of salts

Fragment of
conversion figure

Salt composition of tetrahedron

of tetrahedron

Square AgNO;3;—-LixSO4—NaSO4—-AgCl Qo+ Qs+ 05+ Q3
05— 03-0s—09

Square LiNO;—Li,SO4—NaCl—AgCl Qo+ Q07+ Qs+ Q>
02-07-09-0s

Triangle NaNO;-Li>SO4—NaCl-AgCl Qo+ 07;+0;
0,-09-07

Triangle AgNO;-Li>SO4—~NaNO3-AgCl Qo+ Q05+ Q;
01—-05-09

Triangle LiNO;—Li»SO4—NaNO3;—-AgCl Qo+ Qs+ Q4
04-06—Q09

Triangle NaNO;—Li>SO4—NaxSOs—AgCl Qo+ Qs+ Qy
04-0s— Q9

For the practical application of conversion figures, the corre-
sponding graphs need not be constructed from the adjacency
matrices. Geometric images can completely be omitted, because
the matrix of the conversion figure contains all necessary infor-
mation. For example, the degree of a vertex of a graph not only
defines the number of connections of this vertex to other vertices
(i.e., the number of conversion lines) but also indicates the number
of chemical reactions giving rise to a salt pair, the stage of
diagonals, the intersection of which is occupied by a particular
conversion point; the compositions of simplexes of a singular star,
and the heat capacities of mixtures corresponding to secant
elements of the singular star.

IV. Practical applications of matrices and graphs
in studies of complex systems

Matrices of reciprocal salt pairs with inscribed conversion figures
can be used for searching for salt mixtures, which are character-
ised by the highest energy capacity and are constituents of
simplexes for systems of the 2//n (n//2) series.’

The thermochemical relations in a system can be judged from
a matrix of reciprocal salt pairs with an inscribed conversion
figure of secant elements, i.e., such matrices allow one to deter-
mine the reaction stages yielding the corresponding salt pairs. It
can easily be found out which simplex has a higher energy
capacity. The larger the number of unities in the matrix that
contains elements of a conversion figure (from which a simplex is
obtained), the higher the total heat content of the salt mixture and,
consequently, the higher all other energy characteristics.

All simplexes of a singular star of a system can be determined
from the conversion figure inscribed into a matrix of reciprocal
salt pairs, i.e., triangulation can be performed without the use of
tools of multidimensional geometry.

1. Construction of singular stars of secant tetrahedra of
systems of the 2//n (n//2) series

Let us consider the determination of simplexes from a conversion
figure inscribed into a canonical matrix by of reciprocal salt
pairs ! for a system consisting of sodium, potassium and barium
fluorides and tungstates (Fig. 13). In the Na,K,Ba//F,WOQOy sys-
tem, BaF,; + KoWO,, (NaF), + BaWO,4 and KoWO4 + (NaF),
are stable pairs. The former two pairs are generated by first-stage

Figure 13. Conversion graph inscribed in the matrix of mutual salt pairs
of the quaternary reciprocal system Na,K,Ba//F,WOQy4 (@), and the general
form of the matrix (b).

reactions, whereas the third pair is formed by a second-stage
reaction. These pairs correspond to unities in cells of the matrix.
Points are placed in cells with unities, and then the points are
connected by solid lines to form the conversion figure of this
system inscribed in the matrix (Fig. 13 a). The analysis of the
conversion figure of the system starts with the determination of
secant simplexes (triangles).

The vertices of the first triangle are determined from the row,
which includes one of the lines az; or a»3 . This line corresponds to
potassium tungstate, which forms stable pairs with sodium and
barium fluorides.

Therefore, K;WO4—(NaF),—BaF; is one of the stable trian-
gles. The vertices of the corresponding metastable triangle repre-
sent salts located in cells with zeros, which are symmetric to cells
with unities relative to the zero diagonal. The cell a»; with unity is
symmetric to the cell a;» with zero, and the cell a»3 is symmetric to
the cell asz». Hence it follows that the KoWO4 + (NaF), pair
corresponds to the metastable Na,WO4 + (KF), pair, and the
stable KoWO4 + BaF, pair corresponds to the BaWO4 + (KF)»
pair. This gives rise to the metastable Na;WO4—(KF),—BaWO,4
triangle. The compositions of the stable K,WO4—(NaF),—
BaWOy triangle and the metastable (KF),—Na,WO4—BaF,
triangle are determined analogously from the conversion line in
the column of the matrix.

The next stage involves the determination of tetrahedra of
singular and non-equilibrium stars of the system. A stable
sphenoid (irregular tetrahedron) is determined by salts corre-
sponding simultaneously to all unities of the matrix (the overall
conversion figure). In the case under consideration, this is the
KoWO4—(NaF),—~BaWO,—BaF, tetrahedron. The metastable
sphenoid is formed by salts, which determine the row and column
with three or two zeros [BaWO4—BaF,—Na;WO4— (KF),]. Salts
corresponding to the shared edge of the stable and metastable
sphenoids are determined by the row and column with two zeros
(BaWO4 - Ban).

Stable tetrahedra correspond to salts, which occupy the cells
of an entire row or column, through which conversion lines pass.
For the system under consideration, these are the stable
K2WO4—(KF)2—(NaF)2—BaF2 (I‘OW) and (NaF)z—K2WO4—
Na;WO4—-BaWOy4 (column) tetrahedra. Metastable tetrahedra
are formed from columns and rows containing salts, which are
located in cells with zeros, the cells being symmetric to cells with
unities relative to the zero diagonal. The a»i, ax, a3 row is
symmetric to the a2, a2z, az» column, and the a1, a2, @31 column
is symmetric to the a1, a2, a3 row. Hence, KoWO,4—(KF),—
Na2W047BaWO4 and Na2WO47(NaF)27(KF)27BaF2 are
metastable tetrahedra.

All elements of the stable and metastable complexes of the
system are given in Table 19. The results obtained for the
Na,K,Ba//F,WOQy4 system according to the above-described pro-
cedure correlate well with the experimental data.!!

Therefore, this method provides a simple and convenient way
to determine secant elements of singular and non-equilibrium
stars for reciprocal systems of the 2//n (n//2) series without the use
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Table 19. Compositions of simplexes of the singular and non-equilibrium stars for the Na,K,Ba//F,WOy system.

Secant elements

stable metastable

Stable cells of singular star

Metastable cells of
non-equilibrium star

(NaF)2*K2WO4*BaWO4 (KF)Q*B&Fz*Na2W04

(NaF)z—K3W04—BaF2 N32WO4*(KF2)*B3WO4

(NaF)z — K2W04 — BaWO4— Ban
(NaF)z — Na2WO4 — BaWO4 — K2W04
(KF)Z —NaF - B’sz — K2W04

(KF)2 - N'(12WO4 - BaWO4— BaF>
(KF)>—-Nay;WO,—BaF,— (NaF),
(KF)2 - K2W04* Na2WO4 — BaWO4

of complicated geometric constructions. This method is rapid and
allows one to study multicomponent systems (for example,
systems containing 8, 10 or 12 salts).

The simultaneous determination of the energy characteristics
of simplexes makes it possible (after the transformation of a
conversion figure to an energy graph) to obtain a rapid semi-
quantitative estimate of the energy capacities of salt compositions
within one system. The estimation is performed as follows: the
heats of melting of the salts involved in tetrahedra are added to the
heats of exchange reactions occurring between the salts (taking
into account whether the reaction is endothermic or exothermic,
which is established by calculations or determined experimentally
from DTA data). If the heats of melting of salts have similar
values, the main difference in the energy capacity of salt mixtures
is associated with the heats of reactions. Therefore, the energy
capacity of a mixture depends on the number of exchange
reactions that can occur between the salts. This value can easily
be determined from the energy models (graphs).

For reciprocal systems containing six salts, the singular star
consists of three tetrahedra divided by two secant triangles. Salt
mixtures with the highest energy capacity are generally modelled
by sphenoids, because they are intersected by two conversion
lines, and, consequently, the salts belonging to the sphenoids are
involved in three exchange reactions [in the case under consid-
eration, the (NaF),—BaWO4—BaF,—K,WO, sphenoid]. Other
tetrahedra correspond to two exchange reactions. Hence, the
overall thermal effect of the reaction of salts involved in a
sphenoid is equal to twice the sum of the thermal effects of first-
stage reactions.

It was experimentally established that a eutectic present in a
sphenoid has the highest energy capacity.® Eutectics in systems
consisting of six salts were found according to this procedure. The
energy capacities of such eutectics are twice as high as those of
foreign standards.®- '° These eutectics were used as heat-accumu-
lation mixtures in thermal chemical power sources.

