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1. 

1. GLOSSARY OF ABBREVIATIONS AND SYMBOLS. 

Listed below are the abbreviations used throughout 

the the text . Others which are used only in one place , 

are defined as they are introduced . 

. a. 
l 

e 

E 

= 

= 

= 
= 

= 
= 

= 

= 

= 

= 

= 

= 
= 

activity of ionic species i . 

mean ionic activity. 

molar-concentration 
concentration in gram-molecules per litre of 
solution. 

base of Naplerian logarithms 
2 . 71~3. 

total electromotive force of a cell in 
absolute volts . 

liquid junction potential estimated by means 
of the Bjerrum extrapolation method. 

total electrode potential of a cell. 

sum of the ideal single electrode potentials 
of a cell . 

contri~ution to E 1 of departures from ·ideal 
solution behaviour. 

liquid junction potential 
diffusion potential. 

= ideal junction potential . 

= contribution to E~ of deviations from ideal 
solution behavioor. 

E3 •5 = diffusion pot ential at a 3.5N salt bridge. 

E1 . 75= diffusion potential at a 1.75N salt bridge. 

fi = 

f.~. = 

F = 

G = 

J = 

m = 
= 

molal activity coefficient of ionic species i. 

mean ionic activity coefficient . 

Faraday. 

free energy. 

ional concentration of bridge solution . 

molal concentration 
concentration in gram-molecules per 1000 
gram sol ution. 

m+ = mean i onic molal conc entration . 



mV = 

nm/ em = 

N 

R 

T 

= 

= 
= 

= 

= 

= 

'!'emp. = 

= 

= 

= 

= 

= 
= 
= 

= 

= 

= 

= 

= 
= 

2. 

millivolts. 

nanomhos per centimeter 
10-9 per ohm-em. 

normality, 
gram- equivalents per litre of solution. 

derrees centigrafr~. 

ideal gas consta~t ~er mole. 

absol ute temperature. 

temperature. 

transport number of ionic species 1. 

transport number of cationic species i. 

transport number of anionic species i. 

mobility of cationic species i. 

~ui(g)ci(g) . 
value of U in solution g. 

~ui(g)ci(g) 1zi1 =value of U in solution g. 

mobility of anionic species i. 

L vi{g) 0 i(g) 
vaiue of V in solution g. 

~ vi{g)ci(g) jz~ 
value of V in s olution g. 

valence of ionic species i. 

valence of ionic species i without regard to 
sign. 
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INTRODUCTION . 

The potentiometric method is one of the most 

exact techniques of electroch emistry. Its use is wide-

spread in both routine measurements, such as pH 

determin? tion, and in applications which demand the 

highest accuracy . Perhaps its severest limitation is 

the error due to liquid · junction potentials. Although this 

has b ee n the subject of much study , and although various 

means of combating it havebeen proposed, it has defied all 

attempts at a satisfactory solution. Indeed , so serious is 

the posit i on that it ha s become the accepted practice in the 

more accurate fields to abandon altogether the use of 

potentiometric techniques in favour of others , UAually less 

convenient and otherwise less accura te, when the presence of 

liquid junctions cannot be avoided. 

One of the most disturbing features of the question 

of the l iquid junction potentia l error is the decided tendency 

which exists among many workers~ to minimise its i mportance. 

This is particularly noticeabl e in the field of pH mea sure-

ment. It is commonly accepted, although on no apparent 

bas is , than an accuracy of 0.01 to 0.02 pH uni t s is attain-

able by the methods in common use. In a recent investigation 

(1), however, D.A. Clur in conjunction ~ith the present 

author showed that even a precision of this order is only 

possible by the use of special t echni ques, an~ that, in fact, 

the error normally encount ered i s at least 0 .1 pH units. It 

can be seen, the~efore, th t not only a re t he er ror s 

involvec cons iderable, in thems elves, but that the position 

is a ggr avated by the f a i lur e of ~orkers to r ecognise their 

ma gnitude . 

For the sake of completeness it should be mentioned, 

at this point, that one aspec t of the subject has proved to 
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be less complex and less intractable . Liquid junctions 

can be classified into two broad types: homoionic 

junctions formed by juxtaposition of solutions differing 

only in ionic concentrations ; and heteroionic junctions 
~ 

involving differences in i oni c species , or in both ionic 

species and concentrations. The former are capable of 

exact thermodynamic definition. Furthermore, they 

present no difficulty in their prac tical preparation, 

as they are found to be completely independent of the 

manner in which junction is effected. It is with the 

second t ype which are more commonly met with , that this 

investigation is solely concerned. 

It was considered that all poss i bilities of a 

satisfactory solution ha0 not b een fully exhausted . 

In particular , it was felt that one of the lesser 

known aspects - that of mixed electrolyte salt bridges -

offered some promise; and it is from this angle that 

the problem has been attacked. 
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CRITICAL SURVEY OF PREVIOUS .WORK 
ON LIQUID JUNCTION POTENTIALS. 

3 .1. THE THEORY OF LIQUID JUNCTION POTENTIALS. 

By considering the changes in free energy which occur, 

as ions diffuse across the boundary between two solutions, l 

and 2, it can be shown thermodynamically that, if there is a 

transition layer in which the composition varies continuously 

from 1 to 2, then 

RT "\"--, 
- L--1 
F i 

.... . .•... 3.1 (i) 

Equation 3.1 (i) is easily integrated, if it is assumed that 

t
1 

is independent of a1 

ln ai(2) .... . ... 3.1 {11) 
9·1 ( 1) 

Tne aee~pt1on, however, is certa~nly not va.lid, ~nd mget ~e 

raj~eted. Th1e cempl!aates tne proolem, and it ~~ new 

neeeesary to assign some structure to the boung~ry oefore 

,.l(1) o~n be integrate~. ~hia hae been ~one 1n sever~l cae~s, 

and it 1e fo~nd that the calculated diffusion patent1al d~p~nde 

on the type of t~~ne1t~on layer poet~lated . 

M. Planck(E) in l$90 was able to integrate ).l(i) by 

a as u,m!np; that 

(1) the solvent is tne same throughout the j~nct1on; 

{ ll) the law a of id.eal sol u t1on are obeyed; 

{111) the mobility of an ion is the same throughout the 
junction; 

( 1v) the boundary between the two solutions haa the 
following form: ions may diffuse freely between 
two planes A and B, but to t he left of A and to 
the right of B the concentration of the solutions 
remains unaltered. This is known as a "constrained 
diffusion" boundary. 

The re sulting transcendental equation was extended by 

Pleijel (3) to cover ions of different valencies. 

Henderson {4) performed the integration by aesuming 1 
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in addition to Planck's first three assumptions, a 

"continuous mixture 11 boundary. The compositi on at any 

poin~ of a transition layer of this type is a linear 

combination of the concentrations of the e~treme liquids . 

His equa t lon is 

R T ru1 - v ) = (U2 - V~.) <u1 -+ '1> 
E j 

1 
o • oo3ol(iii) o = -r c= + vl) - (fj2 + V2)ln (U2 + \f2) ul 

where 1ii = ~ui(l) lzil ci(l) vl = ~vi(l) lz~ 0 i(l) 

Tf2 ·:a ~ui(2) lzil c 
i ( 2) 

'V' = 4vi(2) lz~ ci (2) 2 

ul = ~ui(l) 0 i(l) 

u2 = ~ui(2) ci(2) 

vl = .4vi(l) 

v = 
2 ~vi(2) 

and where~and ~signify summation of positive and 

negative ions respectively. It is more widely used than the 

Planck equation, ana is indeed the most common means of 

calculating diffusion potentials. This is probably due 

more to its grea ter simplicity than , as Dole (5) implies, 

to the fact that "continuous mixture" boundaries are 

more easily realised experimentally than the "constrained 

d1ffusion 11 type. 

It is surpri sing to f i nd that , despite its wide 

application, little has been done to verify the Hend erson 

equation experimentally. Certainly no attempt has been 

made to compare potentials measured by the accurate ex­

perimental techniquoo introduced by Guggenheim (6) (see 

section 3.3 ) with those calculated from it in the important 

case whe re one of the soluti ons is very concentrated. 

When, in j ustifying improved expressions , other workers 

have criticised the equation , it has always been on 

theoretical grounds. 

The next i mportant equation is t hat plfulished by 

P.B.Taylor (7) i n 1927. 
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+ ti H 

l 
- 11)dY . ... ....... . 3.l(iv) 

The quantities u,v~J,v, are similar to those 

appearing in the Henderson equation , except that the ion 

mobilities, ui, are replaceo by their specific ionic conduct­

ances, ;ti; W = ~Aimi, where theAi and m1 used are those 
. 

occuning in a transition layer of structure rigidly defined 

by relatione determined by Taylor in the same paper. WH 

differs from Win that the~ and m used are those occu~ing 
1 i 

in a continuous mixture boundary. dY = ~~i zimidGi. 

The equation applies to what have been called 

"free ~iffusionrt junctions, i.e. where the bo undary is made 

initially sharp, and the two solutions are then allowed to 

diffuse freely. It takes into account, ~Y means of the 

functions ~l and ~2 , the variation of mobilities and 

activity coefficients across t he boundary, The first term 

is 1 essentially, Cl-n extension of the Hend ersor express ion, 

while the second is a correction wh ich allows for the 

difference be tween the continuous mixture concentrat i on 

distribution, and the fre r jiffusion distribut i on deduced 

mathematically. Taylor app~ied the equation only to the 

junction 

HOl(O.lN) KOl(O.lN) ... . . . .. .. . ...... 3.·1(v) 

and claimed a closer agreement with experiment than that 

given by the Henderson equation. Gug~enheim (6), however, 

hae cri t icised some of the assumptions underlyi ng the 

equation. In ad dition, the equation involves long, 

tedious calculations, and da ta which has not been f ully de­

termined, and is never used in practice. 
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In 1940, F.O.Koenig (8) criticised the treatment of 

certain fundamentals, such as spontaneous diffusion, in 

previous theorieR of cells with liquid junctions, and 

went on to develop a new equation based on what he called 

"the condition of quasi- reversible conduction." This ex-

pression takes into account · the effect of gravitational, 

electric and magnetic fi elds , and yet is of no direct 

practical use; for it is a differ ential equation of 

similar form to equation 3.1(1), an0 thus presents the 

same mathematical dif f iculties. 

In a series of papers published between 1929 and 1936 

(6,9,10,11,12), Guggenheim threw into sharp relief the 

principles involved in the concept of diffusion potentials, 

and placed the whole subject on a much more secure footing. 

He stressed the importance of recognising the di f ference 

between thermodynamically and physically real quantities, 

ana those ~hich merely arise from convention. He stated 

(10) the following general principle , which previously (7) 

had only been hinted at~ 

"The electric potential difference between two points 

in different media can never be mepsured, and has not yet 

been defined in terms of physical realities; it is, 

therefore, a conception which ha s no physical significance." 

If, for example, we consider a cell with 

Cu (1) /solution X 

I 
I 
I 
' diffusion l a yer 
I 
I 

liquid junction, 

~S olution Y / cu(2) 

... .. . .. ... . 3 .1 (vi) 

we can actuall y mea sure the potential differenc e , E, between 

the copper electrodes, and thus know it to be · physically 

real. When, on the other hand, we r egard E as being compos ed 

of a nett electrode potential, E81 , and a diffusion 

potential, Ej, so that 



E =Eel+ EJ, •.... . ... . .... ..... 3.l(vii). 

we must consider the split to be quite arbitrary; for 

neither single electrode potentials nor diffusion potentials 

can be measured, except in terms of single ion ~ctivities, 

which thenselves are arbitra ry quantities. 
' . -

The diffusion potential is, therefore, no more than 

a mathematical device. As such, however, it is undouhtedly 

of great use, and Guggenheim himself suggested that E could 

best be divided as follows: 

'I I 
E = Eel + Ej + s E ..... ... ... . . . ... 3.l(viii). 

and further 

E = I 
Eel + EI + 

j 
s EJ •.... . .•. 3.l(ix). 

where 
I 

Eel = the ideal electrode potential; 

EI 
j = the ideal junction potential; 

Es = the potential due to the departures 
from ideal solution behaviour 
s s 

= Eel + Ej. 

