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Basing on the assumption that considerable negative deviations f rom ideal behaviour of sodium 
amalgams are due to the formation of an intermetallic compound N a H g 4 , the up to now published 
data on equilibrium potentials of sodium amalgams of different concentrations were used to 
calculate the values of the apparent equilibrium constant of the formation of the mentioned 
compound. Its extrapolation to the state of infinitely diluted solution yielded its true value, 
referred to the standard state of infinitely diluted amalgam (K — 6-608 . 10 1 2 at 25°C). Con-
centration dependence of the apparent equilibrium constant made it possible to calculate the 
activity coefficients of the individual components of the system. 

Dilute liquid sodium amalgams containing less than 1 mass % of the alkali metal 
are of considerable technical importance, e.g. in amalgam process of the electrolytic 
production of chlorine and sodium hydroxide, for amalgam fuel cells, etc. Conse-
quently, also their equilibrium potential is an important quantity, governing the re-
versible voltage of systems which work with amalgam electrodes. Their value can be 
determined by means of the Nernst equation either using the standard equilibrium 
potential of pure metallic sodium1 £^a ( s ) /Na + ( —2-71424 V at 25°C) or the standard 
equilibrium potential of sodium amalgam, derived from the infinitely diluted amal-
gam1 (£Na(am)/Na+ = —1*95584 V at 25°C) as the reference state. In the first case it is 
possible to calculate the true activity of free sodium in the amalgam, as related to the 
activity of pure metallic sodium, from the known value of the equilibrium potential 
of the sodium amalgam of a given composition, provided that the relation between 
the activity and the concentration of sodium in the amalgam2 is known. In the second 
case1 '3 '4 , the activity of sodium in the amalgam of a given composition is referred 
to the activity of a hypothetical state of pure sodium, derived from the reference 
state of infinitely diluted amalgam in which yNa(am) -» 1 for xNa(am) -> 0. Both calcu-
lations must, of course, yield the same value of the equilibrium potential -ENa(am) for 
the same composition of the system. However, in both procedures the system is 
regarded as a binary one, irrespective of what it is really. 

Col lec t ion C z e r h o s l o v . Chem. C o m m u n . [Vol. 40] [1975] 



2258 Bale j : 

ANALYSIS OF THE PROBLEM 

The phase diagram of the system N a - H g clearly shows 5 (Fig. 1) that chemical reactions between 
both components take place yielding intermetallic compounds of a definite composit ion which 
are fo rmed at the respective temperatures as a solid phase f r o m the amalgam of the given com-
position. Of a number of these compounds only the compound N a H g 2 is thermal ly stable and 
melts congruently at 353°C. The region of diluted amalgams containing less than 1 mass% Na, 
which is the most interesting one in the field of technical electrochemistry, is at the same t ime a sy-
stem with sufficient thermal stability, since the compound N a H g 4 , coexisting with saturated liquid 
amalgams in this concentrat ion region, melts incongruently only at 157°C under dissociation to 
the stable N a H g 2 and Hg. Consequently, f r o m the s tandpoint of the phase diagram in Fig. 1, 
sodium amalgams with less than 1 mass% N a at temperatures lower than 100°C can be considered 
to be solutions of the intermetallic compound N a H g 4 in mercury. 

So far , no uniformly accepted opinion is available on the real fo rm in which sodium is present 
in liquid, more diluted amalgams of the mentioned composi t ion (for review see r e f s 3 ' 6 - 8 ) . 
At present, the existence both of well-defined intermetallic compounds and of solvated (mer-
curiated) sodium atoms or ions or even of other particles is accepted. A number of the hitherto 
obtained experimental data support either one or the other alternative, however, a consistent 
interpretat ion of all observed data has failed as yet. X-ray diffraction measurements 8 which should 
have proved the existence of intermetall ic compounds in liquid amalgams, have in fact proved 
a considerable degree of organisation in the liquid phase, eventhough the measurements were 
carried out at relatively high tempera tures (200°C min), when the compounds , stable at lower 
temperatures (in the solid phase) must have necessarily undergone the respective peritectic 
reactions (Fig. 1). However the method of Kozlovskij , Zebreva and Gladysev 9 cannot be ac-
cepted, who, a t tempting to join the expression for the equil ibrium potential of metal amalgams 
under the format ion of intermetall ic compounds , as derived by Jangg and K i r c h m a y r 1 0 with 