2. Construction of systems with the desired direction of
interchange reactions

Analysis of matrices of reciprocal salt pairs represents the basis for
the rational choice of salts for the preparation of systems with the
desired direction of exchange reactions. To prepare a quaternary
reciprocal system consisting of six salts with the desired direction
of interchange reactions, salts can be chosen using summary
matrix tables of reciprocal salt pairs composed for particular
groups of cations and anions.?

If the aim is to prepare a system characterised by the highest
stability of a particular salt, the ions should be chosen using a
matrix, in which this salt has two unities. In this case, the desired
salt (for example, AX) is formed in the system according to the
following reactions:

AY + BX = AX + BY,
AZ + BX = AX + BZ.

To construct a quinary reciprocal system consisting of nine
salts, in which the desired salt is the most stable, one should be
guided by the following principle. The chosen composition should
be such that the desired salt has two unities in two of the three
matrices compiled for the starting quaternary reciprocal systems
or at least has two unities in one matrix and one unity in another

matrix. For instance, the aim is to choose a salt composition of
nine salts involving alkali metal halides and sulfates such that the
exchange reactions are shifted toward the formation of lithium
sulfate.

To solve this problem, cations, whose halides form stable pairs
with lithium sulfate, are found from the matrix tables. All cations
of Group I elements satisfy this requirement. If the choice is
limited to lithium, sodium and potassium salts, a salt composition
with the desired direction of exchange reactions can be con-
structed using a mixture of lithium, sodium and potassium
chlorides, bromides and sulfates or a mixture of chlorides, iodides
and sulfates of these alkali metals. In these cases, the following
quinary reciprocal systems of nine salts are formed:
Li,Na,K//Cl,Br,SOy; Li,Na,K//CLI,SOy4; Li,Na,K//Br,1,SOy4 .

In addition to lithium sulfate, the basic triangle for such
systems involves a pair of sodium and potassium halides, which
has unity in the third starting matrix. For the Li,Na,K//Cl,Br,SO4
system, this is the KBr—NacCl pair, i.e., the basic triangle has the
composition LioSO4—KBr—NaCl. This fact was confirmed by
experimental data.® Lithium sulfate is formed according to the
following equation:

2 LiBr + K,SO4 + NaCl = Li»SO4 + 2 KBr + NaCl.

The NaCl salt has crystallisation fields both in the non-
equilibrium and basic triangles (Fig. 14).

For particular pairs of cations, reciprocal quaternary and
quinary systems are conveniently constructed by setting up series
of chemical reactivity (stability) of salts with these cations. For
example, there are the following series of stability for systems
involving lithium and sodium (stability increases from left to
right):

Lil, LiBr, LiCl, LiNOs3, Li,SOy4;
Na,>SO4, NaNOs3, NaCl, NaBr, Nal.

To construct a quaternary reciprocal system of six salts
characterised by the highest stability of a particular salt (for

Li,SO4 LizSO4 425

286 NaNO;

Figure 14. Axial stable triangles of the quinary reciprocal systems
Li,Na,K//CLBr,SO4 (a) and Li,Na,K//Br,NO3,SO4 (b).

E and P are quasiternary eutectic and peritectic points, respectively; the
temperatures are given in degrees Centigrade.
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b
1/2NaS04, 885

NayS04

Na»>SO4 E, 268 (NaNO3),

LizSO4

¢,345 (LiNOs);

1/2LiSO4 a7 P

Figure 15. Sections of the quaternary reciprocal systems Li,Na//Cl,Br,NOs; (a), Li,Na//Cl,NO3,SO4 (b), Na,T1//CI,NO3,S04 (¢) and Li,Na//CI,NO3,SO4
(d, e); e and p are the saddle eutectic and peritectic points, respectively; the temperatures are given in degrees Centigrade.

example, lithium nitrate), a composition of salts, which are
located in the left side of the series of stability (i.e., lithium
chlorides and bromides, chlorides and iodides, bromides and
iodides), should be chosen. Actually, investigation of the quater-
nary reciprocal system Li,Na//CL,Br,NO; demonstrated that
LiNOs is the most stable salt in this system even in the presence
of stable sodium salts (Fig. 15 a).

Let us consider another situation, where the aim is to change
the direction of the exchange reaction in the reciprocal system
Li,Na//CI,NO3,SO4 consisting of six salts toward the formation of
sodium sulfate.

The matrix of reciprocal salt pairs for this system has the form

I
Na*
(&) Cl—

NO; SOp~

c- o 0 0
Li*  NOj 1 0 0
SO} 1 1 0

The main reaction
2 LiCl + Na,SO4 = Li»SO4 + 2 NaCl,

proceeding in this system can be shifted in the required direction
by replacing one of the ions. In deciding on a cation to be replaced,
one should choose an ion characterised by a reciprocal matrix. In
the case under consideration, this is the type ¢, because the starting
system has the matrix ¢o. The thallium ion satisfies this require-
ment.

11
Na*
c Cl—

NO;7 SO

ca- o0 1 1
T+ NO; 0 0 1
SO} 0 0 0

The main reaction in the Na,T1//Cl,NO3,SO4 system is
2NaCl + T1,SO4 = NaSO4 + 2 TICI.

This fact can be confirmed by comparing the corresponding
sections of the Li,Na//Cl,NO3,SO4 (Fig. 15b) and Na,Tl//
CLNO3,S04 systems (Fig. 15¢).

In the former system, sodium sulfate is involved in the
metastable LiCl—Na>SO4—NaNOs; section. The liquidus surface
of the section is shown in Fig. 15 b. It can be seen that the section is
metastable, because it involves NaCl as the exchange product.
After the replacement of the lithium ion with thallium, the section
becomes stable.

The direction of the exchange reactions in quinary reciprocal
systems consisting of 8 or 9 salts can be changed in the same
manner as for reactions in quaternary reciprocal systems, except
for the fact that one or two reciprocal matrices should be used.

Analysis of matrices of reciprocal salt pairs gives an idea of
how one can influence the complexation processes. Let us consider
the situation where complex compounds are formed by a stable
salt produced by an exchange reaction. The complexation leads to
a decrease in stability of the salt, and the yield of the salt in the
reaction also decreases. To prevent complexation, it is necessary
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to replace one component. For example, stability of lithium
sulfate in the quaternary reciprocal system Li,Na//CI,NO3,SOy is
low due to formation of Li;SOy4-Na;SOy.

It is necessary to choose a salt composition, in which the
Li>SO4-Na,SO4 compound has no effect on stability of the salt
under consideration. It appeared that the stability of the desired
salt can be increased within the same system by introducing an
excess of lithium ions. For example, Li>SO4 is more stable in the
presence of lithium nitrate (Fig. 15d). If it is required to replace a
particular ion in a system with another ion, one should use an ion,
the replacement of which leaves the main exchange reaction
unaffected. In the Li,Na//CI,NO3,SO4 system, the nitrate ion
satisfies this requirement. This ion can be replaced with an anion
or cation provided that the type of the matrix of reciprocal salt
pairs remains unchanged. As can be seen from the series of
chemical interactions of the cations, any cation to the left of
lithium can be used for the replacement. Let us use potassium. In
this case, the quaternary reciprocal system Li,K,Na//CL,SOy is
formed. The elementary matrix of this system is as follows:

S0}~
co Li* Na* K"

Lit 0 0 0
Cl= Na* |1 0 0
K™ 1 1 0

In this matrix, lithium sulfate has two unities. This compound
is formed by the reaction

K5SO4 + 2 LiCl = Li,SO4 + 2 KCL

The LixSO4 - Na>SO4 compound in the Li,K,Na//Cl,SO4 sys-
tem occupies a small volume and is not manifested in the phase
diagrams of stable sections.

The choice of salts, which promote immiscibility with reten-
tion of the direction of the exchange reaction toward the for-
mation of the desired salt, is of practical interest. For instance,
immiscibility in reciprocal systems can be used for extraction of
salts from melts.

Suppose that there is a need to choose a salt composition,
which consists of nine salts involving the Li* and Na* cations
and is suitable for extraction of lithium sulfate from melts.
Initially, information on which salts (in combination with lithium
sulfate) lead to immiscibility can be extracted from the analysis of
the data on ternary reciprocal systems. These salts are silver,
cadmium and thallium chlorides. Then we choose cations, which
have no effect on the stability of Li»SO4, based on series of
chemical interactions for the halide —sulfate exchange.

