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I
n a recent paper BJERRUM and UNMACK 1 have publishe d

the results of measurements, extending over several year s

of numerous cells of the typ e

H 2 ~ Solution S 1 3 .5 N KCI ~ 0.1 N KC], HgCI H g

in which the solution S was either dilute hydrochloric acid ,

dilute alkali or a Sørensen buffer mixture, in each cas e

made up to various total salt concentrations by the ad-

dition of alkaline chloride . The reproducibility of the E. M F .

measured varied from one or two tenths of a millivolt fo r

most of the buffer solutions to about half a millivolt fo r

some of the solutions of hydrochloric acid . For the latte r

cells this uncertainty was undoubtedly due to the non -

reproducibility of the liquid-liquid junction . As, at the time

these measurements were made, it was not known wha t

factors determined the stability of the E . M. F. of cells with

liquid-liquid junctions, all measurements were for the sake

of consistency made as quickly as possible after making

the junction .

Since the completion of these measurements a stud y

has been made in the same laboratory by GUGGENHEIM 2 of

the conditions for both the reproducibility and the stabilit y

of cells with liquid-liquid junctions . In these measure-

' BJEREUM and UNMACK, Kgl . Danske Vid. Selsk ., Mat .-fys . Med . 9

(1) 1929 .

GUGGENHEIM J . A. C . S . 52 1315 1930 .

1*
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ments it was found convenient to use a calomel electrod e

in tenth normal hydrochloric acid and no special precau-

tions were taken for the exclusion of air . For this reason

the absolute values of the E .M.F. s measured are uncertain ,

although the conclusions regarding stability and repro-

ducibility hold good because the electrodes used agree d

amongst themselves .

It seemed to us that it would be of interest to mak e

some new measurements of the type of BJERRUM and

UNMACK'S in the light of GUGGENHEIM 'S conclusions and s o

find out to what extent ,, if any, the E . M. F . values are effected .

In BJERRUM and UNMACK ' S measurements the junctio n

was made by dipping the side-tube of the hydrogen elec-

trode vessel into a U-tube containing 3 .5 N KC1, and in

order to avoid contamination of the bridge solution, th e

liquid levels were so adjusted that on opening the tap

between the electrode and the side-tube there was alway s

an upward flow of liquid into the side-tube. Thus the

junction was within the side-tube and not at its tip an d

so there was a fair approach to the cylindrical symmetr y

which GUGGENHEIM found to be such an important factor

contributing not only to reproducibility but also to stability .

In the present measurements the junction was made in th e

same manner except that extra care was exercised to ge t

the junction about half way up the side-tube, so as mor e

perfectly to obtain the desired cylindrical symmetry . It was

found that the initial values of the E . M . F. agreed with thos e

previously recorded by BJERRUM and UNMACK within thei r

experimental uncertainty of serveral tenths of a millivolt,

occasionally as much as half a millivolt . The E . M . F . howeve r

generally changed to the extent of a few tenths of a millivolt

in the first fifteen to thirty minutes but always reached a steady
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value reproducible to about one tenth of a millivolt an d

stable for a whole day. The sharper the initial junctio n

the quicker was the steady state reached ; the theoretica l

explanation of this has been given by GUGGENHEIM . In a

large number of cases the junction was also made by mean s

of the apparatus designed by GUGGENHEIM for making the

junction which he calls of the "free diffusion type" . For

details of the various types of reproducible junctions th e

original paper must be referred to .' In all such cases th e

steady values obtained by the two arrangements agreed t o

within about one tenth of a millivolt . It is these stabl e

reproducible values that are here recorded, as opposed t o

the initial values previously recorded by BJERRUM and

UNMACK . It thus appears possible to obtain reproducibility

and stability with a considerably simpler arrangement tha n

GUGGENHEIM 'S .

By way of contrast we made a few measurements with

junctions in which cylindrical symmetry was deliberatel y

avoided by making the junction where a narrow tube joine d

a wider one. There was no sign of stability and the F . M. F .

values recorded were erratic to the extent of several millivolts .