Equation 3.l(viii) has come to be calleo Guggenheim's Rule. 

This indefiniteness in the meaning of the liquid 

junction potential does not, of course, mean that no exact 

equation is possible for the potential across a cell con­

taining a liquid junction; nor does it mean that any error 

is necessarily incurred in splitting such a r elation. 

It mer ely places t he liquid junction potential in its true 

perspective, and shows tha t the already considerable 

mathematical difficulties inherent in the problem may be in-

creased by the fact conventional qualities have been 

introduced. 

3.2. THE ELIMINATION OF THE LIQUID JUNCTION POTENTIAl ERROR. 

From the above outline of developments in the 

theor etical treatment of diffusion pot entials, it would 
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appear t o be unlikely that there will be devised an exact 

general equation which will allow diffusion potentials to 

be calculated. At the best only approximations can be 

expected. Although approximate equations are at present 

widely used in estimating diffusion potentials, the 

accuracy of the computed potentials rarely justifies the 

labour involved. It seems, therefore, that the error due 

to liquid junction potentials which is, after all, a 

practical problem, will best be approached from an experi­

mental point of view; and it is here , as an aid in 

devising experimental methods of countering the error , that 

the approximate equations can, perhaps, be of greatest 

value. This has long been realised , and many semi-empirical 

methods have been devised. 

The earliest and most of ten used of these, involves 

the interposition between the t~ro solutions of a 11 salt brid~r · 

consisting of a concentrated oolution of some salt - usually 

potassium chloride, potassium nitrate,or ammonium nitrate-

whose cation transport number is almost equal to 0 . 5, Kline, 

Meacham and Acree (13) have reviewed the method,and estimate 

its accuracy to be of the order of± l.OmV. The method is 

based on the fact that any expression for the liquid 

junction potential can be reduced to a form in which the 
.--, 

quantity~:~ (tt- ti) is a factor of the largest t erm , When 

a bridge solution is used in which cation and anion have 

equal transference numbers - Grove-Rasmussen (14) has 

applied the name 11 equi tra.nsferen t 11 to such solutions -,and 

which is so conc er. ~rated that the conductance due to the 

~ons of the adjacent sol ution can be neglected,this factor, 

and with it the diffusion potential i s reduced to zero. 

This device i s extremely simple to use , but, as the condition 

t+=t~.5 is never completely satisfied, it does not fully 

el iminate the diffusion potential . In addition, when it i s 

applied with unsatisfactory junction-forming t echniques~ as 
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is usually the case large, indefinite, and irreproducible 

errors are introduced. This has been clearly demonstrated 

in the case of electrometric pH measurements (1). 

The same principle is sometimes applied in a 

slightly different manner, when the concentrated solution 

also acts as the electrolyte of one of the electrodes. 

This variant is usually employed in conjunction with · 

saturated calomel electrodes. In such cases, of course , 

there is strictly speaking no lfbridge 11 , in the sense of 

a link between two solutions, as there is only one liquid 

junction, 

The two cases usually behave similarly, and can be 

trea tee together. There are , however, occasions t,vhen they 

must be distinguished . The following nomenclature will bP 

used in this work , for this purpose: 

The term 11 bridge 11 will be used to refer to the 

general case, as well as to true salt bridges . 

The t erms 11 full bridge1r and 11 half bridge" will be 

used to distinguish between the two types. 

The term 11 swampeo.11 will be used to denote the fact 

that one of the solutions at a junction is so concentrated 

that its ions can be considered responsible for all the 

conductance at the boundary, and , therefore, for the 

diffusion pot ential . 

Niels Bjerrum (15,16) introduced an extrapolation 

method for eliminating the residual potential at a salt 

bridge, or estimating its value . This depends on the 

assumption, suggested by Planck and Henderson equations, 

that the diffusion potential at a 3.5N brid ge is half 

that at one of normality 1.75. If, therefore, measurements 

are taken using first a 1.75 and then a 3 · 5N bridge , the 

residual junction potential at the latter is given by the 

difference between the two potentials. The method ae 
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usually used, is not very accurate, and can only be 

said to give an orientation about the order of magnitude 

of the true potential, if the magnitude of the difference 

is f:lmall . . 

A second group of practical methods makes use of 

the fact that the diffusion potential decreases , as the 

two solutions become more alike . Thus; the junction pot­

ential is reduced by adding to both the solutions large, 

equal amounts of an indifferent electroJ yte . Many modi ·­

fications and extens ions of this method havE: been s11.ggestea . 

In the most accurate of these, which i s Clue to QTflen and 

Brinkley (17,18), the errors due to the diffusion potential 

still remaining, and to the s:=t.lt effect<J:: f''lUsed by the 

presence of the indifferent electrolyte are eliminated 

by extrapolations. This procedure has been applied with 

success in solubility product and dissociation constc~ 

determinations, but is too long and exacting for all but 

the most accurat e work . The methods in this class are not 

of very general application , for the addition of large 

quantities of electrolyte is in many cases not permissible . 

3·3· THE MEASUREMENT OF LIQUID J UNCTION POT~NTIALS. 

From an experimental point of view liquid junc+1~ 

potentials have presented no less of a problem. The con­

flicting methods and techniques used by the early workers 

(e . g . Bjerrum(l6) ,Cummings and Gilchrist (l9),Takegami (?o) 

Lewis, Brighton and Sebastian (21) )may be taken as an 

indication of the complexity of the difficulties facing 

them. 

It was again Gugge nheim (6)who placed the sub ject 

on a sound footing, and who was able to separate from the 

mass of contradictory evidence the essentials governing the 

behaviour of diffusion pot entials. He rejected the widely 
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held idea that junction potentials vary with time, and 

pointed ·out that , just as the magnitude of the calculated 

potentials depends on the type of transit i on layer assumed, 

so mus t the measured potentials ~t heter oionic j unctions 

depend on the way in which the junction is made. He went 

on to classify the various types of liquid junctions used 

in practice, and to discuss them both theoretically and 

experimentally. Throughout he stressed the need for care­

ful experimental techniques and precise satisfaction of the 

conditione essential to the various types of boundary. This 

analysis is now accepted as the basis of all work on cells 

with liquid junctions, and is worth summarising here: -

(a) Continuous Mixture. This is the type to which 

the Henderson equation applies, and which was 

defined above during the discussion of the 

equation. According to theory it should not 

give rise to constant potentials, as diffusion 

produces no steady state .. Guggenheim, however, 

using an ingenious siphoning method to make a 

long transition layer which satisfied t he contin­

uous mixture condition, was able to obtain very 

satisfactory stability, and reproducibility. 

(b) Constrained Diffusion. This type is described 

theoretically by the Planck equation, and is beet 

made experimentally at a porous plug or membrane 

kept washed on either side with the two solutions. 

Guggenheim found these junctions to be sensitive 

to the rates of flow of the solutions, and 

generally not very stable. 

(c) Free Diffusion. This junction is defined by the 

following conditionez the transition layer should 

be as short as possible, initially, after which 
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unconstrained diffusion should be allowed to take 

place. Guggenheim emphasised that the essential 

requisite for the stability of thes e junctions is 

that diffusion should indeeo. be unconstrained 1 and 

that this can only be satisfied if the junction 

has "cylindrical symmetry", that is, if 11 the 

gradients of the concentrations and the electrical 

potential are throughout parallel to a fixed 

straight line." Practically , this means that the 

junction must be contained within a tube of re­

gular bore. He found that free diffusion junctions 

were more simple tq_ produce, and, if set up with due 

regard to the condition of cylindrical symmetry, 

more stable and more reproducible than any of the 

other types. Unfortunately 11 they have proved to be 

exceedingly intractable, mathematically, and there 

exists no adequate, explicit formula for their 

potentials. 

(d) Sharp Indefinite. These very simple junctions are 

~idely used, and are made by dipping a tube con­

taining the one solution into a vessel of the other. 

Guggenheim found them to be unstable, and 

irreproducible to the extent of several millivolts. 

( e ) Flowing. In this type of junction the two solutions 

stream towa rds each other, and, after meeting flow 

away in parallel streams . These junctions give good 

reproducibility, but are rat~er inconvenient to 

use. In addi tion, their theory is so complicated 

that little serious discussion has been attempted. 

It is surprising how li ttle development has followed 

Guggenheim 's lucid exuosition of the fundamentals of the 

making of liquid junctions. In fact, only three papers have 



appeared in which any significant additions have been 

made to the experimental side of the field. 

During their study of diffusion potentials at 

free diffusion junctions, Ferguson, van Lente, and Hitchins 

(22)used a cell in which the junctions were made at 9 mm 

three-way T-taps. This was a development of Guggenheim's 

apparatus, and had the advantage of greater simplicity. 

The ootentials resulting took from six to twenty-six 

houra to become constant, but "were then stable to± o.o~mv 

mean deviation, and reproducible to within 0.1 mV. Large 

fluctuations of potential occurred during the first few 

hours after the junctions were made. In a second paper 

(23) these authors compared their statio free diffusion 

junctions with flowing junctions of similar form. As 

was to be expected, they found that the diffusion 

potentials at the two types were almost identical, when 

the solutions used were homoionic. In the heteroionic 

case, however, marked differences arose. ~hey showed, 

in addition, that the potentials at heteroionic boundaries 

of the flowing type depended on the rate of flow of the 

solutions, and, more serious, that their response to 

certain treatments differed from junction to junction. These 

observations lead one to the conclusion that free diffusion 

junctions are in every way more precise than flowing 

junctions, although they have the disadvantage of taking 

a long time to reach a steady state. 

The third paper of importance is due to Brown 

and Macinnes (24) who devised a new method of making free 

diffusion boundaries in the course of their work on 

concentration cells with transference. In their apparatus 

the two solutions are contained in identical tubes, each of 

which is attached to a plate glass disc. Junctions are 

• 



16. 

made by rotating the upper disc, until the tubes are 

in juxtaposition. This device has the advantage over 

those involving taps that the technical difficulties in 

ensuring exact cylindrical symmetry are greatly reducea. 

Amongst its less desirable features must be counted the 

fact that ore of the electrodes is attached to the 

moving disc, which is a distinct drawback in the case 

of calomel el ectrodes, and the lack of data on its 

performance with heteroionic junctions. 

Another surprising feature Of the experimental 

work in the fi eld of liquid junction potentials during 

the last 25 years is the fact that many investigators 

disregard the work of Guggenheim (6), and Ferguson and 

his co-workers (22,23) .Bonhemay and Fairbank (25) and 

K.V . Grove-Rasmussen (33, 26) may b e cited as examples. 

The latter, it must be admitted, did use a simple form 

of cylindrically symmetrical junction; but he measured 

potentials during the period of extreme instability 

which follows the establishment of a free diffusion 

junction, and neglected, on quite inadequate grounds,the 

effect of a second junction of the indefinite-sharp 
of the 

type. He gave no indication of the accuracy7resultant 

readings, but quotes them correct to o.lmV. This 

seems to be a rather optimistic estimate of the relia­

bility of the measurements. 



4-. ~ USE OF MIXED ELECTROLYTE SALT BRIDGES. 

4. .1 . THE PRINCIPLE OF THE ME~HOD. 

The use of salt bridges in the suppression 

and estimation of junction potentials is based on the 

assumption that the anionic and cationic transport 

numbers in the bridge solution are equal. (See section 

3.2). When this solution is so concentrated relative 

to the adjacent solution that it can ce considered 

responsible fo r all the conduction at the boundary,the 

quantity I:tti - ftt~ .. becomes a factor of the 

expression for the diffusion potential, Eji thus, if 

now the condition 

Itt: = Etti 
is fulfilled, Ej' is reduced to zero. 

