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Classification of Temkin’s ideal ionic solutions from the point of view of Raoult’s and
Henry’s laws is presented. It was proved that in binary solutions these laws were obeyed
for both components only if these components have common ions and if the stoichiomet-
ric coefficient of non-common ion equals one. In the case of components having common
ions where the condition of unit stoichiometric coefficients at non-common ion is not
fulfilled as well as in the case of components with non-common ions, none of these laws is
valid. The exceptional behaviour of solutions formed by components MA,, + N A, was
analyzed.

B pa6ote usnaraetcs knaccucdukauus uoeanbHbIX MOHHBIX pacTBOpoB TeMkuHa
C TOYKH 3peHus cobntoneHus 3akoHoB Payns u 'edHpu. Bbulo foka3aHo, 4To B OMHApHbIX
pacTBOpax 3TH 3aKOHbI cobatofaroTcs A 060UX KOMIIOHEHTOB B TOM JIMIUbL Cllyyae,
€CITH y 3THX KOMIIOHEHTOB MMEETCH OO6LLUKI UOH U €CNTU CTEXHOMETPHYECKHI KO3 DULHU-
eHT y HeoOllero MoHa paBeH efMHHWLe. B ciyyae KOMMOHEHTOB c O6IIMM HOHOM,
y KOTOPbIX YCIIOBHE KacaloLeecsi CTEXMOMETPUYECKOTro K03 dHLHEHTa He BbIMONHAET-
csl, @ TaKXe B clyyae KOMMNOHEHTOB 6e3 o61ux MOHOB, 06a 3aKkOHa He co6nOAaloTCA.
Bbu10 aHanu3MpoBaHO HEOOBIYHOE NMOBEJEHHE PACTBOPOB 06Pa30BaHHBIX KOMIMOHEHTA-
mu MA +NA,.

Importance of systems of ionic melts is commonly acknowledged. In ther-
modynamic considerations dealing with these systems Temkin’s model of ideal
ionic liquids is often used [1]. This model proved to be good for example in the
study of dissociation of cryolite anions in molten systems [2—5]. The possibility of
application of the theory of ionic solutions and of Temkin’s model on metallurgical
slags has been thoroughly studied by Frohberg [6]. In the theoretical part of the
quoted paper Frohberg presents the classification of solutions of ionic melts which
obey Temkin’s relations for activity of components in liquid phase. Frohberg
divides the binary ideal ionic melts into two categories :

a) solutions formed by components having common ion. Frohberg suggests to
call this type “solutions of the 1st kind” For the ideal solutions of the 1st kind it is
typical that they follow Raoult’s and Henry’s laws in the whole concentration
range. Non-ideal solutions of the 1st kind obey Raoult’s law at high and Henry’s
law at low concentrations of component in question;
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Fig. 1. Dependence of the activity of compo- 1.0 T T 10
nent B in the system A—B on concentration.
! Classic ideal solution; 2. negative deviation
from ideality; 3. positive deviation from
ideality. 5
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is obeyed, in the range (x%; 1) Raoult’s law is ¢ ¢
valid. ]
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b) systems formed only by components with non-common ions. Frohberg
suggests to call this type of solution as ‘‘solutions of the 2nd kind” These solutions
do not obey Raoult’s law at high concentrations and Henry’s law at low concen-
trations.

Therefore, according to Frohberg (6], the solutions formed by components
having common ions obey (in comparison with the solutions having only non-
-common ions) the Raoult’s and Henry’s laws. As it will be proved in this paper this
conclusion'is not generally valid.

It should be stressed that using Raoult’s and Henry’s laws for classification of
different solutions is entirely justified by importance of these laws in the ther-
modynamics of solutions. Mainly the importance of Raoult’s law is to be stressed in
this connection [7]. Importance of Temkin’s model for thermodynamics of ionic
melts together with systematic development of the theory of these systems makes it
necessary to solve this problem.

For the solutions the components of which obey Raoult’s law it generally holds
that the value g, approaches x; when mole fraction of the /-th component
approaches unit and, moreover, the tangent to the curve a, =f(x;) fuses with the
straight line (a;)is=f(x;). It means that the slope of the tangent to the curve
a; =f(x;) for x,— 1 equals 1

. da,

fim = ! @
For the components of solutions obeying Henry’s law it holds that for low values of
x; the curve a, =f(x;) is practically identical with a straight line having origin at the
point x; =0. The slope of this straight line has a finite positive value

. da,
Him ax, %> @

The course of the dependence a, = f(x;) is presented in Fig. 1 for different cases.
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Analysis of the validity of Raoult’s and Henry’s laws

The presented classification of ionic systems is based on comparison of these
systems with classic ideal -solutions which were chosen as the standard state. It
means that for both components of such solutions the Raoult’s and Henry’s laws
are valid in the whole concentration range. (A possibility of using other standard
states will be discussed in subsequent paper.)

1. Systems having common ion
A. System of the type MA —NA, (q=1, t=1)

Let us assume that both components are completely dissociated in solution into
ions
MA,-»M™ +qA7; NA,—» N® +tA
Let us denote the mole fraction and activity of the first component x, and a,, and of
the second component x, and a,, respectively (x, + x,=1). According to Temkin’s
model we can write for the activity of the first component

a,=x x4 il [x, +x2]q x
= (+) * (= | =
. A x, +x Ly, +x, v
. da . da,
lim—=1; lim —=1
xy—1 dx, x;—0 dx|

Similarly we can derive for the second component
. _da . da
a,=x,; lim —=1; lim —=1
xy—1 dx2 x3—0 dx2

It follows that in this case both Raoult’s and Henry’s laws are fulfilled in the entire
range of concentrations. The numerical value of stoichiometric coefficients in
conjunction with common ion is not important.