The cells chosen for study may conveniently be divide d

into two classes A and B. The former were all of the typ e

Hg ~ HgCI, 0 .1 N KC1 ~ 3 .5 N KC1 ~ 0.1 x N HC1 +

0.1(1- x)NRC1~H2

where R denotes an alkali metal and x was varied fro m

0 .05 to 1 .00. This series was particularly suitable for com-

parison with BJERRUM and UNMACK ' s measurements and for

determining the reproducibility and stability of the liquid -

liquid junction . The cells of class B were all of the typ e

' GUGGENHEIM J . A . C . S . 52 1315 1930 .
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Hg ( HgCI, 0 .1 N KC1 1 3 .5 N KCl ~ 0 .01 x N HC1-I-

0.01(1-x) NLiC1H 2

were x was varied from 0 .10 to 1 .00 . In these cells we ma y

safely assume that any uncertainty due to the liquid-liqui d

junction will be no greater than in the type A cells an d

the accuracy is determined by the care in the preparatio n

of the hydrogen electrode solutions . The primary object of

these latter measurements was so far as possible to com-

pare the observed values with those calculated theoretic -

ally. Why a similar calculation for cells of class A is not

possible to the same degree of accuracy will be clear later .

For the hydrogen electrode solutions ordinary distille d

water was used in the type A experiments, but conduc- '

tivity water (specific conductivity less than 10 -6 ohm'

tins- 1) for all the type B experiments. In all cases the

hydrogen ion concentration was checked by titration . The

hydrogen was prepared by electrolysis of a potassiu m

hydroxide solution and freed from oxygen by passage over

palladium at 300° C .

The calomel electrodes were prepared according to th e

directions of GJALDBAEK 1 , the calomel being made by pre-

cipitation from mercurous nitrate and hydrochloric acid .

The potassium chloride was fused before weighing an d

the chloride content of the 0.1 N KC1 solution checke d

gravimetrically . Ordinary distilled water was used .

We always had in use about ten calomel electrode s

prepared at various times . The greatest deviation found a t

any time between two electrodes was about 0 .3 millivolts .

There was no definite systematic difference between freshly

prepared and old electrodes . All measurements were there -

' GJALDBAEK, Kgl. Danske Vid. Selsk ., Mat -fys . Med . 5 (9) 1924 .
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fore corrected to correspond to the mean of the calome l

electrodes . The probable error due to the calomel electro-

des is thus not more than 10.15 millivolts .

We also prepared a number of Hg
I
HgCI, 3 .5 N KC1

electrodes and in agreement with BJERRUM and UNMAC K

found these to be less stable and slightly less reproducibl e

than the Hg
I

HgCI, 0 .1 N KCl electrodes. The E. M. F.

found for the combination

Hg 1 HgCI, 3 .5 N KC1 10 .1 N KCl, HgCI
I
Hg at 18° ,

as long as the left hand electrode was fairly newly pre -

pared, was 83.1 ± 0 .2 mv as compared with the value s

83 .13 found by GJALDBAEK 1 and 83.1 mv found by BJER-

RUM and UNMACK . The electrode vessels and electrical ap-

paratus were the same as those used in the previou s

measurements All the measurements were made at 18.0° C.

Incidentally it was discovered that the temperature regula-

tion of the air-thermostat previously used by GUGGENHEIM

was defective. It was by remedying this that we reduced

the erratic fluctuations of the "free diffusion" measure-

ments from about 1 0 .25 mv to about ± 0 .1 mv . 4

The results of our measurements are recorded in table I .

The first column gives the composition of the hydroge n

electrode solution "S" and the second the value of E, th e

measured E . M . F. corrected to a hydrogen pressure o f

one atmosphere and to the mean of the calomel electrodes .

Each cell was set up about five to ten times and reading s

taken over a period varying from two to twenty four

4 loc . cit .
3 loc. cit.

3 BJERRUM and UNMACK l0C . Cit .

4 cf. GUGGENHEIM l0C . Cit .



Table I .

Hg ~ HgC1, 0 .1 N KC1 ~ 3.5 N KC1 ~ Solution S ~ H 2 at 18° C .

Composition of S in moles
E and R . M . S . R1'

	

+E-

	

lo~ e CH ED

	

E~ g E D E .E s RT

	

'
ti)

	

xc p
log f

	

/I.
RT

	

~xct
)2

	

lo

	

f'f

	

-Edeviation l;

	

e

	

RCI

	

RCl geF.
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S
litre-' 1 in m . v. in m . V . in m . V .

in m . V . in M . V . in m . V . in m . v .