The commonly used bridges 1¥hich cons i st of 

a concentrated solution of a single s alt are assumed 

to be equitransferent, and , are nearly so. For ex-

ample, the cationic transport numbe~ of potassium 

chloride is 0.486, of potassium nitra te,0.507, and of 

ammonium chlorid.e, o.490. Despite this seemingly 

close approximationp their behaviour differs widely 

fro: that of an equitransferent solution. In the 

first place, the residual diffusion potentials are 

usually appreciably different from zero. Secondly, 

they suffer from the serious drawback, as Grove­

Ra s mus sen (26 ) poi nted out 3 that the numerica l value 

of the potential increases exponentially wi t h de-

creasing concentration of the adja cent solution. On 

the other hand, the potential at the boundary between 

a dilute and a truly equitrEnsferent solution is much 

clos er to zero, and approaches even more closely as the 
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adjacent solution is ~ilut ed. Figures la and lb show 

curveb derive~ by Grove-Ras ~uasen (26) from the 

Hend erson equation (equation 3.1 (111) . These 

illustrate the variation with the concentra tion of 

the dilute solution of the potential across the 

junctions of various dilute solutions with 4.1N KCl 

a nd equitransferent 3.6N (KCl + KN03) solutions res­

pectively. (See Note belo1r1. ) 

Thus,it is clear that the practice of using 

salt bridges in combating liquid junction potential 

errors without fully satisfying the condition of equi-

transference , red uc es greatly the accuracy ana reliabil-
1 

ity of the device . There can b e no doubt of the need 

for developing some means of reducing the deviations 

from equitransference. 

In considering the problem, it appeared to 

the present author that, if the solute were to consist 

of a pair of salts one of which hRs a cation trans­

ference number greater than , and the other les s than 

0.5, it should be possible to mix them i n such a 

proport ion that the resulting solution has a total 

cation transference number of exactly 0.5. 

Suitable combination of salts are easily 

found~ e . g. pot as s1 urn chlorid .- ( tK=O. 486) ; 3.nd potas s i urn 

nitra te (tK=0.507); potassium nitrate and ammonium 

chloride (tNh4=~.490 .) If, then, the equ1transferent 

mixture could in some way be determined, the 

ef f ectivenes s of the salt brid ~e clas s of methods could 

be greatly 1ncrease~ with no loFs of s implicity or 

conveni eno e . 

A search of t he literature showed that this 

idea was by no means original. The use of mixed 
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electrol yte s alt brLdgee was first mooted over fifty 

years ago , anC: has s ince b een stud.ied by sev-eral worker s. 

Nevertheless, no satisfactory determination of the 

equi transferen t mixture has yet be on macl.e, nor has any 

practical method of applying mixed bridges been intro-

c'tucea.. It therefore a ppeared that there was much to b e 

gained from a detailed inves tigation of t he o.ur j ect . 

No t e: 

The markeC: differ ence in th~ b eh~vio ur of com-

pletely equitransferent so l utions and t hose co~monly 

used~ as cemonstr a ted by Figures l a a nd lb , mi ght at 

first s it:ht appea r stra nge . Partic ularly difficult to 

expl a in on gene r al principles is the fact that , al­

tho ugh a dilute adja cent solution i s definitely en 

esFential condit i on for the f unctioning of a s alt 

bri '~ ge, incr ea s i ng dil tltion res ults i n a.n inc.rea.se of 

the res id.u:?Ll po te~tial difference, ~Then the bri('l.ge 

solut ion is not quite equitransferent. 

A consid ~ration of the Henderson equation 

makes c lear the re~son for this apparen t anomaly: 

Le: us write the equa t ion i n the form 

R T 
Ej = Floge 

" log 

R T 
=II'!Oge (A ~ B) C 

\llhere the s ubscr ipts 1 a nd 2 ref er to adjacent and bridge 

solutions r espectively. 

If the bridge solution is equi transferent, 

u2 = v 2 , and thus A = 0 . 

The variation of the diffusion potentia l ~ith c1 is thus 
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determi-ned by the quantities B and. c. No~r, as c1 decreases, 

it is obvious that C will increase and B decrease, 

numerically. (c2(u2+v2) will be much greater than 

cl(u1+v1 ) ) • As C is a logarithmic term, it will 

change more slowly than B, and thus the nett effect 

will be a decrease in the numerical value of Ej · 

In the case where t he bridge is not completely 

equitransferent, A changes very slightly with c1 , anQ 

is much greater than Bp except for the greatest values 

Hence, the change in E J with increasing c1 is · 

determined by the product AC , and is» therefore, an 

exponential numerical increase. 

4.2. CRITICAL REVIEW OF PREVIOUS WORK ON 
MIXED ELECTROLYTE BRIDGES. 

It is convenient at this stage to consider 

previous work on mixed electrolyte salt bridges. The 

lit era ture contains some important contrib uti one, but 

the subject isa in general, much negl ected. In few 

books on elec t rochemis t ry is it mentioned, in none is 

it treated in a ny detail, and nowhere is there a com-

plete review of the field . In these circumstance~ it 

was felt to be desirable that the discussion presented 

here be both detailed a nd exhaustive. 

The use of mixtures of electrolyte in attain-

ing equitransference wRs initially sugges ted by Bjerrum 

in the first of his papers on salt bridges (15). He 

did not develop the idea which he credited to 

Professor Robert Luther of the Leip zig Physical 

Chemis t ry Institute, as he dia not consiaer the trans­

port data then available to be suffici ently accurate . 
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In 1924 Shirow Takegami (20) carried out 

an experimental test of t he efficacy of mixed 

electrolyte salt bridges, and concluded that they 

had no advantage over the conventional type. Hie 

methode ano techniques, however, were extremely un-
I 

sound: he calculated the equitransferent mixture, 

an~ then measured the resulting diffusion potentials 

using a h1ghly inaccurate and quite unjustifiable 

extrapolation to zero time. No reliance whatsoever 

can, therefore, be plaoee. on hie oono1~s1one. 

The next investigator, O.Dr~oker (27), 

came to the same oonclUAlon as did Takegam1 , but hie 

methode too are open to or1t1cism. The electrolyte 

pair which he used as •clute (potassium nitrate and 

potassi um chloride) was most unsuitable ow1n~ to the 

low mobility of the sodium ion relat1Vb to the 

potaesiun and nitrate ion. Furthermore, the actual 

mixtures of these salts which he used, did not cover 

a sufficiently wide range to ensure that the equi-

transferent mixture was included. 

"" Between 1932 and 193~, V.Cupr publi shed a 

series of papers (2~ ,29,30) dealing with diffusion 

potentials. As f a r as ie known~ this work has never 

been quoted or referred to by any subsequent author, 

and, indeed, only came to light towards the end of the 

present investigation. The majority of these papers 

are written in Czech ana. published in little known I 

journals. When copies were finally obtained , it was 

not found possible to have them translated in this 

country , and considerations of time precluded any 

attempt to have this done overseas. Nevertheless, 

some detailed summaries appearing in Chemical 

Abstracts in conjunction with one of the papers {30) 

which was published in French gave an indication of 



22. 

the nature anc stanoard of their contents. They 

deal a in general , ~ith t he more theoretical aspects 

of the subject , in a n attempt to develop g eneral methods 

of calculating diffusion potentials, ann they seem to 

place great emphasis on outmoded mathematical treat-

ments , s uch as Planck equation. The experimental 

techniques used were no t very accurate an~ very few 

practical details are presented at all . Perhaps the 

most significant of the group is the first (29) in 

which the values of x and y are calculated for which 

the po t enti al at the junction 

KCl (O.lN) I xHCl, yNaCl 

is z era . These papers while undoLJ.bt eclly of interest , 

do not appear to be of great importance in the present 

work, as they deal wi th dilute s el utions rather f·.han 

wi t h concentrated bricges. 

It was during this period, as well, that 

Acree and his co-workers at the National Bureau of 

Standards » Washington, carri ed outtheir ~ 'lvestigations 

into the error in pH measurements due to junction 

potential s . In 1 931 p Murray and Acree (3_1) compared 

potassium chloride an~ ammonium chloride as elimin-

ators of junction potentials , a nd concluded t ha t the 

latter was the more sa t i sfactory . They also showed, 

by means of potentials cal culated from the Henderson 

equat i on , t hat the addition of potass i um o r ammoni,lm 

nitrate to thes e chloride solutions res ults in are-

ductiom of the r esidual junction potential. They re-

commended tha~ chlori de-nitrat e mixtures in the r a tio 

3 to 1 be used in annulling t he diffusion potentials 

of solutions with pH values between 3 and 10. Lat er, 

Ac r e e in conjunction with Kline and Meacham (13 ~ urged 



that saturated potassium chloride salt bridges be 

adopted as a standard method of treating the liquid 

junction potential error. Again, Manov, de Lollis, 

and Acree (32) as a part of their determination of 

the relative activity coefficients of chlcride ions in 

various mixtures of chlorides, calculated the dif fusion 

potentials at the junctions of several mixtures of 

potassium chloride , potassium nitrate, and hydrochloric 

acid , and showed that these mixtures were more equi­

transferent than pure potassium chloride. 

It is unfortunate that these workers who 

were so convinced of the need for more satisfactory 

methodb of reducing liquid junction potential errors , 

and who were so insistent on the superiority of mixed 

chloride-nitrate solutions as bri~ges, did not attempt 

to prove their contention and to determine accurately 

the cornpGsit•on of the equitransferent mixture by 

experiment. 

The most recent worker in the field is K.V. 

Grove- Rasmussen , whose approach to the problem is more 

sound than that of previous investigators. In partic­

ular, he seems to have appreciated its complexity, and 

the need for experimental verification. 

In the first of his papers (14),Grove­

Rasmussen su~gested the use of the very apt term 

11 equitransferent"» a.nc defined it as "having the same 

effective cation and anion transference." 

His s econo paper (33) , dealt 1.,ri th the de­

termination of the composition of equitransferent 

mixtures. He showed that this cannot be calculated 

from transport number data, ··as had alrnos t i nvariably 

been done in the past. In the first place the data 
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does not exist. Very few measurements have been 

made of transference numbers in concentrated 

solutions of either pure or mixed electrolyt es, 

nor are there any equations which ~ight allow this 

deficiency to be circumvented. In the second place, 

as he points out, it is of no use to ensure the 

absolut e equitransference in the bridge soluticTI 

alone . What i s need ed i s , rather, that 11 ~ ... . o • • • c he 

fflixture of this solution is such that the bound.ary 

between it and a dilute solution on the average becomes 

equitransferent with regard to the ions originally 

present in the bridge solutions." This condition 9 of 

course , will prohibit any thought of calculation, 

until the detailed structure of the boundary layer 

is kno-vm. Thus it must be concluded that equitransfer-

ent mixtures can at present only be determined experi-

mentally . Tr ~ .importance of ttis denuction cannot be 

over- emphasized; its significence is such 3 in the 

opinion of the present author, that it must be regarded 

as a general rule. In addition» it is a principle which 

invalidates much of the prior work on mixed electrolyte 

bridges o 

Grove-RasmJss en 1 s experimental determination 

of the equitrans f erent mixture of the (KCl + KN03) 

bridge was less succeseful . He used the cell 

I 

HCl(O.OlN) 
Ag- AgCl.HCl Glas s + 

KCl (yN) 

where lOth y and x could be varied • This cell suffers 

from several d i sadvantages: its accuracy is limited by 

the incorporation of a glass electrode with its high 

resistance and unknown asymmetry potential; liquid 



junction potentials are not r ead directly , and a 

complicated computation invol v · ng m1merous approx­

imations is necessary befo re the composition of the 

equltransferent mixture can be arrived at. Ad~ed 

to this, Grove- Rasmussen's experimental methods were 

not very precis e. For example , he used free 

diffu810n junctions, anr measured their potentials 

directly after their formation which is when they are 

most unstable and i rreproducible (22) ( s e~ section 

4.6.2a). As a result» he could not fix the composition 

of the equitransferent mixtur e mor e precisely than be­

tween 4o and 60 moles KCl per c ent . 

Grove-Rasmussen's third paper on t he subject 

was published in 1951 (26). It contained a demonstration 

by means of cal culated diffusion potentials of the 

advantages of the use of equitransferent salt bridges. 

This ha2 been discussed in section 4.1, and the curves 

shown in Figures la and lb are taken from his paper. 

Grove- Rasmussen went on to consider the use of equi­

t ransf erent sal t bridges in conjunction wi th the 

Bjerrum extrapolation me thod . He measured the 

difference i n potential at the junc tions of dilute 

solutions with 3 . 6 an~ 1 .8~ solutions of potassium 

chloride and potas sium ni·crate in equimolar proportions, 

which he asPumed to be equitransferent. He came to 

the conclusion that the extrapolation merely affords an 

indication of the magnitude of the true potential, and 

that onl v when an equitranRferent bridge solution is 

use~. Al though the experimental techniques employed 

here were again not beyond criticism , the limiting 

factor was the accuracy of the potentials used as a 

standard of comparison. These were, of course , 
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obtained from the Henderson equation , and hence cannot 

be relied upon to any great extent as a criterion 

of the practical value of the method. Thus Grove­

Rasmussen's judEment of the Bjerrum extrapolation 

cannot be accepted without reservation. 

