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Since the electromotive force of the concentration cell with ternary 

electrolyte had been studied by H. M. Goodwin(1) in 1894, it was studied 
by many investigators. (2) But there is no information on the theoretical 

determination of the electromotive force of the cell except the work by 

J. E. Geissler.(3)

He assumed the following two reversible reactions in the next cell.

Hg | Hg2Cl2, MgCl2 (c1) | MgCl2 (c2), Hg2Cl2 | Hg (A)

(1)

(2)

where a, b, c, d are the ionic concentrations and a, ƒÀ, ƒÁ are the transport 

number of each ions and also he showed. that when the mentioned two 

reversible reactions take place in the cell A, the electromotive force of 

the cell is

(3)

where x1, x2 are the specific conductance of c1 and c2 and the value of 

m is

(4)

(1) Z. physik. Chem., 13 (1894), 577. 
(2) W. Consad, Dissert. V. Gottingen 1903; E. Biron, J. Russ. physik. Chem., 39 (1908), 

1506; 40 (1908), 79; E. Biron and Afranasjer, J. Russ. physik. Chem., 41 (1909), 
1175; J. N. Pearce and R. W. Gelbach, J. physik. Chem., 29 (1925), 1023. 

(3) Z. Elektrochem., 18 (1912), 135.
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Measurements of the electromotive force had been studied to confirm 

of the existence of AB+ ion in the mentioned electrolyte, and also he 

calculated the electromotive force of the cell A by assuming the value 

of ƒÁ, for example, ƒÁ = 20 or ƒÁ = 10. 

In this investigation the electromotive force of the following cells 

were studied in the very dilu e solution and also the theoretical value of 

the electromotive force was calculated.

Hg| Hg2Cl2 , McCl2 (c)1 | MeCl2 (c2), Hg2Cl2 | Hg (B) 

Ag | AgCl, MeCl2 (c1) | MeCl2 (c2), AgCl | Ag (C) 

Me-Amalgam | McCl2 (c1) | MeCl2 (c2) | Amalgam-Me (D)

where Me are magnesium, calcium, strontium, barium and zinc.

Experimental.

Chlorides of magnesium, calcium, strontium, barium and zinc used 

were of Kahlbaum and purified by recrystallization, and also calomel were 

of Kahlbaum and purified by washing with conductivity water. 

Silver chloride was prepared from the dilute solution of correspond-

ing potassium chloride (Kahlbaum) by precipitating with purified silver 

nitrate at the dark room. Silver electrode was prepared by electrolysing 

a one percent solution of pure potassium silver cyanide with pure silver 

wire as a cathode. Mercury used was of purified by vacuum distillation 

from the commercial mercury. The amalgams were made by electrolys-

ing a 10 % solution of pure chlorides of zinc, barium, strontium and 

calcium with mercury as a cathode in the hydrogen atmosphere. 

The cells were of ordinary form. All the electromotive force measure-

ments were carried out after the cells was kept for about one hour in a 

thermostat at a constant temperature, the variation of which was regulated 

within 0.05•Ž. For the measurements a potentiometer and a D.L. type 

mirror galvanometer were used. Constants necessary for the calculation 

are given in the following tables. 

The values of mobility at 18•Ž. were taken from the results of Noyes 

and Falk(1) and also were calculated from the values of •È•‡ for the salts. 

The values at 30•Ž. were calculated from the following equations.

(5)

(1) J. Am. Chem. Soc., 34'(1912), 454.
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(6)

where It2, It1, are mobilities at t2, t1.

Table 1. 

Mobilities of the Various Ions.

Table 2. 

Activity Coefficients of Chlorine Ion at Various Concentrations.

Table 3. 

Activity Coefficients of Ions of Zinc, Strontium, Calcium and 
Barium at Various Concentrations.

These values in Tables 2 and 3 were calculated from the Table 8 of 
" Thermodynamics " by Lewis and Randall

, and the values of ion con-
centration were calculated from the general formula :

(7)

where Za., Zb, Zc, are the valencies of ions and a, b, c are the ion con-

centrations.



38 K. Masaki.

Calculation of the Electromotive Force. At the mentioned concen-
tration cell with ternary electrolyte, in the very dilute solution, if the 
concentration c = o, from the equation (4) we will obtain as follows.

and

Therefore,

So, the next equation derived from the equation (3)

(8)

If it is the concentration cell with regard to anion reversible, we have

(9)

and also, if it is the concentration cell with regard to cation reversible, 

we have

(10)

If lk, la, are the mobilities of the two ions, the next equation may be 

obtained from the Kohlraush's theory.

(11)

Hence, if we put the equation (11) equal to 1/K (K: constant)

so, (12)

by substituting these values to the equation (9), we get
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by simplification,

(13)

Therefore, we obtained the following formula from the equation (13)

(14)

where f1, f2 are activity coefficients of chlorine ion at the various con-
centrations, and also we obtained the next equation by substituting the 
values of (12) to the equation (10)

(15)

where f3, f4 are activity coefficients of Me++ ion at the various concentra-
tions. 

Electromotive Force of Anion Reversible cell with Mercury Electrode. 
The combination of the cell was as follows.