Type A :

.1000 HCl	 - 400 .35 ± 0.25' - 342.60 0.00 0 .00 0 .00 0 .00 0 .00

.0750 HC1-++ .0250 LiCI . - 406.95 ± 0 .10 - 342.00 + 0.60 + 1 .10 - 0 .50 - 0 .0 1

.0500 HC1-++ .0500 LiC1 . - 416.30 + 0 .07 - 341 .20 + 1 .40 -r 2 .35 - 0.95 0 .0 2

.0250 HC1-++ .0750 LiC1 . - 432 .60 + 0 .10 -- 340.10 + 2.50 -I- 3 .80 - 1 .30 - 0 .0 3

.0100 HCl + .0900 LiC1 . -- 454 .95 + 0 .10 - 339 .45 + 3.15 + 4 .80 -1 .65 - 0 .0 4

.0050 HC1-++ .0950 LiCl - 471 .95 + 0 .15 -- 339 .10 + 3 .50 + 5 .20 -1 .70 - 0.0 4

100 LiCI	 .

	

.

	

.

	

. - 338 .85 + 3 .75 + 5 .60 -1.85 - 0 .04 + 1 .77

0500 HC1 + .0500 NaCl . - 416 .40 + 0 .10 - 341.30 -F-1 .30 + 2 .20 - 0.90 - 0 .1 2

.0100 H C1-{-- .0900 NaCl . 455 .30 + 0.12 - 339 .80 + 2 .80 + 4 .55 -1.75 - - 0.2 2

1000 NaCI a	 .

	

.

	

.

	

. - 339 .35 + 3 .25 + 5.30 - 2.05 - 0.24 -}-1 .57



.0500 HC1-}- .0500 KCI .

.0100 HC1-}- .0900 KCI . .

.1000 KCl 2	

.0100 HC1-}- .0900 0sCI .

1000Cs(.1~	

Type B :

.01000 HC1	

.00700 HC1-F- .00300 LiC I

.00500 HCl + .00500 LiC 1

.00100 IICI + .00900 LiC 1

.01000 LiCl2	

	

- 416 .85 + 0.09

	

- 341 .75

	

- 456 .20 0.07

	

- 340 .70

- 340 .4 0

	

456.95 ± 0 .08

	

-341 .4 5

-- 341 .2 5

-340.0 0

- 339 .85

-- 339.3 0

338.3 0

-338.00

0.0 0

+ 0.1 5

+ 0.7 0

+ 1 .70

+ 2.00

+ 2 .1 0

+ 4.05

+ 4 .70

+ 4.05

+ 4 .70

0 .00

+ 0.2 5

+ 0 .4 5

+ 0 .8 0

+ 0 .85

-1 .25

- 2.1 5

- 2 .50

--2 .9 0

-3.3 5

0 .0 0

-- 0.1 0

-I- 0.25

+ 0 .90

+ 1 .15

-0.2 5

-- 0 .4 4

- 0.4 9

- 0 .7 6

- 0.8 5

- 455 .50 ± 0 .07

- 464 .25 + 0 .05

-472.15=0.08

- 511 .50 + 0 .05

+ 1 .5 2

+ 1 .65

1 The cell where the solution S was .100 N HC1 was measured at two periods several months apart . The values during eac h

period agreed to within 0 .10 millivolts . The somewhat larger R . M . S . deviation recorded is therefore presumably due to a chang e

of 0 .1 to 0 .2 m . v . in the mean of the calomel electrodes during the interval and is not due to any difficulty in obtaining a satis-

factory liquid-liquid junction .

a Values obtained by a slight extrapolation, vide Fig . 1 .
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hours. The values recorded are the mean of all readings ,

only excluding those in the first few minutes before th e

steady state was reached. The total number of reading s

for each cell varied from about 25 to about 150 . The root

mean square deviation of the individual readings from th e

mean is also recorded ; the root mean square deviation ,

rarely exceeds one tenth of a millivolt . The values in the

third column are obtained by subtracting from the mea -

sured E . M. F . 57 .74 log l o C 13 + millivolts' representing the

effect of the hydrogen ion concentration on the E . M. F. ,

salt effects being for the moment neglected . That the values

in this column are not the same for all the cells is du e

partly to the liquid-liquid junction potential and partly t o

salt effects. These effects will be discussed in detail below

and the remaining columns of the table explained . In Fig . 1

the values of E -
F,I

log e C H+ have been plotted agains t

the ratio of the hydrogen ion concentration to total catio n

The value 57 .74 X 10- 3 Int . Volts for
F

log e 10 at 18°C . is obtaine d

from the fundamental constants given in the Handbuch der Physik ,

Vol . II . In the International Critical Tables there is a slight inconsi-

stency in the data :

(1) 1 .11800 mg Ag deposited per Int. Coulombs(a) ,

(2) Atomic weight of Ag 107 .880 ,

(3) 1 Faraday = 96507 Int. Coulombs(a) .