An important point emerging from the above 

review is that too great a reliance has been placed on 

the p r edictions of the approximate equations by workers 

in the field of mixed electrolyte salt bridges. The 

factors involved. are extremely complex , and one cannot 

ext end to them, as has be ~=>n done, relations \\rhi ch even 

under the most favourable condit i ons are approximate. 

It must be realised that, while these relations may 

possib~y indicate general trends, clear experimental 

verification is necessary at every stage. Furthermore, 

any quantity required such as the composition of 

equitransferent solutions must be obtained experi­

mentally. 

4.3. OUTLINE OF THE PRESENT INVESTIGATION . 

4.3 l. THE AIMS OF THE INVESTIGATION. 

4.3 la.The General Aim. 

In the light of the review given above of 

previous work in the field of mixed electrolyte salt 

bridges, it is evident that present knowledge of the 

subject is very limited, and hardly extends further 

than an appreciation of the possible advantages of the 

use of equitransferent solutions. Certainly the 

fundamentals of the subject have not been established. 

The purpose of this investigat ion was to 

establish these fundamentals, as far as possible, by a 



stkdy of the variation of liquid junction potentials 

with the compo cition of the mixed electrolyte bridge 

solution. 

4.3. lb.More Specific A!ms. 

The follo w1ng cell was used: -

J(l-x)KCl 
+ 

(Jx) 
KCl(m2) Hg2Cl

2
-Hg 

KNO..., 
) 

(a) (b) .. . ..... 4.3(i) 

in which the molalities m
1 

and m
2 

of the electrolyte 

solutions are much less than J, the concentration of 

the bridge solution~ and are so chosen that the nett 

electrode potential of the cell is zero. (see section 

4.3 2c.) The potential,Ea of the cell will thus give 

the algebraic sum of the potentials at the junctions 

a and b tirectly. 

Using the cell the general purpose of the 

investigation was pursued with the follm,ring more 

definite ends in view~ 

(1) To show how the cell potential , Ej , varies 

with the proportions of the two constituents 

of the bridge solution at constant ional con-

centration. 

(i i ) To provide a clear, practical proof that the 

resioual potentials at salt brid ges can be re-

duced to zero by the use of 4Pe correct mixture 

of two electrolytes whose ~redo~inantly conduct­

ing ions have different signs! 

(iii) To ascertain whetne~ thiR e~~mtnation of 

potential occurs in all cases, a nd, if not, 

what the factors are \<Thl.ch govern it. 
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(iv) To obtain an estimate of the equitransferent 

ratio of t he potass ium chloride-potassium 

nitrate mixture. 

(v) To show whether the use of equitransferent 

bridges does , indeed, improve the accuracy of 

the Bjerrum method of estimating residual 

diffusion potentials. (This topic is discuss­

ed in detail in section 4.3 3-) 

In addit i on, it is considered t hat this would 

be an excellent opportunity of comparing the values of 

the experimental potentials wi th those calculated from 

the Henderson equation, as the experiments being 

carried out involve dir~ct measurements of diffusion 

potentials. It wil~ be recalled that the need for 

such a comparison in the case where concentrated 

solutions are involved,was stres s ed in section 3.1, 

above. 

4.3 .2. DETAILED DESCRIPTION OF THE CELL. 

The cell will be discussed here with reference 

to t h e reasons which led to its choice, both in relation 

to its general form and to details such as the electrodes 

and solutions used. The practica l aspects of the cell 

are described in the experimental sections 4.4 and 4.5. 

4.3 2a General. 

The essential characteristic d emanded of the 

cell was that it allow liquid junction potentials to 

be read directly. In much of the p revious work errors 

were introduced, and a good deal of the informa tion 

contained in the mea surements obscured , by the fact 

that the potentials given by the cells used were a 
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c8mbinatio~ of electrode ~n~ diftu~i on potentials 

'"hich co.1ld on1 y- be reeo.!. ·r,red b:>r int:'o~ ucing approx­

imations. As the potentiRls of i t s electro~es are 

equal anf op~o~ite, th e cell 4.3 (i) satisfies this 

requirement . 

The potential of the cell is the sum of the 

diffasion potentials at t he boundaries a an~ b. Hence, 

any variation of potential with change in the bridge 

solution must b e regarded as being compounded of the 

indiv id ual variat i o~ at the two juncti ons. This is, 

in many ways, unfortunate. It mean8 that an effect 

occurring a t one of the bo undaries may b e obscured by 

t he changes of potential at the other, and tha t the 

information whi ch can be gained from the cell v1ill be 

far less d efi nite than if there were only one 

boundar y. However ~ it i s only in cells with t wo 

l iqnic1 j .:r.ctions that diff usj. on potentials can be 

reaC. directly 1 . .vi t hout reference .to electroc.e 

potentials. One hasp ther '"' fore» to choose between 

t wo types of cell, ea ch of 1''hich introcuces some un­

cert~inty. I t was fe~t th~ t t~e for~ of cell chosen 

was the bett er of thJ al r ern~ t i ves, because it does, 

at least, allo~ the vaiue of t he total diffusion 

poten~ial across the salt tri~Ge to be determined with 

certainty; ano whil e , un0onbtedly, it is difficult to 

iriterpret th~ inf orma tion obtained from such a cell in 

terms of the potentials at the · in~ ivi~ual liquid 

j unct ions; it sho Pl d be rem~mbereC' thAt t he investig­

ation is concerned primarily with full brid ~es rather 

than with hal f bridges. 
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4.3 2b. Electrodes. 

Several factors favoured the use of calomel 

electrodes& the work of Hills and Ives (34) has shown 
.. , : . . 

them to be capable of the highest accuracy: they are 

simpler to prepare and more convenient in use than, 

for example, hydrogen electrodes; and, in addition, 

are the most robust of the high-precision electrodes. 

Unlike, for instance silver-silver chloride electrodes, 

they can s tan_d up to months of use with, as was 

proved during this investigation, very little loss of 

accuracy. 

4.3 2c. Electrode Solutions. 

As this research_ is concerne.d specifically 

with the effect on diffusion potentials of bridge 

solutione 8 it was considered essential that the same 

electrol yte solutions be retained throughout. Further­

more , in view of the fact that it was intended that 

this study be as general as possible, it was felt that 

the combination of bridge and adjacent solutions used 

should not be one which particularly favoured the 

elimination of the residual junction potential. The 

adjacent solutions chosen are, in fact, decidedly 

unfavourable. On account of their relatively high 

concentration (about O.lm), and the high cationic 

transference of hydrochloric acid, they will tend to 

promote large junction potentials, and to resist the 

potential- eliminating effects of the salt bridges. It 

is 8 therefore, highly unlikely that any result re­

uealed by this investigation was due to a fort~itous, 

favourable interz:tction of the bridge and adjacent 

electrolytes. 
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An ad~ed reason for the choice of the chain 

HCl (O.lm) (KCl + KNo3 ) J . KCl(O.lm) 

is that it is very similar to the only chain to have 

been studied at all widely, 

HCl (O.lN) KCl (3.5N) KCl(O.lN) ..... 4.3(ii) 

This provides a basis for comparison with other work, 

(See section 4.6 4a). 

In orcler that the potentials at the tw·o opposed 

calomel half-cells shoul0. be equal (see cell 4.3(1) ) 

it is necessary that the activities of the chloride 

ions in their respective solutions be equal. It is 

impossible to satisfy this requirement exactly in 

practice, as single ion activities are not physically 

real quantities. In his work on a cell of ~ similar 

form, Guggenheim (6) used electrode solutions of 

normality 0.1 . He then consiclered. that the electrode 

pot€ntials cancelled, but that the measured potential 

was due to both EJ and E8 (see equations 3.l(viii) 

and 3.1(ix) ) , thereby neatly circumventing the 

difficulty . It ~as consider ed, however, that it 

wou10. be highly undesirable , in the present case, 

for the measured 11 diffusion potentials" to include a 

contribution from E~1 , which r eally is a part of the 

electrode potential. There was therefore no alter­

native but to approximate the condition on the basis · 

of tabulated mean ionic activity coefficients. The 

following convention which has been adopted by several 

previous workers (eg. 6 , 35 , 32) Was · used: 

In the HCl solution, ac1 = a± (HCl) • 

and in the KCl solution acl = a+ (KCl) 
....... .. -: .. . ... ... 4.3(iii) 
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It is now necessary to calculate the 

molalities at which the hydrochloric acid and potassium 

chloride solutions have equal mean ionic activities. 

The mean ionic molal activity coefficients, f~, have 

been determined for both these electrolytes at various 

molalities, m. From these the corresponding mean 

ionic activities, a::, can be found from the formula 

• . . ....... .•.. . 4.3(iv) 

( m+ = m for uni-univalent salts.) 

The problem of determining m at a given a+ is; however, 

more complicated; for the data is only available at 

r~uDd molalities~ and simple interpolations are not 

sufficiently accurate. The diff iculty was overcome 

by using a method of successive approximations. 

The oetailed procedure was as follows: -

(i) The molality of the potassium chloride solution 

was fixed at 0.10000. 

T. Shedlovsky (36) found f+ for D.lOOOOm 
-

aqueous solutions of KCl at 25°0 to be 0.7692 

with an a ccuracy of +0.05 per cent . -
Therefore, by equation 4 .3(iv), a+= 0.07692 

in a a.lOOOOm potassium chloride solution at 25°0 . 

(ii) The mean ionic activity of both solutions was 

taken to be 0.07692. 

(iii) An approximate value of the molality of hydro-

chloric acid solution of mean ionic act ivity 

0 .~692 was found graphically from data given on 

page 92 of Conway's 11 Electrocherni cal Data. 11 (37):-. 

At 25°0, m = o.o9g,when a~ = 0.07692. 
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(iv) Harned and Ehler's (38) gave the following re-

lation between f and m 

log ·-A ..jC 
f = - ------- + z - log(l+0 . 036m) 

l+Wt J&; -
+Be + Dc2 . . ............ . .. . .. 4 . 3(v) 

where 

B = 0 .1390 - 0 . 003929 ; 

D = 0.0070 - 0.0000339 

e = temperature on the centigrade scale; 

W' = K1g ; 
K' = a constant 

= 0.2324 at 25°0 

~ = the apparent ionic diameter 

= 4 . ) ~ngstrom units 

A =constant in 1 the Brpnsted equation 
(log f = Am2+Bm) 

= 0 . 506 ; 

c = concentration in moles per litre , and 
was found from the following relation : 

c = a~ - bJm . m . 
a 1 ana b 1 are constants which at 25°0 
have the values 0 . 9972 and 0 .01817, 
r espec ti vel y . 

z = the contribution to log f of the Gron­
wall, La Mer, and Sandved (39) extensio~ 
of the Debye- Hlickel theory . The 
value of Z used was - 0.00080 through­
out, for it was found tha t its variation 
was negligible over the .concentration 
range O.lm to 0.098m: 

The values of all the quantities given above 

were taken from tables in Ha rned and Ehler's 

paper . 

The value of f corresponding to m = 0 . 09800 

was calculated from equation 4.3(v)~ and sub­

stituted in the equation. 
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0.07692 = m.f •. . ...... . ..•• 4.3(vi) 

to give a closer approxirr.a ~ - '-'•l co the true 

molality. This was now substituted in 4.3{v)D 

and the whole process repeated, until success-

ive values of m were identical. In actual 

fact three stages of approximation were 

necessary. 

The resultant value of m was 0.09917. 

Hence, the electrode solutions used were hydro­

chloric acid and potassi um chloride of mo~alities 

0.09917 and 0.10000 respectively, and mean ionic 

activity 0 .. 07692; and therefore, the complete cell 

used\ was 

' 

. ........ . ..... .. 4.3 (vii) 

The error in these figures is equal to the in­

accuracy of'± 0.05 per cent in Shedlovsky ' s determination 

of f2 (K~~~his introduces an uncertainty oft o.05mV 

in the nett electrode potential of the cell. 