Hg | Hg2Cl2, MeCl2 (c1) | MeCl2 (c2), Hg2Cl2 | Hg

A series of measurements were carried out on the cells of the solu-

tions of the different concentrations. Each experiment was done after 

keeping the cell at 30•Ž. for about an hour. All equations in the follow-

ing tables obtained from the equation (14).

Table 4.

E. M. F. of Cell : Hg | Hg2Cl2, ZnCl2 (c1) | ZnCl2 (c2) , Hg2Cl2 | Hg 

e = -0.065524 log f2b2 / 
f1 b1.
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Table 5. 

E. M. F. of Cell : Hg | Hg2Cl2, SrCl2 (c1)| SrCl2 (C2), Hg2Cl2 | Hg

e = -0.063769 log  f2 b2 / 
f1 b1

.

Table 6. 

E. M. F. of Cell : Hg | Hg2Cl2, BaCl2 (c1) | BaCl2 (C2), Hg2Cl2 | Hg

e = -0.061244 log  f2 b2
 / f1 b1

.

Table 7. 

E. M. F. of Cell : Hg | Hg2Cl2 , CaCl2 (c1)| CaCl2 (C2) , Hg2Cl2 | Hg

e = -0.063769 log
 f2 b2 / 

f1 b1

.
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From the data given in Tables 4, 5, 6 and 7, it will be found that the 

differences between the measured electromotive forces and calculated 

ones are 0.00043, 0.00011, 0.00017 and 0.00014 volt on 0.005 molal or 

more dilute solutions. 

Electromotive Force of Anion Reversible cell with Silver Electrode. 

The combination of the cell was as follows. 

Ag | AgCl, MeCl2 (c1) | McCl2 (c2), AgCl | Ag 

Silver chloride used was purified by washing several times with the 

electrolyte at a dark room to avoid the disturbing effect by sun beams. 

The measurements of the electromotive force of the cell were carried 

out at 30•Ž. and also in the dark. The results are summarized in the 

following tables.

Table 8. 

E. M. F. of Cell : Ag | AgCl, ZnCl2 (C1) | ZnCl2 (C2), AgCl | Ag

e = -0.065524 log
 f2 b2

 / f1 b1
.

Table 9. 

E. M. F. of Cell : Ag | AgCl, CaCl2 (c1) | CaCl2 (c2) , AgCl | Ag

e = -0.063769 log  f2 b2
 / f1 b1

.
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Table 10. 

E. M. F. of Cell : Ag | AgCl, SrCl2 (c1) | SrCl2 (c2) , AgCl | Ag

e = -0.063769 log

 f2 b2

 / f1 b1
.

Table 11. 

E. M. F. of Cell : Ag | AgCl, MgCl2 (c1) | MgCl2 (c2) , AgCl | Ag

e = -0.06791 log

 f2 b

2 / 

f1 b1

From Tables 8, 9, 10 and 11, the differences between the measured 

E. M. F. and calculated ones are found 0.00018, 0.00012, 0.00004 and 0.00027 

volt at lower molal solutions than 0.005 respectively. A larger value of 

difference than above will be found by using the more concentrated solu-

tion. In this investigation, it is very important to contact silver chloride 

with silver electrode. 

E. M. F. of Cation Reversible cell with Amalgam Electrode. The cell 

used were of following type. 

Me-Hg | McGl2 (c1) | MeCl2 (c2) | Hg-Me
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Preparation of amalgam was already mentioned. Prepared amalgam 

was carried into the acetone solution and shakened, then the amalgam 

was introduced into the cell which contained the electrolyte. Every 

measurement of the electromotive force of the cell was carried out after 

keeping it at 30•Ž. for about one hour. All equations in the following 

tables were obtained from the equation (15). The results are as follows. 

Table 12. 

E. M. F. of Cell : Zn-Hg | ZnCl2 (c1) | ZnCl2 (C2) | Hg-Zn

e = 0.02458 log
 f4 a2

 /f3 a1
.

Table 13. 

E. M. F. of Cell : Ba-Hg | BaCl2 (c1) | BaCl2 (c2) l Hg-Ba

e = 0.028897 log  f4 a2
 / f3 a1

.
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Table 14. 

E. M. F. of Cell : Ca-Hg | CaCl2 (c1) | CaCl2 (C2)| Hg-Ca

e = 0.026343 log  f4 a2

 / f3 a1.

In these experiments, from Tables 12, 13 and 14, the differences be-

tween measured electromotive forces and calculated ones are found 0.00010, 

0.00015 and 0.00011 volt at lower molal solutions than 0.005 molal re-

spectively. It was found that amalgams have the disturbing effect in the 

presence of air. Therefore in these experiments, amalgam was intro-
duced into the solution with keeping off from air.

Summary.

(1) The electromotive forces of the concentration cells with ternary 

electrolytes were studied by the three methods. 

(a) At anion reversible cell with mercury electrode. 

(b) At anion reversible cell with silver electrode. 

(c) At the cation reversible cell with amalgam electrode. 

(2) Several equations were theoretically obtained to calculate the 

electromotive forces of the cells above mentioned. 

(3) Mobilities at 30•Ž. and activity coefficients of chlorine, zinc, cal-

cium, barium, strontium and magnesium ions were calculated. 

(4) We had a very good agreement between measured electromotive 

forces and calculated ones in the very dilute solutions. 

Yokohama Higher Technical School.