According to (1) and (2) 1 Faraday = 96494 Int. Coulombs(a). If w e

accept (1) and (2) and reject (3) the value obtained for
F1

loge 10 from

the data of the International Critical Tables is identical with that give n
above . The true value of the fourth significant figure is not quite cer-

tain but for measurements, such as ours, confined to solutions contai-

ning HCl its effect on all computations fortunately corresponds to a t

most a tenth of a millivolt . Its effect is however appreciable on quantitie s

obtained by combining measurements in alkaline solutions with measure-

ments in acid solutions . For example the value of KH,o can be affecte d
by about 1 to 2 °/o .
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or anion concentration. The regularity of the plots confirm s

the absence of any erratic fluctuations of more than; 0 . 1

millivolts .

For a thermodynamic discussion of the significance o f

the E . M . F .s measured it is convenient to consider two o f

the cells balanced against each other, the result being

equivalent to the cel l

H 2 1 Solution I 13 .5 N KCI I Solution II I H 2 .

It is well known that, if all mean activity coefficients wer e

unity, the E . M . F. E' of such a cell containing only univa-

lent ions could be written a s

-343

-342

ti
o

,
-339

-338

	I	 I	 I	 I	 I	 I	 l	 i

0,0

	

0 .2

	

0 .4

	

0 .6

	

0 . 8

CII+

	

_ Cx+

	

CH+ -I- Cß+

	

Ccl-
Decinormal concentration . 0 LiCl ; + NaCl ;

	

KC1 ; 0 CsCl.
Centinormal concentration . q LiC1 .

1 . 0

E' = EEI-I- ED

	

(1)
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where EEI denotes the difference in the "ideal" electrod e

potentials and ED the "ideal" diffusion potential, thes e

being given by
I I

EEZ = RT loge
C

(2)	 +
F

	

c l

and
i f

E D = - ÎT Ç tnd loge C R

I

	

z

T
II

,2tx d log e Cx (3)

where R denotes the gas constant, T the absolute tempera -

ture, F the Faraday, C R , Cx the concentrations of each

catio
``
nR and each anion X and tß, tx their transport numbers .

,

	

denote summation for all cations or for all anion s+ -
respectively. The integrals are to be evaluated through bot h

transition layers from left to right . If the junctions are of

the "continuous mixture type" the contribution of each

junction to E D is given by IENDERSON 'S formula.' Even if th e

junction is of the "free diffusion type", HENDERSON ' S for-

mula will for the cells in question probably be accurate to

within a few tenths of a millivolt . 2 Actually of course the mea n

activity coefficients of salts even in quite dilute solutions diffe r

markedly from unity and so equation (1) is not applicable .

It has been shown elsewhere that E' is given by th e

thermodynamically exact formula 3

E' = EEZ -{- ED -F- Es

	

(4)

where E EZ and E D are defined by equations (2) and (3) ,

while Es which may be called „the salt effect potential" ,

is given by

1 HENDERSON Z . Ph . Ch . 59 118 1907 .
GUGGENHEIM IOC . Cit .

n GUGGENHEIM J . Ph. Ch . 34 1930 .
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IL

	

II

Es =
RT
F

D tit d loge fRx
1Hx + RT

F
I _

tx d loge flax

	

(5 )
+

fßx denoting the mean activity coefficient of the salt R X.

It will be seen that Es is a function of the mean activity

coefficients of all the salts present throughout the cell an d

of the transport numbers of all the ions at all parts of th e

cell . It is not possible physically to split up Es between th e

electrodes on the one hand and the liquid-liquid junctio n

on the other. This important fact is closely related to th e

principle, first unambiguously stated by TAYLOR, that the

conception of an individual ionic activity coefficient i s

thermodynamically undefined . '

It is not unusual to compute hydrogen ion activitie s

by the formula

FTE ' =

	

-

f I I

loge

	

x+ (6 .1 )EcI-+

or alternatively by the formula

flH+

(6 .2 )
RT

	

fII

+E ' = EEI+Ell -l

	

IIloge
-H m

These are equivalent respectively to two different conven-

tional definitions of f H+, namely

f I I
RT loge

IjT

	

= ED -}- Es

	

(7 .1)
fH +

and fu
RT

	

+
	 loge

I = Es .
F

	

f H +

As pointed out by BJERRUM and UNMACK the systens (6.1) ,

(7 .1) has the advantage over (6 .2), (7 .2) that, according to

' TAYLOR J. Ph . Ch. 31 1.478 1927 . Cf. GuGGENHEIn4 J . Ph . Ch . 33 84 2

1929 .