For these cations, other anions can be included in the consid-
eration (for example, nitrate ions, which do not decrease the
stability of the salt of interest, in whatever combination desired).
The procedure gives the following systems: Ag,Li,Na//
CLLNO3,SO4;  Ag,Li,Na//CLBr,SO4; Cd,Li,Na//Cl,NO3,SO4;
Cd,Li,Na//Cl,Br,SO4; Li,Na,Tl//CI,NO3,SO4; Li,Na,Tl//Cl,Br,
SO4. Some of these systems were studied experimentally. For the
Li,Na,Cd//CI,NO3,SO4 system, the immiscibility region in the
phase diagram of the axial stable triangle comprises 54.5%of the
diagram.

3. Construction of singular stars of secant tetrahedra for
systems consisting of nine salts
To construct singular stars, it is necessary to determine the salt
compositions of secant tetrahedra. This can be done by interpret-
ing elements of the graph (the conversion figure of this sys-
tem).8-34.35

Let us consider the procedure for the determination of salt
compositions of secant tetrahedra using the quinary reciprocal
system Li,Na,K//Cl,Br,NOj consisting of nine salts as an exam-
ple. This system belongs to the 9B topological type.®-23:3¢ The
conversion graph of this system is shown in Fig. 16. The stable salt

0> Os
Qr
Q4 197
Q
/
4 Figure 16. Conversion figure of the
0s Os 0; 9B-type quinary reciprocal system

Li,Na,K//CI,Br,NO; .

Table 20. Elements of the conversion graph and salt compositions of
secant tetrahedra for the quinary reciprocal system Li,Na,K//CLBr,NOs.

Element Stable Element of singular star
of conversion salt pair
graph
Square LiINO3+KCl(Q4) pyramid
04— 06—0s— Qo LINO3+NaCl(Qs) LiINO3—KCl-NaCl-NaBr—KBr
LiNO;+ NaBr (Qs) tetrahedra
LiNOs+ KBr (Qv) LiNO;—KCI-NaCl-KBr
LiNO3;—NaCl-NaBr—KBr
Square KBr+NaNO; (Q2) pyramid
Q_?* ij Q7* Qg KBr+ NaCl (Qs) KBI'*LiNO3*LiC1*NaCl*NaNO3
KBr+LiCl (Q7) tetrahedra
KBr+ LiNO3 (Qo) KBr—LiNO3-LiCl-NacCl
KBr—LiNO3—NaNO3;—-NaCl
Square LiCl+ NaBr (Q3) sphenoid
03—0s—0o—07 LiNO3+NaBr (Qs) NaBr—KBr—LiNO3;—LiCl
LINO3 + KBr (Qg)
LiCl+KBr (Q7)
Triangle NaCl+KNO;3 (Q,) tetrahedron-hemipyramid
0,-05—0s KBr+ NaCl (Qs) LiNO3;—KBr—NaCl-KNO;
NaCl+ LiNOs3 (Q¢)

pairs and elements of singular and non-equilibrium stars are given
in Table 20.

The salt compositions of the tetrahedra can be determined
according to three procedures.

1. The procedure based on the thermochemical relations in a
system. Individual squares and triangles of the conversion figure
are considered. For each point of complete conversion, stable
pairs and the corresponding stages of stable diagonals are written.
For example, the point Qs for the conversion square
04—0s—Qs— Qo corresponds to the first-stage diagonal
LiNO3;—-KCl, the point Qs corresponds to the second-stage
diagonal LiNO;—NaCl, the point Qg corresponds to the third-
stage diagonal LiINO3 — NaBr, and the point Qg corresponds to the
fourth-stage diagonal LiNO3;—KBr. The LiNOs salt is repeated
four times and, consequently, serves as the vertex of the pyramid,
whose base is formed by the ternary reciprocal system Na,K//
CLBr. The pyramid is composed of two tetrahedra, viz.,
LiINO;-KCI-NaCl-KBr and LiNO3;—NaCl-NaBr—-KBr,
sharing the axial triangle LiNO3;—NaCl—-KBr. Analogously, the
LiNO3;—NaNO3;—NaCl-KBr and LiNO;3;-LiCl-NaCl-KBr
tetrahedra are determined from the conversion square
0:-05-07-0.

2. The procedure based on chemical reactions described by
conversion figures. By summing the reactions for points of
complete conversion of ternary reciprocal systems, we obtain the
reaction equation for the central point of the conversion square.
For example, for the Q>— Q05— Q07— Qo square (see Fig. 16),

LiBr+KCl+ NaBr+ KCl+ NaBr +KNO; + LiBr + KNO; =
= LiNO3 + LiCl+4 KBr+ NaCl + NaNOs.
The salts formed in the reactions are placed at the vertices of

the KBr—LiNO3z—LiCl-NaCl-NaNOs pyramid, with the ter-
nary reciprocal system Li,Na//Cl,NOj3 lying on its base. The salt
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compositions of the tetrahedra involved in the pyramid can be
derived from the reaction equations for the conversion triangles:
for the Q>— Q05— Qo triangle,

2 KNO; + NaBr + NaBr + KCI + LiBr =
= 3 KBr + LiNO; + NaCl + NaNOs;

for the Os— Q07— Qo triangle,
NaBr + LiBr + 2 KCl + KNOj3 =
= 3 KBr + LiNO;3; + NaCl + LiCl.

3. The geometric procedure.® 3* A fragment of the conversion
figure, viz., a square or triangle, is displayed on the plane, and
points of complete conversion are indicated. The conversion
square is inscribed in a quadrangle (Fig. 17). The notations of
salts common to each pair of points are placed at the vertices of the
tetrahedron. For example, the NaBr salt is common to the points
Q3 and Qs, LiNO3 is common to the points Qs and Qo, etc. The
conversion triangle is inscribed in a tetrahedron parallel to one of
its faces. A salt common to three points of complete conversion
serves as a vertex of the resulting tetrahedron.

KBr
O 07
LiNOs3 LiCl
Figure 17. Geometric procedure
0Os 05 for the determination of the salt
compositions of the tetrahedra for
the reciprocal system Li,Na,K//
NaBr

Cl1,Br,NOj; consisting of nine salts.

Once the salt compositions of the tetrahedra have been
determined, the scheme of a singular star is constructed taking
into account the reaction stages and constituents of the thermal
effects.

The tetrahedra in the singular star are connected to each other
in a particular manner. Schemes of singular stars of tetrahedra can
be derived by analogy with singular stars of pentatopes.® Systems
belonging to different topological types are characterised by
different schemes (Fig. 18). In Fig. 18, the points correspond to
the tetrahedron, and the line characterises the presence of three
common salts involved in the tetrahedron. Hence, the triangle
formed by stable diagonals serves as a connection unit between the
tetrahedra.

Each topological type of a singular star of tetrahedra is
characterised by a particular set of reaction stages.

a b c
2 1 2 1
i 6 3 6 3 6
5
4 5 4 5
d e
2 1
2 6
4 1
3 5
5 6
4

Figure 18. Schemes of singular stars of secant tetrahedra for quinary
reciprocal systems of the topological types 9A (a), 9B (b), 9C (¢), 9D (d)
and 9E (e).

Schemes of connections between tetrahedra represent graphs
with different arrangements of vertices corresponding to the
topological type of the system. Analysis of such graphs allows
one to reveal the reactivity of salts, which compose any tetrahe-
dron of a singular star. The advantage of this procedure for the
construction of graphs of singular stars of tetrahedra for systems
of various topological types is that it clearly shows the relation-
ships between the thermochemical relations, chemical reactions in
the system as a whole and its constituents and the geometric
elements of singular stars.

4. Proximate method for studying phase complexes of
reciprocal salt systems in melts

According to Kurnakov’s theory, the composition—property
diagram of a system is formed at the intersection of the coordinate
frame (the phase diagram of the system) with the phase complex.
Triangulation methods allow one to construct a phase complex of
a system after the construction and partitioning of the composi-
tion diagram.

The conversion method © enables one to study and construct
phase diagrams of multicomponent reciprocal systems without
preliminary investigation of the composition diagram, because
conversion figures of secant elements can be constructed and
analysed with the use of matrices of reciprocal salt pairs, some-
times without deducing singular and non-equilibrium stars.$-32.33

This method of studying phase complexes of reciprocal con-
densed systems reduces substantially the time of experimentation
and, hence, is a proximate method, which allows one to solve a
number of problems in serial technological investigations.” The
essence of the method is that the minimum number of points in
phase diagrams are studied experimentally. Differential thermal
analysis (DTA) is used as the main method, which should be
supplemented with methods for the determination of composi-
tions of invariant points (zone melting, chemical analysis) and
methods for the identification of phase compositions (powder
X-ray diffraction analysis, microstructural analysis).