4 .3 2d. Bridge Solutio~ . 

Various reasons led to t he uaeof potassium chforid.e.­

~nd potassium nitrate as the components of the solute 

of the bridge solutions: the combination has been used 

and stadied previously (13, 24 , 33); their cat ion trans-

port numbers in the pure solutions at high concentra­

tions, approximately 0.485 and 0.516, r espectively, 

sugges t that the equitransferent ratio will lie towards 

the centre of the range of mixtures, which is consider­

ed a desirable feature; and finally 0 the fact that 



they have a common ion would simplify any accurate 

calculations or determinations of transport numbers 

which might possibly have proved necessary •. 

Diffusion potentials depend on the concen-

tration as well as the nature of the solute. Henoe, 

it was essential that the total solute concentration 

be kept constant, as the relative propor tions of 

KCl and KN03 were varied. As we are concerned here 

with transport phenomena, the concentration unit used 

for expressing the "total solute concentration" must 

be one involving volume rather than weight of solvent. 

It was, therefore, arranged that the mixtures used 

were at constant 1onal concentration, J. J is de·-

. ....... . . . . . . . ... 4.3 (viii) . 

As the ions concerned here are all univalent
1
this 

means that the total solute normality was kept con­

stant. For convenience bridge solutions will be re-

ferred to in terms of their normalities. The upper 

limit of these concentrations was set, in the case of 

mixed KCl- KNo
3 

bridges by the solubility of KN03 . 

The most concentrated mixed electrolyte bridge 

solution used was 3 -5N, a nd it was possible to use 

mixtures at this concentr ation, containing up to 80 

molet:! of KN0
3 

per cent of' the s olute ( 4o). 

4.3 3 THE BJERRUM EXTRAPOLATION. 

The Bjerrum method of estimating residual diffusion 

potentials has never been regarded as highly accurate. 

Bjerrum, himself, warned that it should be used only 

when the extrapolation is small in value . Once widely 

used, the method has now fallen into disuse. 
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The most serious criticism of the method was 

made by Kline , Meacham , and Acree (13) on the 

basis of potential measur ements which they , thems elves , 

as well as other workers had carried out . A previous 

investigation, presumably unpublished, led these 

authors to the concl usion that , when x=4 .12 , the 

potential across the junction 

HCl (O. l N) KCl (xN) I HCl (O . lN) .. ... 4.3(ix) 

is "practically completel y annullecl. If They therefore 

assumed that a 4 . 12N KCl bridge reduces to zero the 

potential between o.lN HCl and o.lN KCl solutions . 

Other measurementR taken in this former investigation 

agree with the determinations by other workers that 

the d. iff erence in the potentiD.ls, when x=3. 5 and when 

x=l.75 was about 4 . 3rnV . According to the Bjerrum 

extrapolation , therefore , the actual diffusion 

potential in the case of a 3.5N bridge should be 

4.3mV . Further , since the diffusion potential 

across the chain 4 .3(ix) is zero, when x=4 .12 , the 

diff erence in the potentials between the cases when 

x=3 · 5 and x=4.12 should be equal to 4.3mV . As their 

measurements Rhowed this latter to be only about 

1.3mV , Acree and his co-workers reasoned that the 

extrapolation was in error by about 330 per cent . They 

applied this method of reasoning to other systems, and 

in each case were able to demonstrate an error of 

similar magnitude . 

As general considerations i ndicated that the 

assumption of zero potential across the ch~in 

HCl (Ool!ll ) I KCl (4 ol 2N ) I KCl (O olN) o o o . .. 4 o}(x) 

was invalid, measurements were performed during the 

present investigation to t est it. These shmved. that 

this potential is, in fact , 1 . 67mV (s ee section 4 . 6 3) . 

On the basis of this value the error in the Bjerrum 
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method is reduced to the region of 50 per cent. 

If the foregoing is viewed in ctJ.e light of 

Grove-Rasmussen's suggestion (26) that t he accuracy . 
of the pred*ations of the Bjerrum extrapolation 

method would be enhanced by the use of equitransfer-

ent salt bridges, the need for a revalua ·t ion of the 

method becomes evident. It was considered that this 

lay within the scope of the present investigation. 

The effect of mixed electrolyte bridges on the 

accuracy of the extrapolations was studied using 

cell 4.3(vii ) . Potentials were measured for varying 

proportions of the constituents of the bridge at 

constant ional strengths of both 3·5 and 1.75. A 

comparison of the two set;s of readings showed how 

well the predictions of the Bjerrum method agreed 

with experiment, and how they were influenced by the 

use of mixtures of salts in the bridge solution. 

(See section 4.6 4d.) 

The subject was trea t ed from a theoretical 

point of view usin~ calculated potentials 0 with two 

main ends in view. The first of these was to 

demonstrate the improvement which ., in theory 1 s hould 

result from the use of equitransferent bridgeb: t he 

second was to identify 0 andb if possible, eliminate 

other factors which restrict the a ccuracy of the 

method . (In this connection "accuracy" is taken to 

mean the degree to whi ch the calculated diffusion 

potentials agree with the predictions of the Bjerrum 

method. It does not ref er in any way to the 

experimental applicability of t he method.) 
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4o3.3a Bjerrum 1 s Treatment . 

In his pap er of l9J..lv (16) ..;Je ... ·r·:.:.m rea soned 

as follows: 

Consider the junction between solutions of 

KCl and the hypothetical s alt ka , of conc entrations 

c2 and c1 , respectively, where c 2 is much greater than 

i.e. ka (c1 ) I KCl ( c
2

) •• •• • •. •. . 4 .3(x1). 

The Henderson equat ion ( s~c section 3 . l (!li))can be 

written as follows for this case : 

fuK~vCl cl (uk- v ) ] q T c2 (1AK'*-Ilfml 
Ej =- ux+val- c2(uK+v~~ Floge log cl ( Uk'*'~;-r 

• . ... . . ...... 4 .3 (xii) 

if it is a ssumed that 

.... . 4 . 3( xi1i) 

where 

If,now, c2 is hal ved, 

(a) 1 is practically unaff ected . The n..:tt change 

in the logari thrni c f a ctor 1\Yill be a gain of 

0 .3010 , which is negligible, since c2 is 

much greater tha~ c1 • 

(b) The first ter m wi thin tr.e b r acKe t Will be 

unaffected, but, as it is small ( uK is 

practi cal ly equal to u
01

) 1 the ret:!ul ting error 

will not be appreciable • . 

(c ) The second ter m wi thin the bracket will 
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be doubled. 

Thus the nett effect is Cv Q~aole Ej. 

In this reasoning there are three possible sources 

of error : -

(a) The error introduced by writ ing the Hendsrsoo 

equation in the form 4.3(x11)i.e. by the 

assumption 4.3(xiia) . 

{b) The error introduced by the term uK - '01 
UK + VCl 

i . e . by the non- equitransference of the 

KCl solution. 

(c) The error introduced b~ the fact tha t the 

variation of~ with c
2 

is not ne~) .. igible. 

4.3 3b. An Extended Trea·cment . 

Let us first reject the highly questionable ass ~mp= 

t:i.on 4 .)(xiia), thereby eliminating error (a) p abmle. 

The Henderson equation can now be written without 

approximation, for 1unction 4 . )(xi), ae followb : 

. ••• ......•• 4.3(xiv) 

For convenience we write this as 

· · · .. · · ...• 4. 3 ( xv) 

where o( = 
c 2 (UK =_ v CJ) . 

c2(l)c~vCl)- CJ.(uk+va) 

cl (uk=va) and 
= 

The values of E j, o< , ~ and { for the junctions 

of decinormal solutions of each of HCl, NaCl , andLiNo3 
with both 3.5N and 1 . 75N KCl solutions were calc~lated . 

Following the reasoning of Guggenheim and Schindler 
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(41), the values of u used were those for dilute 

solutions. The following limiting lvd conductivities 

at 25°0, obtained from Table lV 4 of ''Electrochemical 

Data" (37) were used as mobilities: 

~ = 73.52 Vt = 71.44 
NO) 

UNa = 50.11 'VlCl = 76.34 

~1 = 38.59 

l1J = 349.8 

The results of these calculations are presented 

in a convenient form in Table 1. 

F-------------------------------------------------~· 

Table 1. 

(a) (b) (c) (d) ( e ) (f) 
~elution Percentage Error 

~ 
Tota.L Error in EiR j 

~ -· 
C>(-+·~ Non-Eq 1 t Eq It 

p.lN HCl 26.4 10.2 18.7 62 41 

·p.IN NaCl 18.7 135 5-9 147 33 

b.lN LiN03 18.1 .152 4.1 159 30. 

The figures in col~mns (b)~ (c) and (d) indicate 
~ 

the deviations in the behaviour of"'liJ ( 0( + ~ ) , and ~ 

respectively, from the ideal pattern which Bjerrum 

assumed they would follow as c2 is halved. Columns 

(e) and (f) show the error in EEJ~the diffusion 

potential calculated by the Bjerrum method, when the 

bridges used are respectively, 3.5N KCl , and a3.5N 

equitransferent solution whose ionic mobilities are 

equal to the mean of the mob111 ties of the potassium 

and chloride ions. In this latter case , of course 

a(= 0 and 

~ 
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The data in Table l prove that the accuracy 
I 

of the extrapolation is greatly inc~ · ~ased.by th~ use 
! 

of an equitransferent bridge solution. 
i 

This improve-
/ 

ment is less striking in the case of the HCl solution, 

as in thlB case the errors due to« and~ tend to cancel» 

when the bridge solution is non-equitransferent. (see 

columns (c) and (d).) The residual errors are less 

than 4-2 per cent, and, as HOl is an extreme case, this 

can probably be regarded as an upper limit for deci­

normal solutions. As the junction potentials at 3-5N 

bridges are usually not greater than about 3 mV, it can 

be claimed that the extended extrapolation allows the 

liquid junction potential to be reduced to within l mV. 

The error remaining is made up of the error in 

~ and the error in~ • The latter is due to the fact 

that c1 is not negligible with respect to c2 , and is, 

therefore, reduced as e1 decreases. It was found 

possible to eliminate completely the error due to~ 

by multiplying the potential at the 1.75N bridge by 

~ , before applying the extrapolation. (The subscripts 
'614" 

denote the concentration of the bridge solution for 

which the~ has been calculated.) This factor was 

found to vary regularly with (uk + ua), as would be 

expected from the form of the expression for~ • 

On the face if it, therefore, this appears a very 

effective, and very simple method of reducing the 

residual error to the r egion of five per c ent. For 

all practical purposes, however, it is valueless. 

The extrapolation method is usually applied to 

junction potentials which are the sum of two separate 

potentials arisi ng at the ends of the bridge solution 

i.e. to full bridges, and in this case the factor 



!ltJi cannot be evaluated from 
11,.~ 
( The results of the above 

4':'1 c:. . 

mobility data . 

a~alybiB must be trea t ed 

with circumsp ection . In the first place p little 

reliance can be placed on Henderson equation calcul-

ations 8 and so it is not at all evident to what 

extent the figures shown actually apply . In the second 

pl ace, it must be remembered that for the sake of 

simplicity, half bridges have been considered . 

Nevertheless 1 while no rP-liance should be 

placed on the quanti t ative aspects of the results 

show·n, the qualitative indications are important ~ 

(a) The use of equitransrerent solutions 

results in a considerable increase in 

the accuracy of the method. 

(b) The other factors governing the au curacy 

of the Bjerrum method are ~he concentration 

and nati...re of t he ad j a c ent oolu'tions . 

(o) Further improvements in the method muBt be 

evolved empiricall:y. 

4.4. PREPARATION A~~ STANDARDISATION OF MATERIALS. 

4.4 l. NITROGEN . 

Commercial dry nitrog~n was fully deoxegenated 

by passlng it over reduced copper in an eleccrically 

heated si.lica tube . To free it .from carbon di<Jxide and 

acid impuri t i es, alkaline 1mpur 1tles 8 sulphides, and 

water vapour 0 respectiYelJ- !I it wa~ pass ed_ s uccessively 

through tubes of soda 11me 0 solid meta:phosphoric acid 

solid cupric chloride, and self- indicating 8il~ca gel. 