(7 .2 )
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the former but not the latter, when both the electrod e

solutions become infinitely dilute the ratio fH 4../fH+ becomes

unity. They therefore make use of the conventional defini -

tion (6.2) [or (7 .2) . 1 Even with this definition, however ,

the individual ionic activity coefficients will not behav e

similarly to mean activity coefficients . Thus, as an approxi-

mation, setting the mean activity coefficients of all th e

salts at each part of the cell as equal, that is to sa y

(5) becomes
fßx = fax = f±

	

(8)

Ĥ

n
~Es - RT

	

2 tY d loge f±

	

(9)
F

and so according to (7 .2), in general

f II

	

f II
g+

fH+

unless by chance 7tx = z throughout the cell, that is t o

say unless the mean mobility of the cations is equal t o

that of the anions . [

In order to compare these conclusions with our experi-

mental results let solution II be the same as solutions S

and let solution I be the solution of HCI, without added

salt, at the same total concentration . The values of E D + Es

in the fourth column of table I are then obtained by sub-

tracting from those in the third column the correspondin g

values for the solutions containing only acid . In column

five are given the [values of E D computed by HENDERSON ' S

formula, the use of which involves two inexact assump -

' BJERRUJI and UNMACK 10C . Cit .

(10)
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Lions : firstly that the transition layers are of the "conti-
nuous mixture type" and secondly that from one part o f

the cell to another the mobilities of the various ions var y

in a common ratio . Each assumption may involve an erro r

of a few tenths of a millivolt but not more . Finally by sub-
tracting these values from those in the fourth column th e

values of Es recorded in the sixth column are obtained .
According to the conventional definition (6 .2) or (7 .2) these

RT

	

(5) ' ,mu)are the values of	 F log e f li+ / f

	

. For the sake of con -

trast we give in the seventh column for the type A experi -

ments, the values of F log e, f

	

ßC. l(s) /f~ H l where t

	

fRCI i sacl

	

ItCl $c l

the ratio of the mean activity coefficient of the uni-univalen t

chloride RC1 in the solution S and in 0 .1 N HC1. That this

ratio is the same for all uni- valent cations R there is abundant

evidence both theoretical and experimental .' The values actu-

ally recorded are those obtained for HC1 and for [Co(NO 2)

(SCN) (N H 3 ) 4 ] Cl in the very accurate experiments of GüNTEL -

BERG . 3 It is clear that the conventional fx+ ratios deviate from

unity considerably more than the corresponding filcl ratios .
This is particularly striking in the case of the solution s

containing LiCI, for the ratio f(uLciil) / f (H'C1I) differs from unity

by less than 0.2 °/o while the conventional fi;+l) /fHH+ l )

differs from unity by 7 °/o . In this case the whole devia-
tion of this ratio from unity or of Es from zero is due t o

the difference in the mobilities of the H + and Li+ions and

not at all to any difference in the thermodynamic pro-
perties of HCl and LiCI .

' BRaNSTEn J . A . C . S. 44 877 1922 . BRØNSTEn J. A . C. S . 45 2898 1923 .

GÜNTELBERG Z . Ph . Ch . 123 199 1926 . GUGGENHEIM Rep . of Scandinavia n

Science Congress Copenhagen 1929 p . 298 .

2 GüNTELBERG Z . Ph. Ch . 123 199 1926 .
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Is is unfortunately not practicable to compute Es theoreti-

cally with any certainty for the type A experiments owin g

to our ignorance of the activity coefficients of HC1 an d

RC1 in the more concentrated parts of the transition layers .

Such a computation is however possible with at least a

moderate degree of accuracy in the case of the type B

experiments, these having in fact been designed with thi s

end in view. We shall now show how this computation

can be carried out .

Let us consider the cel l

H 2 HC1 at conc . c KCl at conc . kc ~ RC1 at conc. c ~ Hz

I

We may, if desired, suppose that the RC1 solution contains

a trace of HC1 to make the value of CH+ definite .