F I G . 1 

Phase Diagram of the System N a - H g (ref.5) 
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the concepts of the less probable existence of an intermetallic compound, assume its total dissoci-
ation in the liquid amalgam to its initial components. According to this assumption the inter-
metallic compound is in fact not formed in liquid amalgams and consequently the value of its 
free enthalpy of formation cannot be taken into account. If the mentioned authors obtain formally 
the same expression as Jangg and Kirchmayr, it is due to the fact that the activities of sodium and 
mercury in their expressions do not represent the activities of all sodium and mercury present 
in the amalgam, but only the activities of the remaining parts of these components which are 
not bound in the form of an intermetallic compound. 

Since the so far obtained data on equilibrium electrode potentials in the system Na-Hg (for 
review see1) were treated only regarding this system as a binary one, i.e. without the formation 
of intermetallic compounds (a detailed explanation of such thermodynamical treatment was 
given in paper1 1 , published after this study had been finished), I attempted in the present study 
to interpret the up to now published data on equilibrium potentials of diluted liquid sodium 
amalgams in terms of the formation of the intermetallic compound NaHg 4 also in the liquid 
phase. I was led to this assumption by the results of the shape of phase diagram of this system in 
the respective concentration range (Fig. 1) as well as by the extraordinarily low values of activity 
coefficients of sodium (of the order 1 0 " 1 2 and less) referred (in the scale of mole fractions) to 
the unit activity of pure metallic sodium. Such low values unambiguously indicate a strong 
interaction between both components and prove that the prevailing part of the total sodium 
content in the amalgam is present in a form, different from that of a physical solution of metal, 
whose real content is, of course, only responsible for the establishing of the measured equilibrium 
potential of the reaction Na—> N a + + e. 

RESULTS AND DISCUSSIONS 

Accord ing t o t he above m e n t i o n e d cons idera t ions the equi l ib r ium state of the system 
N a - H g is given by the equ i l ib r ium of t he chemical r eac t ion 

N a + 4 H g N a H g 4 , ( 4 ) 

whose equ i l ib r ium cons t an t is def ined by the express ion 

K = « N a H g 4 / ( « N a • « H g ) = [ * N a H g 4 / ( « N a • * H g ) ] ( T N a H g ^ H g ) = • K y > 0 ) 

where the u n k n o w n activities of the in termeta l l ic c o m p o u n d as well as of the u n -
reac ted m e r c u r y a re subs t i tu ted by the p r o d u c t of their m o l e f r ac t i on a n d activi ty 
coeff icient y{. Activity of the r ema in ing unreac ted s o d i u m in the a m a l g a m a N a can be 
ca lcula ted f r o m the values of the equ i l ib r ium vol tage of t he concen t r a t i on cell, con-
sisting of p u r e metal l ic s o d i u m a n d s o d i u m a m a l g a m of the given compos i t i on , 
immersed in to a so lu t ion of s o d i u m salt. Since t he equi l ib r ium poten t ia l s of s o d i u m 
a m a l g a m s in t he whole c o n c e n t r a t i o n r ange f r o m very di luted u p t o s a tu r a t ed wi th 
in termeta l l ic c o m p o u n d N a H g 4 a re k n o w n wi th a suff icient accuracy only f o r 25°C 
(see ref . 1 ) , all f u r t h e r ca lcula t ions were carr ied ou t only f o r this t e m p e r a t u r e . Ca lcu la -
t ion of the activi ty of t he r e m a i n i n g s o d i u m dissolved in t he a m a l g a m of t he given 
to ta l c o m p o s i t i o n was p e r f o r m e d us ing the re la t ion 
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log aNa = (F/2-3 RT) (£ja(s) /Na+ — £Na(am)/Na + ) (2) 

in which the value of the equilibrium potentials of sodium amalgam of the given 
total composition, £Na(am)/Na+ were calculated using the correlation equation derived 
recently on the basis of a critical analysis of the hitherto published data1. 