The resulting pure:. dry gas was used in the d:t"'ying of 

poteQQium ohloi'ide and the preparat1on 3f anaerobic 

mer~Jui'y. When used in the deoxygenation of solutions 



the nitrogen was pas s ed 3 in addition~ through a 

presaturator containing conductance water at 24°C 0 

and then through one containing the appropriate 

aolutlon at the correct temperature. 

4 .lt- 2. CONDUCTANCE WATER. 

Conductance "t-.rater was used in cleaning glast ware» 

in preparing all solutions 9 and in the preparation of 

all chemicals o The water was obtained from aLl. 

automatic r ecycling still devel oped in thl s laboratory 

( 42) and had a conduc t ance of less than 100 nm per em. 
J) 

4. 4 3. MERCURY. 

Comrnereial mercury was \vashed several times b .f' 

SWlrl ing wich carbon tetrachloride , and then subjected 

l0 a spiration of air, unde r di l ute nitric acid f or 

three days 0 and a nder several changes of conductance 

wa l.e2 for ::;hort periods . Aft er dr ying it was dis .. -, 

tillcj i n an all ·glass still, ~nder reduced prcsBure of 

a lr (del i vered under t he surface by means of a 

~apillary), l arge head and tail fractions being 

reJected . I mmediately b efore l.lse i i! ·che preparation 

of ~alomel electrodes, batches were r edistilled in a 

va cu<Am atill a-v.rept out with pt..re, dry Hitroge!.i bef:;; re 

evac~at1on (34) . 

4. 4 l~ .POTASSIUM CHLORIDE. 

(a) Merk G.R .. pota8 s1um chloride wafl recrys tal., 

lis ed Ghree times f r om cono.uctance "to.'ate:r. Duri :lg t he 

fir'<:l t cf these t he hot sol~tion was fil cered 'Lhrougt 

aintered glass t o eliminate solid impurities. The 

subs equ en t recrystallisations were carried o ~t 6ntirely 

in platinum ware,andtre mother liquor remoYed by 

decantat1on. The product was dried at 115° f0 r 24 hours» 
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at 250°0 for three days, and stored over silica gel. 

It was used for preparing the electr0iyte for calomel 

electrodes. 

(b) Extreme purity was not necessary in the 

potassium chloride used for making bridge solutions. 

Thus, Merk G.R. reagent was dried at 250°0 for three 

weeks, and stored over silica gel, in vaccuo. 

4-.4- 5. POTASSIUM NITRATE. 
I • J ' 

Merk G.R. potassium nitrate was dried at 115~C 

for three day( ,and stored in vaccuo over . silica gel. 

Difficulty was experienced in finding in the 

literature an adequate method forfue preparation of 

mercurous nitrate in a pure form. It was felt to be 

essential that strict precautions be ~aken to ensure 

that the product was quite free from/the m~ny basic 

forms and other hydrates '\'lhich can bF produced by the 

action of nitric acid on mercury. A satisfactory method 

was finally evolved on the basis of the phase diagram 

for t.he systemFg2o--q2o-N
2
05 drawn up by Denham and 

Fife ( 4-3) • 

The preparation was carried out in the dark to 

prevent the formation of mercurtc salts. 205 ml of 

5N reagent grade nitric acid was allowed to react in 
..... .. 

the cold with 106 gm pure mercury (see section 4-.4- 3). 

After stirring for 22 hours the_. first crystals appeared. 

These were allowed to age for 24- hours, filtered off 
.... ....: ........ :~ 

through sintered glass, and re~rystallised by slow 

evaporation ~trom a minimum of .0.6N HNo3 • The product 

was filtered off, and dried and stored in the dark, in 
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vaccuo over silica gel. 

4.4 7. MERCUROUS CHLORIDE -Hg2Cl.z. 

Calomel was prepared according to the precipi­

tation method described by Hills and Ives (34) 8 using 

a 2N hydrochloric acid solution and a 0.05N solution 

of mercurous nitrate. It was dried and stored in the 

dark over phosphortus pentoxide. 

4.4 8. CONSTANT-BOILING- POINT HYDROCHLORIC ACID. 

Constant-boiling-point hydrochloric acid was pre­

pared by the method of Titus and Smith (44). Reagent 

grade acid was diluted with conductance water to a 

specific gravity of 1.10. The resulting solution was 

allowed to distil in an all-glass still at a rate of 

about 3ml per minute, until 70 per cent had passed 

over. The next 10 to 15 per cent was collected, and 

stored in a glass stoppered Pyrex flask. The con­

centration of the solution was obtained from the 

equatio·n 

Per cent HCl = 20.245 + (750 - P)0.0024 

where P is the barometric nreesure· under which the 

constant-boiling fractio11 was collected. 

Because hydrochloric acid solutions stored in 

Pyrex change in concentration due to ion-exchange 

l.'Ti th the glass, these solutions were freshly prepared 

every tw·o weeks. The l'llork of Gledhill and Taylor ( 45) 

of this department indicates that the change in con­

centration during this period will be well within the 

experimental error of the investigation. 
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4.4 9. CLEANING OF GLASSWARE. 

Before use all glassware was thoroughly cleaned 

by treatment successively with alchohol-nitric acid 

mixture, and aqua regia, followed by steaming and 

rinsing with conductance water. 

4.~.10. PREPARATION OF SOLUTIONS. 

The balances and weights used were carefully 

standardised and intercompared. Correction was made 

for the buoyancy of the air in the case of the 

O.lOOOOm KCl and 0.09917m HCl solutions. 

~.4 lOa . ~09917m HCl Solution. 

Using a weight burette of the type described 

by A.Faure (46), approximately l6.5gm constant­

boiling-point hydrochloric acid was weighed into 

one- litre glass- stoppered flask. To this was added a 

calculated mass of conductance water. 

In his work on dilute KCl solutions, Faure 

found that appreciabl~ errors were caused by 

evaporation of the weighed solution as it was allowed 

to run from the weight burette, and that he could 

only eliminate these by carrying out the transfer 

in a "wet- box." Trial runs With the acid showed 

that the loss in wei~ht was of the order of 3mg per 

16 .5gms, which corresponds to an error of about 

0 .015 per cent in the final solution. As this is 

l ess than the experimental error of the investig­

ation, it was not deemed necessar y to take pr ecautions 

t o prevent 1t 



4.4 lOb. O.lOOOOm Potassium Chloride. 

Potassium cr~oride , purified and dried as above 

(see section 4.4 4) still contains traces of mixture 

which Addink (47) showed can be completely removed by 

heating to 550°0 in an atmosphere of dry nitrogen. 

It was found that the various batches of KCl recrystal­

lised during the course of the investigation contained 

from 0.015 to o.olS p'er ·cen4 water .:. This agrees with 

the figure of 0.02 per cent recorded by Addink, but 

differs widely from Malan 1 s 0.25 per cent ( ~9). 

The following procedure was used in making up 

the solutions: A platinum crucible containing about 
I 

7.5 gm of the potassium chloride was placed in a large 

silica test tube with a loose-fitting Pyrex cap. This 

was maintained at 550 to 600°C for three-quarters of 

an hour in a vertical furnace, and the air displaced by 

a slow current of pure, dry, nitrogen. The potassi urn 

chloride was allowed to cool in vaccuo, and the 

solution made up by weighing. 

' ' 4.4 lOc. Bridge Solutions. 

The salt bridges used were mixtures of potassium 

chloride and potas s ium nitrate of total ional con­

centrations 3.5 and 1.75. The salts used were puri­

fied as described in sections 4.4 4b and 4.4 5· ~s 

these solutions were used in large quantities, and 

as extreme accuracy wa8 not required., .they were . 

made by volume in a tY~ro-li tre standar<:l flask, the 

same flask being used in preparing all the solutions. 

4,4 11. CALOMEL CELLS. 

Calomel half-cells were made by the general 

!.· • -· : 
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method of Hills and Ives (?4). The eledtrode vesaele 

(Figure 2) were cleaned, steamed for three hours, and 

dried . At a temperature of 6o°C, they were filled with 

a two per cent solution of Dow-Corning No. 200 Fluid 

in redistilled carbon tetrachloride. They were then 

·emptied, dried in air, and cured at 300°C for 45 

minutes . This differs from the Hills and Ivest pro­

cedure of baking at 165°C for two hours, but is in 

accord with the recommendations of the makers of the 

fluid (48). It was found to produce better siliconingJ 

and to r es ult in more stable electrode potentials. 

After cooling the electrode vessels were rinsed ten 

times with carbon tetrachloride, dried 1 and then 

five times with conductance water 1 and again dried. 

The vessels were swept out with pure, dry, 

n~~ro~en, and a small quantity of freshly distilled, 

anae~obic mercury added . In a glaas~stoppered b~ttle 1 

a fe~r ml of the mercury were shaken vigorously with a 

little pure,dry calomel . Small amounts of the result­

ing grey skin were adced to the pool of mercury in the 

v essel , until the entire exposed surface was covered 

with the spreading film. It was noted that, when only 

enough skin was added to form a surface of islands 

separated by clear mercury, the resulting electrode 

gave unstable potentials. 

The vessel was again swept out with nitrogen, 

anG the electrolyte which had be~n fully deoxygenated 

by 9a£sing nitrogen through, carefully run in . 

F:!.n<1l.:Ly, nitrogen was bubbled through the cell for 

eight to twelve hours to bring it to equilibrium. 

Calomel electrodes prepared in this way were 

tested by measuring the resultant potentials, when 
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two similar cells were oprosed , and were found to be 

stable to at least ± 9 microvolts, and reproducible 

to within 50 microvolts. They were unaf fected by 

slight shaking, but sometimes suffered small changes in 

potential when subjected to more vigorous treatment, 

such as moving from place to place. Their perform­

ance is discussed in greater detail in section 4.6 2b. 

4 .5 . DESCRIPTION AND STANDARDISATIO~ APPARATUS. 

4.5 1 . THE CELL . 

Experimental work on the cell 4.3(vii) was 

carried out in an all-glass apparatus designed for the 

purpose. This consisted of a central 11 junction 

as~embly 11 and two 11 electrod e assemblies.n 

4.5 la. The Electrode Assembly. 

This is ill us trated in Fig ure 2 , and is essentially 

of the same design as the calomel electrode vessel used 

by Hills and Ives (34). Contact is made with the 

mercury pool of the electrode by means of a long 

platinum wire D, as shown in the figure. The end of 

the nitrogen-b ubbling tube, N, was turned upwards to 

eliminate the effects of bubbling-pressure disturb-

ance on the calomel layer. A is a reservoir contain-

ing the elec trode solution, and fitted with a nitrogen 

delivery tube , c. 
4~5 l b. The Junction Assembly . 

The device used in forming liquid junctions was 

designed to sat isfy two essential conditions : firstly, 

that it b e capable of yielding potentials of the highest 

ace uracy, ancl., s econo ly, the: t results obtained from 1 t, 

b e directly applicable to both high-precision and 
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normal laboratory work involving diffusion potenttals. 

The second of these requirements was shown to be 

a matter of cell design by Guggenheim (6). (See ~ection 

3.3). His work and that of Ferguson, van Lente, and 

Hitchins (23) shows , further, that the junction most 

suitable for this investigation is the free diffusion 

type. The .only other of comparable performance is the 

flowing junction; The use of the latter is precluded 

by the fact that in the case of heterionic solutions 

the effects of bubbling rate and other variable are 

too unpredictable to allow of free intercomparison 

of potentials. 

For a free diffusion junction to be stable and 

reproducible, cylindrical symmetry at the boundary is 

essentia~ and is only realised when the junction is 

formed in a tube of regular bore at a point some dis­

tance from its extremt·,ties. This was effected in 

this investigation by the use of three-way taps. 