Investigation of a phase diagram is simplified due to a
decrease in the amount of required data. With information only
on binary systems and polymorphism of salts in hand, it is
sufficient to study one point of complete conversion for a ternary
reciprocal system. For quaternary reciprocal systems, two lines of
complete conversion should be studied if experimental data on
points of complete conversion of ternary reciprocal systems are
available, and so forth.!!-36

The procedure for studying systems is as follows. Investiga-
tion of a ternary reciprocal system starts with the measurement of
a thermogram of the point of complete conversion, i.e., the point
corresponding to the equivalent ratio of a pair of salts, which have
no ions in common. The thermogram is interpreted using data on
the phase complex of binary systems.3%37 The first thermal effect
corresponds to the onset of crystallisation of the phase, which
crystallises at the point of complete conversion. The phase can be
identified by microstructural analysis or otherwise. The second
peak in the thermogram is assigned to co-crystallisation of the
phases that form by the exchange reaction or complex formation.
Data on binary systems give an indication of the irreversibly
reciprocal character of a ternary reciprocal system, and the
presence of two thermal effects in the thermogram confirms this
suggestion. In this case, the temperatures of invariant points can
be determined by thermographic analysis.3”

In addition to the temperatures of invariant points, it is
necessary to determine their compositions by zone melting fol-
lowed by chemical analysis. Therefore, to reveal the phase com-
plex of irreversibly reciprocal ternary systems, one needs to study
several concentration points. Methods were developed for the
calculation of crystallisation surfaces of ternary reciprocal sys-
tems and their sections.?®~4> Combinations of calculation and
experimental methods were also used.*3~43

The question about complexation in a ternary reciprocal
system can also be solved using a thermogram for the point of
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complete conversion, in which the thermal effects are observed.
These effects accompany the following processes: the onset of
crystallisation; co-crystallisation of a salt pair formed by an
exchange reaction; co-crystallisation of a stable salt pair with a
compound resulting from complexation.’’

Thermograms of the points of complete conversion!! are
shown in Fig. 19. The Na,Ba//F,WO4 system is irreversibly
reciprocal, which was confirmed experimentally (Fig. 19 ). The
Na,K//F,WOy4 system is complicated by the complexation proc-
ess. The thermogram of the point of complete conversion of this
system (Fig. 19 b) shows that the following competitive reactions
proceed in the system

2 KF + Na,WO, = 2NaF + K,;WOq,,
3 KF + Na2W04 = 2NaF + KF- K2W04.

The compound is formed in the secondary reaction, which
does not take place at the point of complete conversion. The
overall phase complex of this system can be revealed by also
studying points of incomplete conversion.3- 1!

The conversion figure becomes more complicated as the
number of components increases. Investigation of two lines of
complete conversion, which include points of complete conversion
of ternary reciprocal systems, is sufficient to obtain phase com-
plexes of systems consisting of six salts.#® The phase diagram of
the Na,K,Ba//F,WOQj, system is shown in Fig. 20. The conversion

T/°C a b
900 \842 3
753
1
500 -
2
100
1 1 1
0 5 10 t/min 0 5 10 t /min

Figure 19. Thermograms of the points of complete conversions of the
Na,Ba//F,WO4 (a) and K,Ba//F,WOQOy4 (b) systems.
(1) Thermal analysis, (2) DTA.

lines B, D and F serve as the composition axis of this diagram.
Based on analysis of the diagram, one can draw conclusions
regarding the crystallisation volumes in the system under consid-
eration, exchange and complexation reactions and invariant
points.
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Figure 20. Temperature —composition diagram for the quaternary reciprocal system Na,K,Ba//F,WQ,.!!

The composition axis represents the conversion lines B— D and B—F (see Fig. 2b), D,

KF- K2W04 N D, = K2W04 . BaWO4 .
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For example, the BaF,, BaWO4 and NaF salts are charac-
terised by the largest volumes in the Na,K,Ba//F,WO4 system.
Experimental study of the conversion lines demonstrated that the
following reactions occur in the system containing metastable
salts in a stoichiometric ratio:

2 KF + BaWO4 = BaF; + K,WOq4,

2 KF + Na;WO4 = 2NaF + K;WOq,

BaF, + Na;WO4 = 2NaF + BaWOy,,

2 KF + 2BaWO4 = BaF, + K,;WO4-BaWOyq,
3 KF + Na,WO4 = 2NaF + KF- KoWO4.

The B— D line in Fig. 20 intersects the crystallisation fields of
sodium fluoride, as evidenced by two branches of primary
crystallisation intersecting at the point with coordinates 987 K
and 27.5% of B. This point lies on the curve, which separates the
crystallisation fields of NaF and BaWO, (Fig. 21). The curves of
secondary crystallisation (NaF+BaWO,), (NaF+K;WO,-
BaWO,) and (NaF + K,WO,) intersect at two points with the
following coordinates: 973 K, 38.5% of B; and 936 K, 84% of B.
These points correspond to quasiternary eutectics in the plane of
the (NaF),—BaWO4— K,WOq4 triangle.

At 50% of B, a minimum is observed at 978 K in the curve of
secondary crystallisation, and only two phases, viz., sodium
fluoride and KoWO4 - BaWOQy, are observable (see Fig. 20).

The results of powder X-ray diffraction analysis of the points
of co-crystallisation of three phases on the B—D line with
B > 50% demonstrated that the following phases occur on this
line: NaF, KoWO4-BaWO,; and K,WO,4. For melts with
B < 50%, the NaF, Ko;WO4-BaWO4 and BaWO, phases were
detected. The central point of the conversion line is characterised
by crystallisation of two phases, viz., NaF and K;WO4-BaWOy.

On the whole, the conversion lines and, consequently, the
(NaF),—K>WO4—BaWOy triangle correspond to four phases,
viz., NaF, Ko;WO4, KoWO4-BaWO,4 and BaWO4 (see Figs 20,
21).

The B— D line of complete conversion lies in the plane of the
diagonal triangle (NaF), - K,;WO4—BaWOQO,4, whose vertices cor-
respond to salts formed by exchange reactions in the Na,K,Ba//
F,WO, system. By summing the equations of the exchange
reactions for the points B and D, we obtain the equation for the
conversion line B—D.

BaWO,,

1753

Figure 21. Phase diagram of the secant triangle (NaF),—BaWO4—
K>WOq of the Na,K,Ba//F, WOy, system.

Here and in Fig. 22, the temperatures are given in Kelvin (K); /- VI denote
the sections studied.

For the point B:

2KF + Na;WO4 = 2NaF + K,;WOq,,
for the point D:

BaF,; + Na,WO4 = 2NaF + BaWO,.

The following reaction corresponds to the central point of the
B—D line:

2 KF + BaF,; + 2Na,WO4 = (10)
=4NaF + K,;WO4 + BaWOy,.
The data on the boundary elements show that K,WO4 and

BaWO, taken in a ratio of 1:1 form the highly stable
K2WO,4-BaWO,4 compound

K2W04 + BaWO4 = K2W04' BaWO4 . (1 l)

By summing the latter two equations, we obtain

2 KF + BaF> + 2Na,WO, = (12)

= 4NaF + K,;WO4-BaWO,.

Therefore, the following two phases should correspond to the
central point of the conversion line B-D: NaF and
KoWO4-BaWO,. These compounds are stable products of
exchange and complexation reactions.

The following equation is true for any other point of the
conversion line B—D:

x(KF), + (1—x)BaF, + Na,WO, = (13)
= (NaF), + x KaWO, + (1 —x) BaWOy.
Let us consider two cases: x > 0.5and x < 0.5. Let x = 0.6. By
summing the equations, we obtain
0.6(KF)>+0.4BaF>+ Na,WO4 = (NaF),+ 0.6K,WO4+0.4BaWO4
0.4K>WO4+0.4BaWOy = 0.4(K-WO4- BaWOy)

0.6(KF)>+0.4BaF>+ Na,WO4 =
= (NaF),+0.2Kos WO, + 0.4(Ks WO, - BaWOy,).
Therefore, three phases, viz., NaF, K,;WOs; and
KoWO4-BaWO,, should be observed at points on the conversion
line B—D with B > 50%. This is consistent with the experimental

data.
Let x = 0.4. Then

0.4(KF),+0.6BaF> + Nay;WO, = (NaF) +0.4K, WO, + 0.6BaWO,
0.4K, WO, +0.4BaWO, = 0.4(K,WO,- BaWO,)

04(K F)z +0.6BaF,+Na,WO, =
= (NaF)>,+0.2BaWO4+ 0.4(Ko;WO4- BaWOy).

Hence, the NaF, BaWO4 and Ko;WO4 - BaWO, phases should
be detected at the points on the conversion line B—D with
B < 50%.

In addition to exchange reactions, the complexation reactions
giving rise to the KF-K,;WO4 compound correspond to the
conversion points B and F (see Fig. 20).