B. The system MA—N.A, (p, q, 1, t>1)
Let us assume total dissociation of both components according to the scheme
M,A,—pM™ +qA”
N.A >IN +tA”

. _ DX, ]"=[ px, ],,

a) = XM+ x?\(—’_[px,+rx2 r+xl(p—l'.) (3)
da, [ px, ]P" pr
dx, Plitx,(p—n [r+x (-0’ )
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. da,
,!.lgln dx, =r>1, (3)
i S5 g, (6)
x—0 dXx,
[ TX, J [ rx, J’
a7= e
° lpx +rx, p+x,(r—p)
daz_r [ X, ]"' ‘ p
dx, p+x:r—p) [p+x.(r—p)]*°
. da,
:!:Lnl dxz_p>1’ 7)
. da,
fim 4, =0 @

It follows that despite the discussed system has common ions none of the
components obeys either Raoult’s or Henry’s laws. The dependence g, =f(x;) for
the component N A, is shown in Fig. 2.

C. Systems of the type MA,—N.A, (q, t=1, r>1)

Let us assume the total electrolytic dissociation of both components. Then it
holds

1.0 10 1.0 T 10
) S o'
K
~
MyAq NeAy  MAg N NyA,
00 X 10 0.0 x2 X 10

Fig. 2. Dependence of the activity of compo-

nent N A, of ideal ionic solution which is formed

by components M,A ,—N, A, on concentration
of this component.

Neither Raoult’s nor Henry's law is obeyed.
|
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Fig. 3. Dependence of activities of components
of ideal ionic solution MA, and N,A,, respec-
tively, on their concentrations.

In the concentration range (x*; 1) the first
component obeys Henry’s and the second com-
ponent Raoult’s law.
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X,

al=m, (9)
da, _ r
ax, " fr—xG- D o
xlll_rpld—-—r>l (11)
da, 1
im a4, =0 (2
a-[#]’
L+ x,0-1)
daz_r[ rx, J"" T
dr, Ll4x(r—1) [1+x,(r—1)]"
da, _
S e (13)
. da,
i a4, =0 o

Therefore, the first component obeys only the Henry’s law but not the Raoult’s
law. The behaviour of the second component is just opposite (Fig. 3). Formal
reason for that is apparently caused by the fact that the expression [px,/r+
+ x,(p—r)]"”" (which occurs in the expression da,/dx, for systems with common ion
— see eqn (4)) identically equals one for p=1. Consequently, eqns (/10—12) are
valid and eqn (/2) corresponds to Henry’s law for the first component. However, if
this law is fulfilled for the first component in the range (0; x*) then the Raoult’s
law must be valid for the second component in the concentration range (x%, 1).
(We should bear in mind that x*+x%*=1.)

2. Systems with non-common ion of the type M,A,—NB, (p, q, r, t>1)

734

“‘=[r+xl?fx;—r)]p LJZ{;J (13)
g%izplr+xl?g~r)]p_l ' [r+x.[();—r)]2 [Hf@ —t)]q "
1 ) b
+q[t+x(.l?c;—t)] '[t+x.c(1ct1—t)]2 [r+x‘.):r;—r)} (16)
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Jli_rflld—z-‘l-=r+t, (17)
J.Tv g—f::=0 (18)
Simultaneously
lim §%=p-+a, (19)
lim G2 =0 20)

The relations of components of ideal binary ionic solutions towards Raoult’s and
Henry’s laws are summarized in Table 1. It should be mentioned that cations are
denoted with letters M, N, and anions with letters A, B. However, all the derived
expressions and conclusions hold their validity also if the cations and anions are
mutually replaced.

Table 1

Summary of relations of components of ideal ionic solutions towards Raoult’s
and Henry’s laws

System Component o Menty's
law law
MA, yes yes
MA —NA,
NA, yes yes
M,A,
M,A—NA,
NA,
MA, yes
MA —NA,
N.A, yes
M,A,
M A ,—NB,
NrB( no no

Since the derived relations have been obtained for x; approaching zero or one, it
may be expected that they have a general validity and are not restricted to the
Temkin’s model only.

Chem. zvesti 30 (6) 730—736 (1976) 735



M. MALINOVSKY

References

—

. Temkin, M., Acta Physicochim. URSS 20, 411 (1945).

2. Grjotheim, K., Contribution to the Theory of the Aluminium Electrolysis. Kgl. Norske Vidensk.
Selsk. Skr., No. 5, F. Bruns, Trondheim, 1956.

3. Brynestad, J., Grjotheim, K., and Urnes, S., Z. Elektrochem., Ber. Bunsenges. Phys. Chem. 63, 707

(1959).

. Malinovsky, M. and Vrbenska, J., Collect. Czech. Chem. Commun. 36, 567 (1971).

. Kostenska, 1. and Malinovsky, M., Chem. Zvesti 28, 553 (1974).

. Frohberg, M. G., Arch. Eisenhiitten. 32, 597 (1961).

. Darken, L. S. and Gurry, R. W., Physical Chemistry of Metals, p. 235. McGraw-Hill and Kogakusha,

New York—Tokyo, 1953.

A B

~N

Translated by P. Fellner

736 Chem. zvesti 30 (6) T30—736 (1976)