This value of C H+ will of course determine E EI but will

clearly have no effect on Es which according to (5) is

given by

II

	

Ii

RT

	

fxcl RT

	

fHC IEs = F

	

2 tR d l oge
fncI -I- F

	

2 tK d loge
fKCI

I

	

f

s: 12

+
FT

	

tct d log e HCI

To evaluate these integrals we have to make use of cer-

tain approximations regarding the mean activity coefficient s

and mobilities . We therefore assume firstly that the mean

activity coefficients of all chlorides are equal at each part o f

the cell, secondly that the ratios of the mobilities of the variou s

ions are the same throughout the cell and thirdly that we
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may treat the transition layers as of the "continuous mix-

ture type". The first assumption, which may be writte n

fHCl = fRCl = f1iC1 = f+ ,

is certainly sufficiently accurate in the dilute parts of each

transition layer and it is these that chiefly contribute to th e

integrals. For this very reason we shall eventually fin d

that we may dispense with this assumption in the more

concentrated parts of the transition layers, where it is leas t

accurate . The first two assumptions are also involved in

the application of HENDERSON ' S formula to the evaluation

of ED .

By the first assumption (11) simplifies to

II
Es

	

R1

	

2 tçl d loge f± ,
F !lj

According to the second assumption, since the mobilities o f

K+ and Cl- are so nearly equal, we may write

uII+

	

uR +
nK-I- = uCl- -

	

=
?

i e

where u denotes ac mobility and 2' are constant through -

out the cell . The third assumption then leads to

x= 1

	

RT

	

(1-x)+ kx

	

Es _ F

	

2(

	

1) (1- x)+2kx
d.loge f

= o
x=v

	

(15)
+ RT 9	 (1- x) + kx	

d loge f,
F

	

(a ' -ß-1) (1-x)-F-2kx
x= 1

where f is the value of f± for a mixture of (1 -x) parts o f

the electrode solution I and x parts of the bridge solutio n

Vidensk. Selsk. Math .-fys. Medd. X, 8 .

	

2

(12)

(13)

(14)
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III, while f' is the value of f-i- for a similar mixture of

solution II with the bridge solution III . In so far as f+

depends only on the total salt concentration f and f' are

identical for equal values of x. Now it may be possibl e

(this must be verified a posteriori) to split up the rang e

of each integral into two parts 0 < x < x 1 and x1 < x < 1 ,

such that in the first f+ is some simple function of th e

total concentration and in the second the HC1 or RC 1

present is negligible compared with the great excess o f

KC1 and so to- is practically 2 . The contribution of the

latter range to the first integral in (15) will thus approxi-

mately .cancel its contribution to the second integral an d

there remain s

Es = RT
2(7(1-

x) -kx

+ )(-x) +2kxdloge f

x= 0

X= . ,

	

_RT

	

(1-x)-+-kx

	

F

	

2 (a ' + 1) (1-x) + 2 kx
d loge f.

s = 0

Let y 2c denote the total concentration of a solution con-

sisting of (1 - x) parts of either electrode solution and x

parts of bridge solution, so that

2_ 1

y2 = (1- x) -{- kx or x= 1 -1

	

(17)

and let y, be the value of y corresponding to x = x1 .

Let us now suppose that for all concentration y2c les s

than y,2 c the mean activity coeffiicient can be expresse d

in the form'

loge f-i- = - a vy2 c -;-,By 2 c

	

(18 .1)

1 BØNSTED Trans . Far. Soc . 23 416 1927 .

X = x,

(16)
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or

	

dloge 1 = -aj/cdy -- fie 2y dy .

	

(18.2)

Then substituting from (17) and (18 .2) into (16) we get

RT ~ (k-1) y 2 (-a j/c+2ßcy )
Es

	

F

	

lc- 1) I (2k - 2 -1)y2 dy
1

RT

	

(k -1)y2 (-aVc+2ßcy)
F

	

2 k(2 ' -1)-+- (2k -ti ' -1)y2dy
.