For the point B:

3(KF); + 2Na;WOy = 2(NaF), + 2 (KF - K,WOy),
for the point F:
3(KF), + 2BaWO, = 2 BaF, + 2 (KF- K,WO,).
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The following reaction corresponds to the central point of the
conversion line B—F:

6(KF), + 2BaWO, + 2Na;WO, =

= 2(NaF), + 2BaF, + 4(KF- KxWOy)
or
3 (KF)2 + BaWOy4 + Na,WO4 =

= (NaF), + BaF, + 2(KF - K,WO,).

For any point on the B—F line, the complex formation is
described by the equation

3(KF)2 + 2(1 —x) BaWO4 + 2x Na,WO4 =
= 2x(NaF), + 2(KF - KaWOy) + 2(1 —x)BaF,.

The reaction affords sodium fluoride, barium fluoride and
KF-K;WOy for all x varying from 0 to 1.

However, the field of the KF-K,WO4 compound is not
observed in the plane of the diagonal triangle (NaF),—
BaF>—-K,yWOy (Fig. 22), which is intersected by the conversion
line B—F. From this it follows that a stable diagonal section with
the BaF,—(NaF), edge and the third vertex KF - K, WO, should
be present in the composition prism. This triangle was examined
by the visual polythermal method.*® The liquidus surface of this
triangle consists of three crystallisation fields, viz., (NaF),, BaF,
and KF-K;,; WO,, intersecting at the point of crystallisation of
three phases (a quasiternary eutectic point).

As can be seen from the phase diagrams of the conversion lines
of the Na,K,Ba//F,WQ4 system, the central part of the composi-
tion prism includes the crystallisation volumes of stable compo-

1268
(N aF)z 1

Figure 22. Phase diagram of the secant triangle (NaF),—BaF,—-K,WO4
of the Na,K,Ba//F,WOy, system.

nents, which are products of exchange and complexation
reactions: NaF, BaF,, BaWO,, K,;WO,, KF-K,;WO, and
K2W04 . BaWO4 .

The starting KF and Na,WOy salts are absent in the phase
diagrams, because they are metastable components and are
consumed in the reaction.

T/K

1373

1273

1173

1073

1056

973 -
953

NaF+b+n

1056

NaF+a+n
1 1 1 1 1 1 1 1 1 1 1 1
B 20 40 60 8 C 20 40 60 80 T 20 40 60 8 B
[50% (NaF) ] [50% (NaF); ] [50% KoWO, ] [50% (NaF) ]
50% K2WO4 50% BaMoO4 50% BaMoO4 50% K2WO4

Figure 23. Temeprature —composition diagram for the quinary reciprocal system Na,K,Ba//F,M00O4,WQ,.!!
The composition axis represents the conversion lines B—C, B—T and C— T (see Fig. 10).
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It should be noted that, in addition to two ternary invariant
points, a quaternary eutectic point is present in the conversion
lines.

The conversion figure of secant tetrahedra of quinary recip-
rocal systems consisting of nine salts represents a polythermal
section and, consequently, the phase diagram of the system.

The conversion figure of the 9B 2 9A-type quinary reciprocal
system Na,K,Ba//F,Mo00O4,WOj, consisting of nine salts is shown
in Fig. 10. The inner lines C—7, B—T and F— A4, B—C of the
conversion graph differ from other lines 4 in that the lines making
up the conversion graph belong to none of the six prisms of the
quaternary reciprocal systems, which bound the composition
polytope of the quinary reciprocal system, and lie in the planes
of the stable and non-equilibrium axial triangles.

The B—C, B—T and C-T lines intersect the stable axial
triangle of the quinary reciprocal system Na,K,Ba//
F,M004,WOy4, and the F— 4 line intersects the non-equilibrium
triangle of this system.® Consequently, the crystallising phases
involving all six ions correspond to these four lines. Hence, the
lines were assigned to the quinary reciprocal system.

The B— Cline in Fig. 23 intersects the crystallisation volumes
of NaF and the phase b (the BaMoO4—BaWOQj solid solution), as
evidenced by two branches of primary crystallisation intersecting
at the point with coordinates 989 K and 15.5% of B [the
composition: 50% (NaF),, 43% BaMoOy4 and 7% K>WO4]. The
curve of secondary crystallisation consists of the following three
branches: NaF +a, NaF+5b and NaF+n (a the
KoMoO4—-KyWO, solid solutions; b, the BaMoO4—BaWO,
solid solutions; n, the K;MoO4-BaMoO4—K,;WO,4-BaWOy
solid solutions). These branches intersect at the eutectic points of
three phases: at 937 K and 28.5% B[33% (NaF),, 10% BaMoO4
and 57% K,>WOy], the solid phases NaF, a and #; at 971 K and
85% B [44% (NaF),, 39.5% BaMoO4 and 16.5% K>WO4], the
solid phases NaF, b and n.

The curve of secondary crystallisation has a maximum at
984 K and 50% B [44% (NaF),, 28% BaMoO4 and 28%
K,oWO4], the solid phases NaF and 7.4¢ In Fig. 23, the conversion
line C— T intersects the crystallisation volume of the phase b, as
evidenced by the curve of primary crystallisation (without
extremes). Secondary crystallisation is represented by two
branches, viz., NaF —phase b and n + b, intersecting at the eutectic
point of crystallisation of three phases, viz., NaF, » and n (at
971 K and 27% T). The conversion line B—T intersects the
crystallisation volumes of NaF and the phases b and n. The
branches of primary crystallisation intersect at two points with

BaMoOQy, 1730

1268
(NaF), B 951

Figure 24. Phase diagram of the stable axial triangle (NaF),—
BaMo0Os—K,>WOy of the Na,K,Ba//F,M004,WOQOy, system.
Temperatures are given in Kelvin (K).

coordinates 1271 K and 15% B [7.5% (NaF),, 42.5% BaMoO4
and 50% K>WOu4], the solid phases b and n; and 955 K and 63% B
[37% of (NaF),, 13% BaMoO4 and 50% K>WO4], the solid
phases NaF and n.

The phase diagram of the overall stable axial triangle can be
constructed based on the data corresponding to the conversion
lines B— T, C—T and B- C (Fig. 24).11

5. Stable tetrahedra of quinary reciprocal systems consisting
of nine salts
The salt compositions of all tetrahedra of a singular star can be
determined from a conversion figure of secant tetrahedra for
quinary reciprocal systems of nine salts belonging to any topo-
logical type. Each point of the conversion figure of this system
corresponds to an exchange reaction between stable and meta-
stable salt pairs located at the vertices of the conversion graph.
The chemical interaction in the system under consideration
can be described by reaction equations for the points lying in the
planes of the conversion figure. Based on these equations, the
crystallising phases in stable secant tetrahedra can be predicted.
The A—B—-C—-D square of the conversion figure for the
Na,K,Ba//F.M004,WO, system is shown in Fig. 25. The equa-
tion for the central point of this square has the form

2(KF), + 2Na:MoOy + 2 NayWO, + 2 BaF, = (14)
= 4(NaF), + KxMoO, + KaWO, + BaMoOy, + BaWO,.

K2M004 (KF)z K2W04

7 AN
7
/

N
N
A <
7 /| \
N

7 NaF 2

Na?_MOO4

Na2W04
N /
N 7
N /|
X D

N 7
N Ve

BaMoOy BaF, BaWOy,

Figure 25. Conversion square A —B—D— C (a fragment of the conversion
figure) for the quinary reciprocal system Na,K,Ba//F,M0O4,WOy.

The right-hand side of this equation includes a metastable pair
of salts, which react according to the equation

BaWO4 + K>oMoO4 = BaMoO4 + KoWO4. (15)

By summing Eqns (14) and (15), we obtain

2(KF), + 2Na;MoO4 + 2Na,WOy + 2 BaF, = (16)
= 4(NaF), + 2BaMoO4 + 2 KoWOy.

Analysis of the data on the boundary elements demonstrated
that crystallisation of BaMo0QO4 and KoWOy4 (taken in equivalent
amounts) affords the phase n, viz., the solid solutions of the
K>MoO4-BaMoO4—KoWO,4-BaWO,s  compounds.  Conse-
quently, the latter reaction produces the phases NaF and n.

The central point of the conversion square 4A—B—-D—-C
coincides with the central point of the conversion line B—C (see
the diagrams of the conversion lines B—7, C-T and C-B,
Fig. 23). For this point, crystallisation of the phases NaF and n
(the KoMoO4—BaMoO4 and KoWO4—-BaWOy solid solutions)
was established experimentally. This fact is in complete agreement
with the prediction of phases formed according to the above-given
equation taking into account the data on the boundary elements.