Because the activity coefficient of the intermetallic compound yNaHg4 and of the 
remaining unreacted mercury, yHg are not known, the first step was to calculate the 
values of the apparent equilibrium constant K' from the known total composition 
of amalgams and from the corresponding activities of free sodium, determined accord-
ing to Eq. (2). In this calculation the mole fraction of the intermetallic compound 
xNaIIg4 and of the remaining unreacted mercury xHg were expressed in terms of the mole 
fraction of total sodium content in the amalgam, x^a* and of the mole fraction of 
total mercury content = 1 — x^a- According to this, the amount of substance 
of the individual components, really present in the system, n{, formed from the 
total amount of substance of sodium, x^,, and that of mercury, x ^ , equals 

" N a = « N a > ( 3 a ) 

n N a H g 4
 = X N a — a N a > 

nHg ~ -xHg — 4nNaHg4 = 1 — 5xNa + 4aNa (ic) 

and the total amount of substance of all components considered is 

Hi = 1 - 4*;a + 4 . (3d) 

The activities of the unreacted, physically dissolved sodium, as determined from Eq. 
(2) lie in the range of 10"1 4 —10"16 (Table I) for the concentration range x'Na = 
= 0-001—0-0538 (i.e. up to the saturated amalgam at 25°C (see12), and therefore 
it is evident that a^a ~ flNa ^ *Na- Consequently, the mole fractions of the consi-
dered components of the system can be expressed as 

* N a = « N a , 

X N a H g 4
 = X N a / ( l — ^ N a ) > 

xHg = (1 - 5 x ^ / ( 1 - 4x;a) . (4c) 

The values of the apparent equilibrium constant K', calculated in this way for diffe-
rent compositions of liquid sodium amalgams in the whole concentration range at 
25°C are presented in Table I. As can be seen, the value of this quantity varies, over 
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the whole concentration range, within the limits of the order of magnitude of 1012, 
decreasing slowly with increasing concentration of the amalgam. 

This concentration dependence of K' can be caused first of all by the fact that the 
activity quotient Ky + 1. Choosing pure metal as the standard state of mercury 
(yHg 1 for xHg -> l) and the standard state of the intermetallic compound derived 
from infinitely diluted solution (yNaHg4 1 f ° r *NaHg4 0) then it is obvious that in 
an infinitely diluted sodium amalgam it holds Ky — 1-0, so that in this case K = K'. 
Therefore, the true thermodynamic equilibrium constant of the formation of the inter-
metallic compound NaHg4 in liquid sodium amalgam can be determined by extra-
polating the dependence of the apparent equilibrium constant K' to zero concentra-
tion of sodium in the amalgam. The value of K obtained in this way was 6-608 . 1012. 

The values of the activity quotient Ky = yNaHĝ Hg w e r e determined from the values 
of K/K' = Kr. With respect to the very low values of the free physically dissolved 
sodium in these amalgams, this system was taken as quasibinary in further calcula-
tions of the activity coefficients of the intermetallic compound and of the remaining 
mercury from the calculated value of Ky. First, the system was assumed to behave 
as a purely regular one, so that according to Hildebrand13 the dependence of the 

T A B L E I 

Calculated Values of Apparent Equilibrium Constant K' of the Formation of Intermetallic 
Compound N a H g 4 in Liquid Sodium Amalgams of Varying Composition at 25°C 

x N a x N a H g 4 
— log a N a log K' lOg Ky 

log Ky 
(calc. from Eq. (10)) 

0 0 0 1 0-00100402 15-7913 12-7948 0-01296 0-01261 
0 0 0 2 0-00201613 15-4744 12-7818 0-02588 0-02525 
0 0 0 4 0-00406504 15-1416 12-7563 0-05145 
0 006 0-00614754 14-9338 12-7306 0-07711 0-07607 
0 0 0 8 0-00826446 14-7771 12-7051 0-1026 
0 0 1 0 0-0104167 14-6485 12-6768 0-1310 0-1273 
0 0 1 5 0-0159574 14-3931 12-6166 0-1911 
0 020 0-021739 14-1888 12-5542 0-2535 0-2561 
0 0 2 5 0-027778 14-0125 12-4916 0-3161 
0 0 3 0 0-0340909 13-8540 12-4318 0-3760 0-3842 
0 0 3 5 0-040698 13-7077 12-3717 0-4360 
0 0 4 0 0-047619 13-5704 12-3125 0-4952 0-5083 
0-045 0-054878 13-4399 12-2542 0-5535 
0 0 5 0 0-062500 13-3148 12-1971 0-6106 0-6234 
0-0538° ' 0-068553 13-2227 12-1544 0-6534 0-6633 