As it >1 whilst we sball want to set i ' < 1, we express
the two -integrals in different forms to avoid imaginar y
quantities . We obtain finally

FEs _ 2(k-1)[- c~

	

1
RT 2k-2-1 a I/ yi -

k~ -1

	

/2

	

1k-~,-(	 ) arctan1	 yl2k-~,-1

	

k(~-1)
2k-2-1) 1+ßc{ y-arctan ~k(2-

)1

	

i

k(2-1)

	

(2k-2 -1)yi+k(2-1)} ]
2k -2-1 1o ~ e (2k -7- 1)+k( 1 -1 )

2(k-1)
2k-1'-1

	

aj~c y l - 1

k(1-0 ~k-~l '- 1(aretanld J2k--k(1 - j)

- arclanh 21c-2' -1 ~ ß

	

1~ k(1 -a) )
+ c {3 i

k(1 -~,')

	

(2k- .~'-1)yi - k(1 -
+ 2k -7~ ' -1 1 oge (2k -~,' - 1)-k(1 - 2 ')

In the case that 2, 2 ' and unity are negligible compared
with k, this simplifies to

(19)

(20.1 )

l

2*
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F Es

	

2
RT

	

c

	

~  arctan ~-1 y 1

- aretan
V
	 21 j -,ß c

A-
2 1 loge 2y, +

A
i	 1

1/

	

- A '
c	 2 arctanh V 1	 -

2
~ ; y 1

(20.2)

arctanh j~
	 2

	

1-A '

	

2 yi-f al ' - 1
2 loge	 +

We shall nov apply these formulae to the cel l

H 5 0 .01 N HC1 13 .5 N KCI 10 .01 N LiC1 I H 2 .

Here k = 350, A, = 5 .0, A' = 0.5 so that the shorter formula

(20.2) is almost as accurate as (20.1) ; we have however used

the latter. We assign to cc the value 0 .50/loge 10 correspondin g

to the DEBYE-HÜCKEL limiting law' . For ,6 log e 10 we have

chosen the value 0.50 for the following reason. We shall

find that almost the whole contribution to the integral

conies from those parts of the transition layers where

the concentration is less than 0 .1 N . Up to this concen-

tration the activity coefficients are given quite accuratel y

by formulae of the type (18.1) with the following value s

of ,6 loge 10 : 0.40 for KC1 in KC1, 0.60 for HCl or LiC 1

in HC1 or LiCI and 0 .50 for HCI or LiCI in KC1 . Hence

we have clearly to use a value between 0 .40 and 0.60 an d

we have chosen the mean of these . Fortunately a diffe-

rence of 0 .10 in fi loge 10 affects the final result by only

0.2 millivolts .

Finally remains the question what value to choose for

y, and the verification of our assumption that practicall y

the whole contribution to . the integral comes from the

' DEBYE and HUCEEL Ph . Z . 21 185 1923 .
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Table II .

Computation of Es for the cel l

H2 ~0.01NHC1I3.5NKC1(0.01NLiC1~H 2 at 18°C.

3 .0 3.5 4.0 6 .0 7 .0 8 .5 1/350

.09 .12 .16 .36 .49 .72 3 .50

.411 .417 .447 .476 .483 .489 .500

.514 .510 .507 .503 .502 .501 .500

+2.65i-}-2 .92 + 3 .14 + - 3 .64 + 3.79 + 3.95 + 4 .3 7

- 0.93 ---111 -1.26 -1.75 -1.95 - 2 .20 - 3.22
+ 1 .72 + 1 .81 + 1 .88 + 1 .89 + 1 .84. + 1 .75 + 1 .15

range 1 < y < yl while the remaining range y1 < y < j/k

may be neglected. This is best tested by computing wit h

a series of values of yl and seeing to what extent the com -

puted value of Es is independent of the value chosen for 37 1 :

The results of this computation are given in Table II ,

which explains itself. We see that the computed value o f

Es does not vary more than two tenths of a millivolt in a

range of y1 2c values extending from 0 .1 to 0.7 . It must

however be admitted that even at the concentration 0 .7 N

the transport number of the chloride ion still differs appre-

ciably from 1/2 . For the concentration 3 .50 N the formula

assumed for f+ will be very inaccurate so that we mus t

not attach too great importance to the calculation with y 1 2

= 350 . However the result in this case also is only 0 .6 mv

less than that for the concentration y 1 2c = 0.7. It therefore

seems fairly safe to take as the computed value 1 .5± 0.4 mv.