The conversion square A — B— D — Cis divided by the B—Cline
(the diagonal of the conversion square) into two triangles,
A—B—-C and B—D—C. Each triangle is characterised by its own
equation of the exchange reaction (Fig. 26).
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C 716 /4 B

Figure 26. Phase diagram of a system represented by the conversion
triangle B— C—D.

The composition of each point of the B— C— D triangle can be
expressed by the ratio between the B, C and D components, which
reflect the transformation of a metastable salt pair into a stable
pair. On the whole, the equation of exchange reactions for each
point of the B—C— D triangle can be written as follows:

x(NaxMoOy + BaFy) + y[(KF), + Na;WO4] +

+ (1—x—y)(BaF, + Na,WOy) = x[BaMoOy + (NaF),] +

+ p[(NaF); + KaWO4] + (1—x—y)[(NaF), + BaWO4].

After simple algebraic transformations, we obtain

xNa,MoOy4 + (1 —y)BaF; + y(KF), + (1 —x)Na,WO4 = 17)
= (NaF); + xBaMoO4 + y KaWO4 + (1 —x—y) BaWO,.

Therefore, the exchange reactions afford stable salts located at
the vertices of the secant tetrahedron, which is intersected by the
conversion triangle B—C—D (see Fig. 26). Let us analyse the
possible reaction products for points on this triangle. Experimen-
tal studies demonstrated that the crystallisation surface of this
triangle is represented by the fields of sodium fluoride and the
phase b.

The triangle can be divided by the 7—IT line, which connects
the saddle points of the conversion lines B—C and B— D, into two
regions, B—II—-1and I-II- C— D. Particular stable phases corre-
spond to both regions of the conversion triangle and the 7— /1 line.
These phases are formed in the course of crystallisation of the
products of the exchange reaction described by Eqn (17).

For each point of the B—II—-1 region (y > 0.5, x < 0.5), the
composition can be expressed as follows: y is the amount of the
component B, x is the amount of the component C, the amount of
the component D is 1—x—y. Let us consider the arbitrarily
chosen point 1, for which x = 0.1 and y = 0.7. The equation for
this point has the form

041 Na2M004 + 03 Ban + 07(KF)2 + 09 N32WO4 = (18)
= (NaF); + 0.1 BaMoO4 + 0.2 BaWO4 + 0.7 KoWO;,.

If the BaM 004 + BaWO4 and KoWO4 products are present in
a ratio corresponding to the right-hand side of this equation,
complete crystallisation affords the phases n (the KoMoO4—
BaMoO,; and K,WO,;—-BaWO, solid solutions) and « (the
K>MoO4—-K,>WOy solid solutions), as is obvious from the data
on the boundary elements. Therefore, the following final reaction
products correspond to the points in the B—I/— I region: NaF, the
K>2Mo0O4—BaMoO4 and KoWO4—BaWOy4 solid solutions and the
KoMoO4—K,WO4 solid solutions. For the point 2 in the
I-II-C—- D region (y < 0.5)at x = 0.7 and y = 0.1, the equation
has the form

0.7 Na,MoOy4 + 0.9 BaF; + 0.1 (KF)> + 0.3 Na,WO,4 = (19)
= (NaF), + 0.7BaMo0O4 + 0.2BaWO4 + 0.1 K,WOy4.

At the above-mentioned ratio between the
BaMo0O4 + BaWO4 and KoWO4 products, crystallisation affords
the phases NaF, b and n, as indicated by the data on the boundary
elements. For the point 3 on the /-1 line (y = 0.5, x = 0.5) at
y = 0.5, x = 0.3, the equation has the form

0.3Na>MoO4 + 0.5BaF, + 0.5(KF); + 0.7 NaaWO4 = (20)
= (NaF), + 0.3BaMoO4 + BaWO4 + 0.5 KoWO4.

If BaM0oO4 + BaWO4 and K,WOQ4 are present in equivalent
amounts, crystallisation yields only the phase n. Consequently, the
reaction affords NaF and » for all points on the /— I/ line.

On the whole, the conversion triangle B— C— D corresponds to
products of the chemical reaction, viz., the phases NaF, b and n.
This fact was confirmed experimentally.*¢ Hence, the secant
tetrahedron (NaF),—BaMoO4s—BaWO4—K,;WO4 corresponds
to the crystallisation volumes of NaF, a, b and n (Fig. 27)
intersecting along univariant curves. Quaternary invariant points
are lacking.

(NaF),

Figure 27. Crystallisation  volumes of the (NaF),—BaWO4—
K>yWO4—BaMoOy tetrahedron of the Na,K,Ba//F,M0O4,WOy4 system.

The above-considered procedure can be used for determining
the salt compositions and crystallisation volumes of all six secant
tetrahedra of any quinary reciprocal system.!6-46

V. Practical applications of multicomponent salt
melts

The use of melts in various technological processes has attracted
increasing attention in recent years. Considerable interest in
molten salt systems as reaction media is associated with their
specific properties, among which are their ability to dissolve many
organic and inorganic compounds. Besides, these systems can
intensify processes due to high heat- and mass-transfer coeffi-
cients, thermal conductivity and heat transfer; reacting com-
pounds in these systems can occur in oxidation states, which are
inaccessible in typical solutions; the density and viscosity of such
reaction media are relatively low; the reaction products can easily
be separated from the reaction mixtures; water as a solvent can
completely be excluded from the technological scheme. (The
growing problem of water deficiency needs urgent attention;
hence, the above-mentioned possibilities are not only of scientific
interest but are also sometimes technologically and economically
advantageous.)

Electrochemistry, metallurgy and electrometallurgy are tradi-
tional areas of application of molten salt media. They also have
promising applications in fuel cells and high-temperature infor-
mation transformers, in single-crystal growth of optical materials
and ferroelectric materials, in nuclear technology, as nuclear fuel,
and as claddings for thermonuclear reactors. Inorganic synthesis
in molten salts is yet another promising area of application of salt
melts.!? In many cases, reactions in molten salts proceed faster
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and afford the target products in higher yields because of the
highest possible concentrations of the reagents, one of which is the
melt.!?

The diversity of inorganic salts, all the more their mixtures,
makes it possible to prepare a wide range of molten salt systems
and, consequently, to carry out various syntheses in these
media.* 16-18.47 Actually, all main types of chemical reactions,
viz., exchange, acid—base, redox and complexation reactions,
have been performed in these media.

Systems containing eutectic composites, which are character-
ised by the constant melting points and compositions, are of great
scientific interest. The melting points of the starting components
of such systems decrease substantially already in binary systems.*®
In ternary systems, the melting points continue to decrease, the
rate of decrease in the melting point being lower in quaternary
systems. Nevertheless, even a slight decrease in the temperature of
a eutectic composite (by 15-20 °C) may be of considerable
practical importance for technological purposes.

Among salt melts, multicomponent reciprocal systems are of
special interest. Reciprocal systems consisting of 4, 5, 6 or 7
components are the most difficult to study by methods of
physicochemical analysis. These systems can be used for preparing
materials possessing the desired combinations of properties,
which is an important problem of applied chemistry. Hence, the
rational choice of salt compositions is of considerable importance
in improving conditions for the preparation of substances pos-
sessing the required characteristics.

1. Thermal chemical power sources
Tonic melts have found wide application in high-temperature
power sources. !?

Aqueous electrolytes are unsuitable for the construction of
thermal chemical power sources, because certain electrode mate-
rials (alkali and alkaline-earth metals, halides) react with water.
Salt melts serve as convenient electrolytes in high-temperature
power sources. '3

A molten electrolyte satisfying these requirements was
designed on the basis of the quaternary reciprocal system
Li,K,Ni//Cl1,SO4. The challenge was to find a low-melting electro-
lyte consisting of stable phases and exhibiting the required
properties to use in chemical power sources.!?~ 13

A procedure for revealing stable salt mixtures, which are
modelled by tetrahedral simplexes in the composition diagram of
a multicomponent system, and a procedure for the estimation of
stability of such mixtures were described.*’

A salt mixture is assumed to be stable, if the phase diagram
obtained after heating the mixture above the melting point
followed by crystallisation, includes crystallisation fields of salts
produced by exchange reactions and crystallisation fields of
double compounds formed by these salts, which are stable in the
temperature range under consideration. A mixture is assumed to
be metastable if the phase diagram has fields of the starting
reactive salts involved in exchange reactions with each other and
crystallisation fields of metastable double compounds, which
decompose in the temperature range under consideration to yield
reactive salts.

The procedure involves the following steps.

1. A composition figure of a multicomponent system is
partitioned using one of the simplest procedures '! with the aim
of revealing tetrahedral simplexes, i.e., determining their salt
compositions.