In order that a Junction formed at one end of 

the plug of a tap should be quite cylindrically 

symmetrical, it is necessary that there should be on 

either side of this point identical tubes of perfectly 

regular bore. Neither the T-tap used by Ferguson and 

his co-workers (23) nor the 120°- tap of Owen (17) 

fully satisfies this condition. The t ap designed and 

used in this work is shown in Figure 3, and. was made 

in this department. It enables ON to be connected 

either to ML by n1m1 or to PQ by n2P
1

• To eliminate 

the need for a lubricant and to reduce the difficuties 

of making the bore ofa1m1 identical with that of ON 

and ML, it was originally intended that the plug should 

be of teflon. When aft er consider abl e difficulty and 
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delay a short length of teflon rod had been procured, 

it was found to be extremely inhomogeneous. As this 

precluded the precise machining necessary to prevent 

leaking, there was no alternative but to use glass. 

The condition that n1m1 , NO, ano ~~ form a strai ght 

tub e of uniform bore makes the construct ion of an 

. all-glass tap a problem of great technical difficulty, 

since it necessitates, 

(i) that there be no constriction at the seals 
n1 and m1 ; 

(ii) that n1m b e so placed that after grinding and 
greasing1N ano n1 , and M and m1 can simultnneously 
coincide. · 

Thanks to the skill of the University instrument 

maker, Mr. F. van der Water, these difficulties were 

overcome. The p::tir of taps used had no detectable 

irregulariti es at the seals, and satisfied the second 

requirement almost completely. The bore of these taps 

was 3 mm, and the plug was firmly held in the barrel 

by means of spring-loaded washers. (s ee Figure 3). 

To the handle of each tap was attached a perspex 

disc from which projected two short lengths of brass 

rod. These could be adjusted so that they came into 

contact with ML or PQ, respectively , when N was 

joined toM or P, an0 ensureo. th.qt the t .g,p ltf.!J. S operg_ted 

with a precis i on commensurate with the accurqcy of its 

construction. For conveni ence the taps were manipulated 

by meRns of knobs fixed to the fr~me ~bove the wa ter -

line, ano connected to them by means of nylon lines . 

The compl ete junction assembly i s shown in 

Fi gure 4. JGHK which includes the verticall y ~unted 

junction taps G and H, i s made of 3 mm internal 

diameter thick- walled tubing . A res ervoir inentical 

with those forming part of the electrode units fits 
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into the BIO standar~ joint, S , and the electro~e 

assemblies are attachea at the B7 joints R and T. 

The function of taps J,Y ,I, an~ L is explaine~ in 

Section 4.6.1. 

In Figure 5 anfl Pla tre 1 is illustrated the 

complete cell. The apparatus is rigidly mounte~ 

on a brass frame designed so that the electrode 

vessels are readily removable . When used in the 

water thermostat (see section 4.5 3) the water 

level was maintained at a height just below the BlO 

standard joints holding reservoirs A and c. 

4. 5 2 . POTE!,iTIOEETRJ:C APPARATUS . 

A Tinsley Vernier potentiometer was used to 

measure cell potentials . A previous worker (49) had 

standardised two of the three coils of the i nstrument. 

This standardisation was checked and foun~ to be 

satisfactory , and extended to embrace the r emain­

ing coil readi ng the fifth and sixth decimal places of 

a volt. 

The e.m.f . s were expressed in absolute volts 

with the aid of an Eppley Standard Cadmium Cell. 

This cell was compared with a similar Eppley cell , 

recently calibrated to an accuracy of + 0.02 mV 

at 24.o0 c at the S.A. National Physical Laboratory, 

and was left undisturbed throughout the course of 

the lrolork . 

A Kipp A75 Light Spot Galvanometer was used as 

a null-point detector . It had a current sensitivity 

of 0.3 nano-amps per mill i metre scale deflection , and 

was found to be capable cf discriminating one microvolt 

differences of potential across the cell. 
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To prevent electrostatic leakage all com­

ponents of the circuit wer e mounted on an equi­

potential surface (50), while shielded leads were 

used to eliminat e errors due to A.C. pick-up. 

Reversing switches were employed to investi­

gate the presence of thermal e.m.f s, but at no 

ti me were such potent i als found to exceed one 

microvolt . 

4 . 5 3 . TEMPERA TUR "S c mrTROL . 

All apparatus used in making the potential 

measurements was housed in a cons tant temperature room 

maintained at 24.0 ± 0 .1°0. This room was constructed 

in 1940 by Thomas and Gledhill (51) with a mercury ­

paraffin thermoregulator. During the cours e of the 

present investigation this device was replaced by an 

electronic relay and resistance thermomet er . This 

sys tern will be described. elsewhere by Mr . H. S. 

Govinden (52) who was r esponsible for the ma jor 

portion of its des ign and construction . 

The liquid junction cell was immersed in the 

inner tank of a do uble bath water thermostat,. similar 

to that used by Gledhill (51) . In this work,. however, 

mechanical stirring was not permissible , since the 

attendant vibrations disturbed the liquid junctions, 

and pr evented their reaching a steady state . It was 

found that adequate agitation was afforded by com­

pressed air deliver ed through half a dozen jets at 

the bot T.om of the tank . Using a toluene thermo­

r egulator of the type des cribecl by n.leclhi ll ( ?1), the 

t emperature of the bath was maintained cons t ant a t 

25.0 ± 0 .01°0 , and uniform to within 0 .005°0 . 



4.5 4 THERMOMETERS. 

The temperature of the thermostat was deter­

mined by means of a solid-stem , mercQry-in=glass 

thermometer calibrated at the British ~ational 

Physical Laboratory to an accuracy of ± o . oo2°C, 

Fluctuations in temperature were measured using 

a 5-degree Beckmann thermometer with O.Ol°C 

graduations. 

4. 6 . READINGS AND REST'LTS. 

4 . 6 l . TECHNIQUES USED IN TAKING READINGS. 

4. 6 la. The Formation of Junctions . 

25ml of dilute HCl solution was run from A 

to waste through tap 2, and 25 ml dilute KCl through 

tap 1 (see figure 5 for nomenclature used in describ­

ing the cell) . Any bubbles in the system were allowed 

to escape through taps 6 and 7· Bridge solution was 

now run through both 1 ·and 2 , until a total of, 

approximately 50ml had passed to v.raste. The cell was 

allowed to s t a nc1 for at least an hour to enable the 

solutions to reach thermal equilibrium at 25°0. 

For the boundaries at a and b to be as sharp as 

possible initially, it is necessary that there should be 

no hydrostatic press ure difference across them at the 

moment of junction . In an attempt to meet this re­

quireme~t, the following procedure was used. All the 

taps, excluding 12, 13, and 14, and including those 

in the nitrogen supply lines to the two electrode 

vessels, were closed. Tap 4 was then opened for a 

few seconds to allow the bridge solution conta ined 

in the section ab to come to equilibrium with the 
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pressure of the ~tmosphere. Taps S anf 9 (behind 

~eservo~r B in Fif ure 5) were opened' and the 

levels of both of the dilute solutions in their 

capillaries adjusted to a heicht calcul ated to ba l a nce 

the weight of the denser sol ution in B. Taps 

8 and 9 were a~&in closed, and l £nd 2 turned sim­

ultaneously to join the br idge solution wi th the two 

electrode solutions at a and b r espectively. 

In preliminary exper iments with hi[hly 

colour ed potassium pcrmanganate solutions no visible 

disturb0nce of the bounda r y was observed at the 

moment of junction , when the boundary was mede in 

this way . Other tests ~roved that 50 ml of bridge 

solution was sufficient to rinse from ab any traces of 

the dilute solutions 

4 . 6 lb. .E.!:9ccdure in Takin,:_ Readinr.,s~ 

Junctions wer e prepared as described in t he 

preceeding section , and the potential across the cell re~ 

at intervals, until it was constant for more than four aro 

one- half hours (see section 4.6 2a.) This was repeated 

with e2ch bridge soluty· n, until enough concordant re­

sults h~d been obtained . At the end of each run nitrogen 

was a llowe d to bubble through the calomel half eell§ for 

some hours , before a f r esh junction was established . 

In introducing a new bridge solution, reservoir 

B was removed from the cell and rinsed &nd filled with 

the new s.o'lution. 'fhen section ab of the junction 

assembly wcs drained , rins3d several times , a nd filled 

with the new solution . 



The dilute solutions were deoxygenated · in 

their respective reservoirs for at least twelve 

hours before being introduced into the cell . 

4. 6 lc. The "Reference Junction Potential . 11 

The potentials at the different br idges used 

can only be intercompared,if it is certain that the 

nett electrode potential is the same in each case . 

This was ensured by means of the following device : 

The potential of the cell 

j t ~ HCl KCl 
qg- Hg2Cl 2 (0 .09917m) KCl (3 , 5N) (0 . 10000~ g2Cl 2- Hg 

. . . .... . . .. . . .. •• . . 4. 6 (1) 

was determined with a great deal of care. Sever a l 

sets of calomel half-cells were used , and both the 

electrode and bric.'l.ge solutions changed several 

times during the course of the l ong series of runs. 

The resulting potential was used as a standa rd for 

the investigation . Whenever new calomel cells 

were prepared , and at intervals throughout their 

working life, their potentials were checked by 

ca rrying out runs with a 3.5N KCl brid ge solution, 

and comparing the result with the "reference 

junction potential ." 

4.6 ld. Calomel Cells . 

It was found (s ee section 4 .4 11) that nhan~A~ 

occurred in the potentials of calomeJ half- cells, when 

t hey were subjected to violent shaking . It was accord-

ingly arranged that the c ells should never be moved once 



57 -

they h2d be9n prep · red. Thus , the apparatus was 

pl~cea in the ~~ter therm6st3t ~n~ Recurely clamped , 

teforP electrolyte ~-rr·. s ar:~ eC! t o thf'! mercur.v /J.n("~ 

calo~Al filT of t~e t, l f - cells . All subs equent 

'7T.n.ipul<)tion 1::·-1s p':'rforrr.erl ··ri t~ the cell i r this 

poeit ·'.on, e.r:< ;-r.!.t~ a minirr.ur:. of a r::itation . If it 

was necessary to ~OV9 the apparntue fro · the thermostat 

frer~ calo~el cells wer ~ ~8de . 

Errore oc~~sionally arose in th~ eleotro~e pot­

entials ~ue to co~tamin~tion of t~eir Rl~ctrolytAq, or 

to chRnp~s in their conc~ntration c~uRe6 by ina~equate 

presaturation of t ~e nitro~en. When t his occu~red 

cells were ~rai~ e~ of electrolv~P . ~irse4 several times, 

~ne fi ll~~~th fresh solut i on . The resulting electrodes 

;-rere fot-El0 to be no less s ·~. ti sf ··~ ctory t~~an the ori~inal . 

4.6 le~ Lea'~s . 

A~ it W3S foun·~ th~ t lea~s at any o~ the stan~ar~ 

joints or t 3P8 of ~;.he cell r i stur.'be-:-1 t ."".P. l iquid j unc t ions , 

an~ cause~ the pot9~ tiBls to drif t, care W" s ta~en to 

d~tect an"!. co7:t.2 t ther.1 . ';.!hen th~ cell 1.-g ·~ s a sse:n'bled be­

f c re pr~pargt ion of the electrodes , all taps ~nd joints 

were carefully greas~~ vi t h Fisc~er "Celloseal" , ana 

then tested ty applying nitro~en pressure to thq cell. 

Once it h~d be~n place~ in i~B ther1ost~t, leaks were 

reve ~le~ b y a f r ll i~ solution level i n the c~p1llar1es 

belo··t taps $ ~n::" 9, ~!h~r.. t~e a:op.ara. tD.~ :-res r'! llm·.reA.. to 

stan~ Mit~ all t ~r otj~r t~p~ clo~e~ . In aA~it~on , 

tho ~ ept~ of fall ~ave an in~icat1on of the loc~tion 

of the f:1ult. 
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4.6 2. THE CHARACTERISTICS OF T~E OBS'E3VED POTZN~I~LS. --·-----· ... -- ~- .. ---~- _.......,_ 
4-.6 2a .• Ste.bili . .!l,. 

The potentials arisin~ at t~e ends of the salt 

bri~ ~es, anA measured across the terminals of th~ cell 

t;;erP. not initially constant, and uDd"'MTent cons id ·:~ra.ble 

fluctuation before reaching a period of stability. The 

variation ~ith time of the potentiale read is shown, for 

t ypical casas, in ~i~ure 6. For purpo~es of comparison 

t hese ~erP transposed into the same potential region by 

taking as zero in each C;::lse th~ potential read. ir::nnedi!3.tely 

after the junction had beRn m~de. 