As the experimental value, obtained by a slight extrapola-

tion (see Fig . 1 and Table I), is 1 .2 m. v . the agreement i s

Value of y l	
Cone at limit of integral

_ .0137 12	
tel- at limit of integra l

on HC1 side	
tel.- at limit of integral

on LiCI side	
Term in Es proportiona l

to a j/c in mv	
Term in Es proportiona l

to ßc in mv	
Es in millivolts	
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quite as good as could be expected in view of the unavoid-

ably approximate nature of the whole computation. Ex-

pressed in terms of the conventional fH + scale we may

say that for the deviation of f R+c ~~ / fH+ r~ from unity ex-

periment gives 5 °/o and computation 5 to 7 °/o . It is especi-

ally satisfactory that our computation is able to accoun t

for the greatness of this deviation, which is here du e

entirely to the difference in mobilities of H + and Li + ,

since at 0 .01 N concentration all typical uni-univalent

salts have the same mean activity coefficient at least t o

within a fraction of 1 °/o . For HC1 and LiCl this equalit y

in fact holds even at 0 .1 N concentration .

Considering the difficulty of computing Es for th e

type B cells, it seems hopeless to attempt a similar com-

putation for the type A cells . It is however perhaps wort h

while trying to explain why Es has opposite signs in th e

two cases . Now it will be observed that formula (20 .2) i s

independent of k, except in so far as the value to be use d

for y 1 depends on k. For c = 0.01 and k = 350 formula e

(20.2) and (20 .1), as already mentioned, are practically

indistinguishable. For c = 0 .1 and k = 35 the two for-

mulae will differ somewhat more and both may be very

inaccurate . We shall nevertheless apply (20 .2) to the cell

H 2 ~ .1NHC1~3 .5NKClI .1NLiCl ~H 2

merely to obtain rough qualitative information of the be-

haviour of Es . We see then that the term in Es propor-

tional to a 1/c will be about 3 times greater than it wa s

for the corresponding type B • cell while the term propor-

tional to /3 c will be about 10 times greater . Looking then

at the figures given for these two terms in table II and

remembering the extremely approximate nature of our
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estimate, we find it at least reasonable to expect the nega-

tive ß c term to be numerically greater than the a re term,
in which case the sign of Es will be reversed .

Remembering that according to BJExxunl and IlNMACK ' s
conventional definition of fH + the values of Es in the
sixth column of table I may be regarded as values of

F,

	

be f(H+/fH+l), by subtracting these from twice th e

values in the seventh column we obtain the correspondin g
RT

	

(S) (HCl)conventional values of - F log e fcl_lf, given in the eighth

column. It is noteworthy that the values of fe - are the

same within 1 °/o in the solutions of pure LiCI, NaCl, KC l

and CSCI., but differ by no less than 6 to 7 °/o from it s

value in the solution of pure HC1. This again is in ac-
cordance with the fact that these conventional ionic activit y
coefficients are not purely thermodynamic functions, bu t
depend largely on the transport numbers of the various
ions present .

We have shown that the conventional ionic activit y
coefficients may remain extremely specific even at concen -
trations of the electrode solutions so low that the mean

activity coefficients are given with 1 °/0 accuracy by the

non-specific limiting law of DEBYE and HUCKEL, namely :

log 10 f+ = - 0 .50 1/c ,

for solutions containing only univalent ions. It might be
argued that this effect is due to the exceptionally larg e

proportion of hydrogen ions to other ions in one of the
electrode solutions and that this complication would b e
absent as long as the electrode solutions were typical buffe r

solutions . This is indeed true as long as only univalent

ions are present in the cell, for if they all have approxi-
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mately equal mobilities ED will be small and likewise th e

deviation of Es from F loge f+i f+ . But there is no corres -

ponding simple proposition holding for cells containin g

ions of several valencies . We shall refrain from giving

here the more general formulae for E D and Es when ion s

of several valencies are present . If we make the simples t

possible assumption namely that the KOHLRAUSCH mobili-

ties are equal for all ions of the same valency and pro-

portional to the valency for ions of different valencies, the n

the ideal liquid junction potential will be zero. But the

further assumption that the activity coefficients at eac h

part of the cell are the same for all salts of the sam e

type is not sufficient to produce any notable simplificatio n

in the form of the "salt effect potential" Es, except in the

special case that in both electrode solutions the concentra-

tion of cations of each valency is equal to the concentra-

tion of anions of the same numerical valency . This last

condition would in practice be difficult to fulfil in choosin g

a buffer solution owing to the general tendency of salts o f

symmetrical valence type to be insoluble except in the

case of uni-univalent salts .
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