2. The possibilities of exchange reactions and complex for-
mation for salts of each salt mixture are examined and estimated
from the thermodynamical standpoint. It is most reasonable to
study the regions of the conversion figure involved in this simplex.

3. If experimental data on the boundary subsystems are
available, stability of the subsystems is estimated. Mixtures of
three salts, which are modelled by triangles of ternary reciprocal
systems, triangulating sections of quaternary reciprocal systems,

etc., can serve as boundary subsystems of tetrahedra in reciprocal
multicomponent systems consisting of six salts.

4. The stability of a salt mixture as a whole, which is modelled
by a tetrahedron, is estimated from the data obtained in stages 2
and 3. If the mixture is estimated as metastable, further triangu-
lation of the composition diagram is carried out and all of the
procedure is repeated.

Let us apply this procedure to the quaternary reciprocal
system Li,K,Ni//C1,SOq4,'3 whose composition prism is divided
into three tetrahedral simplexes by two triangular sections. The
geometric partitioning is based on exchange reactions between the
starting salts. The salt compositions of the tetrahedra can be
determined from the matrix of reciprocal salt pairs with an
inscribed conversion figure.® The composition prism of the
quaternary reciprocal system Li,K,Ni//Cl,SO4 along with the
conversion figure B—A4—C, the matrix of reciprocal salt pairs
and the matrix of vertex indices is presented in Fig. 28. The stable
tetrahedra of the singular star of the Li,K,Ni//CI,SO4 system are
extracted from the matrix of reciprocal salt pairs:

(LiCl)>— (KCl),— NiCl, - Li»SO4.,
(KC1),~K»S04 - NiSO4— LirSOs4,
NiCl,— (KCl)>— NiSO4—Li>SO4 .

b
K>SOy Li»SO4
6 LiCl| KCI | NiCl,
N .
NN Lisos [0 | 18 [1 4
\ \
A K>SO4 | O 0 0
N/ \
// DN NiSO, | 0 léc| 0
C B
/ ANA ¢
// AR
, Q 6 Cl| sos | X
KCl LiCl Li 0] 2 2
K 2 0 2
NiCl,
Ni 12| 1°® 2
> 3 3 6

Figure 28. Models of the quaternary reciprocal system Li,Ni,K//C1,SO4.
(a) The composition prism, (b) the matrix of reciprocal salt pairs with an
inscribed conversion graph, (¢) the matrix of vertex indices.

To predict stable phases crystallising from melts, the
(LiCl)2— (K Cl)2 —NiCl, — Li>SO4 tetrahedron with the conversion
line 4— B was chosen (Fig. 29).14

The choice of the (LiCl),—(KCl),—NiCl,—Li»SO4 tetrahe-
dron was governed by the requirements imposed on chemical
power sources. The stability of each boundary subsystem and the
tetrahedron as a whole can be estimated from the morphological
characteristics of the liquidus surface and the thermochemical
relations in the quaternary reciprocal system Li,K,Ni//CL,SO4.

The (KCI),—NiCl,-Li;SO4 face (Fig. 29). The conversion
line 4— B intersecting the face reflects the exchange reactions in
the Li,K,Ni//CI,SO4 system formed at the intersection of the
stable triangle (KCl),— NiCl,—Li>SO4 of a singular star with the
corresponding metastable triangle (LiCl), — NiSO4—K,SO4 of a
non-equilibrium star.!

By summing the exchange reactions for the points of complete
conversion 4 and B of the ternary reciprocal systems Li,K//
C1,SO4 and Li,Ni//CL,SOy4, we obtain
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for the point A: (LiCl); + NiSO4 = NiCl, + Li>xSO4
for the point B: (LiCl); + K5SO4 = (KCl); + Li>SO4

2(LiCl); + NiSO4 + K»804 = NiCl, + 2 Li,SO4 + (KCl),. @1

This is the equation for the central point of the conversion line
A—B. As can be seen from Eqn (21), the exchange equilibrium is
shifted toward stable phases of the components of the face under
consideration.

8936

1133
Li»SO4 753

(LiCl)

Figure 29. Development of the stable (LiCl),—NiCl,—LixSO4—(KCl),
tetrahedron of the quaternary reciprocal system Li,Ni,K//CI,SO4.
The temperatures are given in Kelvin (K).

In addition to the exchange reaction, complex formation
occurs in the Li,Ni//CI,SO4 system

(KCl), + NiCl, = 2[KCI- NiCl)]. (22)

By summing Eqns (21) and (22), we obtain

2 (LiCl), + NiSO4 + K804 + NiCl, = (23)
= 2Li,SO4 + 2[KCI-NiCL].

The face of the (KCl);—NiCl,— Li>SOy4 tetrahedron is esti-
mated as stable. Actually, the experiment gave the eutectic E; at
723 K and 51 mass% Li>SOg4, 42 mass% KCI, 7 mass% NiCl,
(see Fig. 29). The transition point P; has the following composi-
tion: 74 mass% Li>SO4, 13 mass% KCland 13 mass% NiCly; the
temperature is 833 K. The crystallisation surface of the
(KCI)2 = NiCl, - Li2SO4 system (the face of the tetrahedron) con-
sists of the following four crystallisation fields: KCI, NiCl,,
LizSO4 and KCI- NiClz.M

The (LiCl)2—NiCl,—-Li,SO4 face. As can be seen from
Fig. 29, the point of complete conversion, which corresponds to
the exchange reaction proceeding in the ternary reciprocal system
Li,Ni//CL,SO4 [Eqns (21) and (23)], is located on the edge of the
face. According to Eqn (21), NiCl, and Li»SOy4 are stable phases.
From the table of vertex indices, it follows that these salts are
characterised by the highest indices. This prediction was con-
firmed experimentally. The crystallisation fields of the melting
diagram converge at the eutectic point £3 with coordinates 748 K,
45 mass% LiCl, 49.6 mass% Li»SO4 and 5.4 mass% NiCl,. The
LiCl, NiCl, and Li,SO4 compounds are solid phases.

The (LiCl),—(KCl)—Li;SO4 face. The exchange reaction
giving rise to a stable pair of Li»SO4 and KCl salts [Eqn (21)],
which are not involved in complex formation with the reactive
K>SO, and LiCl salts, occurs at the point of complete conversion
B of the ternary reciprocal system Li,K//C1,SO4. The crystallisa-
tion surface of this system consists of crystallisation fields of the
components; the eutectics occur at 621 K, 42 mass% LiCl,

50.5 mass% KCl and 7.5 mass% Li>SOy; LiCl, Li»SO4 and KCl
are solid phases. Apparently, this section is stable (see Fig. 29).

The (KCI); —NiCl,; - (LiCl); face. The melting diagram of the
system was studied only partially because of decomposition of the
mixtures containing large amounts of nickel chloride. The crys-
tallisation surface of the (KCl),—NiCl,—(LiCl), system consists
of four fields'* belonging to the components and the incon-
gruently melting KCI - NiCl, compound (see Fig. 29).

Below are given the compositions, the equilibrium phases and
the temperatures of invariant points of the (KCI),—NiCl,—
(LiCl), system. This system is also stable.

Point T/°C Composition (mass%)  Equilibrium phases
NiCl, LiCl KCl

E> 340 3.5 42 54 LiCl, KCI, KCI-NiCl,

P> 504 40 37.5 21.5 LiCl, NiCl,, KCI- NiCl,

The Li,SO4—(LiCl);—NiCl,—(KCl), tetrahedron. Since the
theoretical prediction of phases based on the boundary elements
shows that all boundary systems of the tetrahedron are stable, the
system, whose composition is represented by the LixSO4—
(LiCl)>—NiCl,— (KCl), tetrahedron, should be stable. This
assumption was confirmed experimentally.!> The temperature
and composition of the quaternary eutectic are 633 K,
39 mass% LiCl, 49.8 mass% KCI, 8 mass% Li>»SO4, 3.2 mass%
NiCly; the Li»SOy4, LiCl, NiCl, and KCl solid phases.

2. High-temperature electrolytic aluminising of niobium

The quaternary reciprocal system Al,Ba,Na//F,Cl, viz.,
BaCl, (0.73%)—NaF (0.12%)— AlF5 (0.15%), is used as a mol-
ten electrolyte for high-temperature electrolytic aluminising of
niobium. The reaction of molten salts cannot be judged from the
results of chemical analysis of a sample of the melt cooled and
dissolved in water or acid. Chemical analysis provides only
information on the concentrations of the ions dissolved in
solution. Information on the true chemical reactions of molten
salts in systems can be extracted from a phase complex, which is
displayed in the melting diagram as crystallisation fields or
volumes, lines of co-crystallisation and multiple points. This
allows one to draw reliable conclusions about the reactions
proceeding in systems at high temperatures. The quaternary
reciprocal system Al,Ba,Na//F,Cl can be represented as a matrix
of reciprocal salt pairs (Fig. 30 @), in which the conversion figure
of secant triangles is inscribed. Using the conversion figure, the
following secant triangles are extracted from the matrix: AlF;—
BaCl,—NaCl and AlF;—BaCl,—NaF (elements of a singular
star).