a Saturated amalgam at 25°C, coexisting with the solid compound NaHg, 
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activity coefficient of mercury (as solvent) on the content of the intermetallic com-
pound was calculated using the relation 

- l n y H g = B. xJ a H g 4 . (5) 

Application of the Gibbs-Duhem equation to a binary system and its integration 
yields an expression for the dependence of the activity coefficient of the intermetallic 
compound on composition 

l n 7NaHg 4
 = . X N a H g 4 — B . X^aHg-* -

Substituting expressions (5) and (6) into the logarithmized relation for Ky and by re-
arrangement we obtain 

log Ky/(2 + 3xNaHg4) - B . xNaHg4/2-303 , (7) 

from which it follows that the left-hand side of Eq. (7) should be a linear function 
of *NaHg4 with the slope Bj2-303. However, as can be seen from Fig. 2, this condition, 
denoted by dashed line, is fulfilled only for very low values of xNaHg4 ^ 0-01; for higher 
amalgam concentrations the course of this dependence is non-linear. This means 
that the system does not behave as a purely regular one over the whole concentration 
range. 

In the second approximation the following relation was chosen to describe the 
dependence of the activity coefficient of mercury on composition 

- 1 nyHg= B . x£aHg4 + C . x^aHg4 , (8) 

from which the expression for the dependence of the activity coefficient yNaHg4
 o n 

composition could be determined by means of the Gibbs-Duhem equation 

l n
 7NaHg 4

 = 25 . X N a H g 4 — (B — 1-5C) . x£aHg4 — C . XNaHg 4 • 

Substituting expressions (8) and (9) into the relation for Ky and after rearrangement 
we obtain 

l o g K y = IB' . xNaHg4 + (3B' + 1-5C') x£aHg4 + 3C' . x£aHg4. (10) 

This equation may serve to calculate, for known compositions of the amalgams and 
the corresponding values of Ky, the values of constants B' = Bj2-3026 and C' = 
= C/2-3026. The values of B' and C' calculated in this way from the data in Table I 
are B' = 6-511 and C' = —36 026. Thus it is possible to express the dependence of 
the activity coefficients yNaHg4 and of the unreacted mercury yHg on composition in the 

Col lec t ion Czechos lov . Chem. C o m m u n . [Vol. 40] [1975] 



Thermodynamics of Sodium Amalgams 2263 

whole concentration range up to the saturated solution in the form of following rela-
tions 

log yNaHg4 = 13-021xNaHg4 - 60-549^aHg4 - 108-077x3aHg4, (11) 

log 7ng = — 6-051x^aHg4 + 36-026x3
aHg4 . (12) 

The course of the dependence of Ky on composition as taken from the tabellated 
data (Table I) and that determined according to Eq. (10) using the coefficients B' 
and C' are presented in Fig. 3. As can be seen, the agreement is very good. 

The value of the true equilibrium constant K may be used to calculate the change 
of the standard free enthalpy of the formation of the infinitely diluted intermetallic 
compound NaHg4 according to the relation — AG° = 2-3026 RT log K. By substi-
tuting the respective values the found value of — AG° = 17489 cal/mol. This quantity 
equals, as to its numerical value, to the change of the standard free enthalpy of the 
amalgamation reaction, calculated from the value of the standard voltage of the con-
centration cell metallic sodium-sodium amalgam in which the standard state of so-
dium amalgam was obtained by extrapolation from infinitely diluted amalgam1. 
According to this, the standard equilibrium potential of sodium amalgam £Na(am)/Na+ > 
referred in the papers of Yeager and coworkers3 and Mussini and coworkers4, 

F I G . 2 

Dependence of the Expression log Kyj 
/(2 + 3*N a H g 4) on Mole Fraction x N a H g 4 

FIG. 3 
Dependence of the Activity Quotient Ky on 
Mole Fraction x N a H g 4 

o Tabellated data (Table I), cal-
culated according to Eq. (10). 
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as well as in our preceding work1, is given by the relation 

^ N a ( a m ) / N a + = - ^ N a ( s ) / N a + ~ N a H g 4 ( m e r c ) / n / r • 

The advantage of this expression is that it contains only further standard thermodyna-
mic quantities which can be, with respect to the choice of standard states, determined 
with high precision. An analogous general expression, derived by Jangg and Kirch-
mayr10 for the formation of an intermetallic compound MHgy in the amalgam in 
the form 

E°mamy= £m(s)/m- - (AG°'lzF) + (.RT/zF) In (14) 

is not quite suitable just because it contains mostly unknown or not sufficiently known 
quantities, viz. the change of the free enthalpy of formation of a pure solid intermetal-
lic compound, AG0', and the activity of the remaining unreacted mercury, in an 
amalgam saturated with intermetallic compound MHgy at the given temperature. 

The so far presented interpretation of the equilibrium data in liquid amalgams was 
based on the assumption that an equilibrium is taking place under the formation of 
the intermetallic compound NaHg4 . The concentration dependence of the apparent 
equilibrium constant was explained by the non-unity values of activity coefficients 
yNaHg4 and yHg. Besides this interpretation, another attempt to explain the found 
thermodynamic behaviour of this system was made, considering the possibility of 
further chemical reactions of the primarily formed compound NaHg4 . Up to now 
the following reactions were supposed to proceed simultaneously: NaHg4 + Na = 
= 2 NaHg2 (B), NaHg4 = NaHg2 + 2 Hg (C) and 2 NaHg4 = (NaHg4)2 (£>). How-
ever, calculations of these more complex equilibria, carried out under simplifying 
assumptions, that in an infinitely diluted amalgam practically only NaHg4 is formed, 
resulted in non-realistic values of the degree of transformation of the primarily 
formed compound NaHg4 in the sense of some of the mentioned consecutive reactions 
(B)-(D). 

An analogous calculation of the apparent equilibrium constants was also perfor-
med, assuming the formation of only one of the further compounds NaHg2 , NaHg6 

or NaHg1 6 in liquid amalgams of the given total composition. E.g., the existence of 
only NaHg2 in liquid sodium amalgams at all temperatures is supposed by Angus 
and Hucke14, on the basis of the incongruent melting of the solid compound NaHg4 

at 157°C under the formation of solid NaHg2 and liquid mercury. The compounds 
NaHg6 and NaHg1 6 , although they were not firmly proved by measurements of the 
phase diagrams of the system Na-Hg, are supposed to exist by Bent and Hildebrand15, 
because they can explain the strongly negative deviations of the vapour tension of 
this system in the concentration range 0-1 at temperatures higher than 300°C. 
However, the assumption of the formation of only NaHg2 in liquid sodium amalgams 
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leads to a still more expressive concentration dependence of the respective apparent 
equilibrium constant K', the assumed formation of NaHg6 results in an only slightly 
lower concentration dependence than in the case of NaHg4 and the supposed forma-
tion of NaHg1 6 yields even the concentration dependence with a minimum at = 
= 0 004 and then the apparent equilibrium constant increases steeply by up to two 
orders of magnitude. From all this it follows that these further intermetallic com-
pounds NaHgy, no matter whether their existence was proved or not, do not yield 
a concentration independent equilibrium constant, as it was calculated under the 
simplifying assumption of unit activity coefficients of all components of the system. 

Thus, the concentration dependence of the apparent equilibrium constant of the 
formation of NaHg4 as the most probable product existing at normal temperatures 
in diluted sodium amalgams, seems to be due either to the non-ideal behaviour of 
this compound in a mercury solution (as it follows from the results of the present 
paper) or to further, so far not proved chemical transformations of the primarily 
formed compound NaHg4 which lead to particles of another species (possibly also 
ionized), as it is indicated in the hitherto published reviews on the nature of alkali 
metals amalgams 3 ' 6 - 8 . 
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