Data on the boundary elements are required to predict the
crystallisation fields of these triangular sections. It is known that
the NaF-AIF; subsystem contains two compounds, viz.,
NasAlFg and 5 NaF - 3 AlF3, the BaCl, — NaF subsystem contains

a b
6b AICl; | BaCl, | NaCl Cl— F- >
AlFs [0 [T 4 [T AR+ | o > | a2
BaF, | 0 0 0 B | 2 0 5
NaF |0 Llelo N |1 1o o
2 3 3 6

Figure 30. Models of the quaternary reciprocal system Al,Na,Ba//CLF.
(a) The matrix of reciprocal salt pairs with an inscribed conversion graph,
(b) the matrix of vertex indices.
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the BaCl,-BaF, compound, and the AlF;—BaCl, subsystem is
characterised by a eutectic point (all data refer to the AlF;—
BaCl,—NaF system).

The required electrolyte can be chosen with the use of the
phase diagrams of the triangular section of the Al,Ba,Na//F,Cl
system. It was experimentally demonstrated that the liquidus
surface of this stable triangular section consists of seven crystal-
lisation fields: BaCl,, NaF, AlF3, BaF,, Na3AlFg, 5NaF -3 AlF3
and BaCl,- BaF,. Hence, the experimental results confirmed the
predicted existence of three compounds in the AIF;—BaCl,— NaF
triangle of the singular star.

At the point of complete conversion A, the salt pairs undergo
interchange according to the reaction

3 Ban + A1C13 = 2A1F3 +3 BaClz .

The NasAlFs compound is formed at the point of complete
conversion by the secondary reaction

2 AICI;3 + 12 NaF = 2 Na3AlFs + 6 NaClL

At the point of complete conversion C, an exchange reaction
and complex formation take place

BaF, + 2NaCl = 2 NaF + BaCl,
4BaF, + 4NaCl = 2(BaF,-BaCl,) + 4 NaF.

The conditions of the process are as follows: at a carbon
anode, electrolysis is carried out at 900 °C; the thickness of an
aluminium coatingis 40 — 50 pm, the coating consists of Al, NbAl;
and NbyAl 12

As can be seen from the matrix table of vertex indices (see
Fig. 30b), the AICIls salt is most reactive and is completely
consumed in the exchange reaction and the reaction giving rise
to the compound, i.e., this salt is absent in the melt (the index is 0).
The system contains AlF; formed by the exchange reaction (the
index of AlF3is 2). Barium chloride is consumed in the synthesis of
the BaF,-BaCl, compound and the exchange reaction yielding
BaCl,. The BaF; salt is most reactive (its index is 0). The BaCl,
salt is stable and has the highest index (2). The latter salt is an
exchange reaction product. The NaCl and NaF salts have the
index 1. They are intermediate between the most reactive and
stable salts.

From the above, it can be concluded that the composition of
the electrolyte for high-temperature aluminising was chosen
correctly.

3. Silver plating

Nitrate and halide —nitrate molten systems are used for electro-
lytic silver plating.'> For example, the molten Agl—NaNO;—
KNOj3 system is used for electrolytic silver plating. This system
corresponds to a diagonal section of the composition prism of the
quaternary reciprocal system Ag,K,Na//I,NOs consisting of six
salts. The process occurs at 300 °C and at a current density of
50 A m—2.

Electrolytic silver plating can be carried out with the use of a
molten electrolyte developed on the basis of the quinary reciprocal
system Ag,K,Na//Cl,Br,NO;3; consisting of nine salts, which
belongs to the A 2 B thermochemical type.?!

Let us construct the matrix table of vertex indices using the
thermochemical relations for the salt pairs of the system. The
stable axial triangle of a singular star with the highest indices in
each row of the matrix can be determined from this matrix table.

9A  Br~ Cl- NO; %
Agt 4 2 0 6
K+ 2 1 6
Na*® 0 38 3b 6
S 6 6 6 18

This is the AgBr—KNO3;—NaCl triangle. The most stable
salts formed by exchange (conversion) reactions are AgBr (the
index is 4), KNOj (the index is 3) and NaCl (the index is 32). The
AgNOs (the index is 0), NaBr (the index is 0) and KCI (the index
is 1) salts are most reactive and are consumed in the interchange
reaction

2AgNO;3; + 2 KCIl + 2NaBr =
= AgCl + KNOj + AgBr + NaNO; + KBr + NaCl.

The metastable salt pairs react further
AgCl + KBr = AgBr + KCl,
KCl + NaNO3; = KNOs; + NaCl.

Hence,
AgNO; + KCI + NaBr = AgBr + KNO3 + NaCl.

As a result, stable salts forming a eutectic mixture should
appear in the melt for electrolysis. It was experimentally demon-
strated that a low-melting eutectic is formed in the AgBr—
KNO3;—NacCl system at 513 K and 21.5% AgBr, 12% NaCl,
66.5% KNO3.

A procedure for studying multicomponent reciprocal systems,
which involves the experimental investigation of conversion
elements, including elements of incomplete conversion, was also
successfully used for solving some other problems, in particular,
for preparing bronzes, rare-metal compounds, phase-transition
materials, etc.450-33

VI. Conclusion

Nowadays, the methodology of investigation of multicomponent
systems involves the theoretical study of models of multicompo-
nent systems followed by experimental examination of particular
regions of phase diagrams and their construction as the necessary
stages. This methodology can also serve as the basis for the
development of important technological processes (construction
of heat accumulators, heat carriers, galvanised coatings, efc.).

Modelling of multicomponent reciprocal salt systems pro-
vides a rational approach to solving numerous theoretical and
practical problems. A conversion figure of secant elements plays a
unique role, because it is common to non-equilibrium and
equilibrium complexes and ensures spatial and physicochemical
relationships between these complexes.

Conversion figures can be used in the analysis of the mecha-
nisms of transformation from a non-equilibrium state of the
system to equilibrium. These figures allow one to follow the
sequence of transformations of the starting compounds into the
final reaction products. In models, this is manifested as a spatial
transformation from a non-equilibrium star through intermediate
stars (containing partially non-equilibrium and partially equili-
brium elements) to a singular (equilibrium) star. Conversion
elements can be used for studying the structures of phase diagrams
in more detail (determination of remarkable points and analysis of
their metrics in various systems of coordinates, the polarity and
symmetry in various multidimensional spaces).

The proximate analysis developed on the basis of the con-
version method enables one to solve practical problems, such as
the construction of a phase complex of a system with a minimum
of experimental studies (investigation of a small number of
compositions) as well as the construction of reciprocal systems
with the desired direction of exchange reactions.

The practical value of the conversion method became evident
after the development of media for electrolytic coatings and the
preparation of low-melting composites, viz., heat carriers and
heat-accumulation composites, which are used to prolong the life
of batteries with high energy characteristics. In particular, the
composites, whose enthalpies of melting are almost twice as high
as those of foreign standards, were constructed.
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There are several directions of development of the conversion
method for investigating reciprocal salt systems: construction and
improvement of models; development of new methodological
concepts; exploration of new areas of practical application of
this methodology; integration of conversion models into scientific
foundations of chemical disciplines.

The following theoretical problems are yet to be solved.

1. The thermodynamical description of conversion models
taking into account the available data on the algebraic models of
processes occurring in salt melts.>4 33

2. More detailed investigation of the energetics of exchange
reactions using alternative models of multicomponent reciprocal
salt systems, viz., energy diagrams and non-equilibrium, inter-
mediate and singular stars.

3. Thermodynamical calculations of conversion processes at
different temperatures.

4. The construction of models for the description of the
behaviour of ionic liquids at different temperatures and the energy
transfer performed by these liquids.

5. Study of the topology of the distribution of conversion
elements over subspaces of the multidimensional space of the
phase diagram of a multicomponent reciprocal system.

6. The development of models of conversion processes,
involving complexation reactions.

The prospects of the development of the conversion method
are tightly related to the worldwide scientific trends associated
with investigations and applications of salt melts, which are
reflected in papers presented at scientific conferences and sympo-
sia on molten salts.>®~ %2 Among these problems are investigations
of the dynamic, structural, electrochemical and other properties of
melts, thermodynamical modelling and calculations of phase
diagrams, construction of models of ionic liquids and the ener-
getics of melts, etc. The conversion method can be used for solving
many of these problems.
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