The final, st3.ble potentials were constant to 

T:.ri thin 10 microvolts in tl:'le vast rna jeri t~r of cases, 

although runs werR recnr~ed in ~hich the vari~tione 

~,,ere as high as 15 ana as lo'·· as 1 microvolt. Usually 

the potential ua.s read at intervals, until it ha.d been 

constani; for 4);. to 12 hours , but eve~ r·IThen this we.s 

exteno.ea to five c1a.ys, no deteriorat ·1 on of stability 

was observed. Both the degree and the dura tion of 

st~bility were founo to' be 1ndepenoent of the concen-

tra. tion and. oomposi tion of the bridge solution. 

Even i n the case of the juntion 

HCl (O.Ul)l KCl (C.ll!) ••..•••• ll.6(11) 

there was no deviation in these characteristics, as far 

as col.llCl be judged frorr. tl:le few runs performed with 1 t. 

I t was found that the slightest mechnnic2l disturbance 

of the cell, such as ~e vibrations of a motor-driven 

stirrer, destroyed t De stabil i ty of the potentials. 

The b ehaviour of the potentials before they 

re~ched stability differed from run to run. Neverthe­

less, a study of more than 200 runs carried out during 

the 1nvest1g~tion revealed certain pa tterns which it 
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is important to record .here. 

(1) The potential was at its most unstable immediately 

after the form~tion of the junction, an~ gradu~lly 

steadi e~ ~ith time. 

(ii) The potential-ti~e curveg were in ~any c~~es very 

si~ilar in for~. The shapes of c~rve most co~mon-

ly occurring wit~ 3.5N s alt bri~ges is illustrat­

ed by graphs I '3.n0 I I of Fi~ure 6. In other 

cases, the shape of the curve was substantially 

different, as in graph III. It was not found 

possible to correlate thP. shape of the curve 

r:ri th ei thF:lr th ':' ac:~uracy of the final potential, 

or ~ith any of its stability chRracteris~ics, 

such as the d~gree of stability or t~e ti~e taken 

to attain it. 

(i ii ) Regions of 11 false 11 or transient ste..bility 

occurred in a. large number of rur:s. It ~ras 

founf1 that to·1.:a.ras the S?.nc'l of the unstable period, 

the potent i al woul~ become constant to wi thin 

10 microvolts fo ::- as lon 7. as 2-t hours, and TJlOuld 

then begin to vary 9..g~in. All of th-e curves in 

Figure 6 shm·.r this b~h8Vio.!r. Truly constant 

potentiRls t'lere distinguishec. by the fact that 

their stability dia not deteriorate with ti~e. 

It wa s , therefore , posQitle to guard a~~ inst 

b eing ~isled ty demanding t tat a potential re-

main const8nt for Rt least ~~ hours before con-
'"' 

siderin~ it to b~ stable . 

{iv) The magnitude of the greate~t devia tion from the 

stable pot~ntia.l in any run depended on t he 

conc entration of th~ bridge solution. The 

mean of the maxi:::ur.'l. c.evis.tione observed toTas 0.29 mV 
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t,ri th 3. 5N, ancl 0. 4o mV ~'!i th 1. 75N bridges. In­

sufficient readin~e ~ere taken ~ith 4.12N bridges 

Rn~ with the junction 4.6 (i ) to per~it of any 

comparison. 

(v) The ti T.e taken fo ··· potenti t;~.l s to r~Rch st8.~ili ty 

also dep~nded on th~ conc~ntration of th~ bridge 

solution. Stability was re? ched, on t he average 

after el~- hours ,.,i th "3. 5N bri<'i ges, e.nr, after l2i­

hours ~it~ 1.75N brift~es. 

The behaviour described above is in every ~ay 

oo~sistent with -th~ theory·. that th~ boundaries for~ed are 

not initially perfectly sharp, as free diffus i on junctions 

shoulf 10eal ly be, and that certain devia tions frorr. 

sharpness do exist . As unhinfered dif~u ~ion is a llowed 

is proceed, t he trP. nsi tion l a yer gr3.n ua lly ap,:- roaches a 

stead y sta te, an~ its ch~ nring structure is r ef lected in 

the variations of potential. Therefore , once the poten­

tial rea ches stacility it doeP. not c han~e unl ese the 

steady sta te of t he boundar:' is in sorr.e ~~'ay d1sturt e0. 

The 1n1 ti ~l devi s. tions fro;r sharp ness are probabl~c c ue to 

mechanica l mixi~~ brou~ht about by the motions of the 

junction-for~i~g t aps or by s~r ll ~ ifferences in the 

hydrostatic pres::> ure acres~:~ th~ junction. It is, thus 

to be expected tha.t the e.pproach to stability shoul~ be 

!7lOre rapid uhen 3. 5N than ~:!hen 1. 75:-J bri~c:es are in­

volved, for the r esistance to initial diRturta nceR ~111 

be gren. ter , the e r eater the d i fff'r ence in d er:sity of the 

solutions comprisine t h e junction. It i P ~ l~o to be 

expec t en the. t t he sha p e of t he potenti 8.1-t1rr.e curve ~~.rill 

no t be r epro~ucitle, fo r it i s not possi bl e i n practice 

to control minutely e~ou-h t~e factors ~overninp t~e 
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a~ount of mixing which takes place w~en t he junctions are 

r.aCl.e. There is no r f?aeon, ho,:·ever, ~rhy the reproduci bill ty 

of the final potential shoul~ be rf~ected, as thi s ~111 

~epend only on the eve~tual steaRy sto te of thP systec . 

4.6 2b . Repr~r"ucibility. 

An ePti~ate of the precis i on of t~ 8 readings was 

obtained by calculatin~ th~ stc n~arf. devi~tion, gnn the 

95 per c ent ccnfi~ ~nce limits of the re~licate de ter­

minetions ~i th e~ch bridge solution. 

The measure~~nts were extre~ ely prone to de ter­

minete errors, o•·rin c:.: to thf' se!'1sit1vity of t he potentials 

tot-J&rds slieht changes in the concentration of t he 

calo~el electrode so-utions, w~ich could be brcught about 

by tre.oes of oxyc en, or by 1n.:, r. equate pres£. tura tion of 

the ni tro ~·en bu.b'blefl through tl.:. er:.. Usually these !!lis­

takes ~ere revea led d~ri ' g the course of the rAadin~s 

by 1rregul ~rities of behaviour, e n~ were imme~ 1a tely 

elimina ted. To deal t•Ji th those thBt es capee! detection, 

the practice \'1::-.. s adopter.! of r '"l j f'c ting any reac3ing: :.·r;,i ch 

d.iff ere:' from the average of the set of rAplicate 

deter~inatio~s b y ~ore than h~lf thA ~ean deviation froo 

the mea.n. It "ras f ounn t ha t in only three or the 

fo ~1rteen s ets of r e.rc1ne:s taken t>rere r~adin~s eliminated 

in t~is "ft.ray. 

The stfi nd~rd deviat~ors of the potent i als a t 

the various brid ges used wer~ in the main in the 

regi on of 30 microvolts, the grea t eet be1 n~ 36 micro­

volts. The correspon~ ing limi ts of 95 per cent 

co~fidence were of the order of ± 4o microvolts , the 

l ar gee t "being: + 44 r:.icrovol ts. }~o sie:ni f1 cant 

difference i n t he re~roduci~ ility of the potentials 
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at 3. 5 P.nfl 1. 75N br1Cl ges CO P1f.1 be detecte0. It can, 

the~~fore, s afely be cla1~e0 that th~ f ~n - 1 potentials 

T.-:ere r~p rod 1J C1 bl e to 1r.'i thin 0.1 mV. 

A l 8!'Ge proportion of the unc~rtainty of the~e 

potenti als unco:Jbt er'ly nr.ose fro!:': ins ta.bili ty ·nr1 

irreproduci~ility in t~e potenti~l~ of the oalo!:':el half­

cells. These ~''ere lnvest~gatec. by opposing tT:ro ic1entical 

calomel electro~es, Rn~ measuring t he departures of the 

res ultant potentials from zero. It ~as foun~ that, 

"lf.rhen al lo-.:·rec'J to co;re to equilibriu!.'i uncer the :ne st 

favo urable condi~ions, the c ell s yi~lde0 ~oten tial s stable 

to l eaF than + 9 microvcltR mean fevi~tion for several 

c1a.ys. ivheE s ubjecteC!. to the r.,.,,ther strenuous con-

ditions un~er which the final potenti~ls we r e 

~easured , vi z , long periods in which there WRP no ~e­

oxypenation or stirring ty nitroven, a fair de gre P of 

~haking, an~ occasional c~ange~ of electrolyte, a re­

pro(luc1bili ty of :! 0.025 mV rr1as obtainecl .• 

It T-Jas felt t ~;;: t a precis ' on of!0.025 mV in t he 

electro~e potentials was QUite ~dequ?te for t~i s ~ork, 

anC' that , in vi e~·· of t l:"!e tryinc con:'Ht · o::s unrler T/.'11ch 

1 t '·:'cts realised, 1 t compare~. fuvo' : r <:.'cl ~.r ··•i th the Hills 

a.nO. Ives (3lj.) value of ;t 0.010 rr.~.r . 

4-.6 2c. !££uracy. 

The follo··•in i~ t':lr oe f actors 00V '-'> rn the accuracy 

of the pot entials ~easured : 

(1) The accuracy of the elec t roa e potP.:tials . 

{11) The r8produc1tility of th~ · electrc~e pot entials. 

(·111) The r eproducibility of t~ P ~easurea potentials. 

By the first of t heBe t~reP factors i~ ~e~nt,the 

degr ee to t.>~~ ich th~ conni t :: on the.t th8 t1·•o calom~l 



electrodes of cell 4.3(vii ) ~~ve equa l potential, is 

sat1sf1ec1 . It ~r.,.t.r,, cel? t· .. ro r:1 ~ st ir.ct .sc ~· rces of error. 

?he :f'i r~ t of t~ese lies 1 r. the as~ umption th8. t t~e 

difff?rer.ce in the t~m electro:·": e _-potP.ntis.ls 1-rill te zero, 

~~An th~ r~tio of t~F ~e1n ionic a ctivity of their 

electrol~1 tes 1 ~ unity.. ( SeP- section 4. 3 2b) • It 1!=! 

not :pop F i t le to obtain s n·· e~ ti -oo:a te of thf> F i z. e of the 

re~ ul t i nrr er:·or, for it i~ boun( up ~ ·i th th~ u:r.re·1lness 

of +:J:-te concePt cf st!! ;.~le ion ::~ ctj.vi t~. eP , :nr~ Pin:-·le 

electrode potentlrls. It 8hO'l.l 0 b~ r'f:::Jf: '.1bP.rec3 , ho,·.'ever, 

that, j~st es thi~ un~atisfactory state of &ffairs is 

uns.voic1able ln this '·'ork , it is si ~:i.la rly inherent 1n 

all measure:;· ~nts to ~-r~ich th ~· finr'in g8 of t·~is ···ork l!'s.y 

te apulied. It i s , th~r~fore, f elt t~s t it ehoul~ be 

reg·r.:.rced not es an error, ~1'lt e.s 9. con~it' on unc1Pr 1•-r>--ich 

th~ a~tAr~inations werP c~rri e~ out. 

The secon~ source or inaccuracy in t he electrode 

pot enti f;. ls ie th'~ unc erte.inty ln thE' c :•lculatior from 

activity coefficien t data of th~ molalities of the 

eleotro~ e solutions . r his has beon es~i~ste~ a t . 

0.05 rr.'r. (See sec tion l.i..? ?c .) 

Fa.ctors (1 1 ) fH'(t (11 1) wer P. deal t ··rith in 

d<:tall e.:.'ove, l•Jher · it '~ra e c r-r:clU<1e0 t~ 8. t they intro­

duced unc Prt(.in t l es of ± 0.025 an{ ±0 .050 mV r es­

pectively. 

'An accuracy of± 0.05 mV ca n, therefore, be 

cla1~e0 for the potentials measured e cross cAll 

4. 3 (vii ) . 

4.6 ~~. Discussion. 

It is of int.~r ~ st to co~p~ re the perfor~ance 

det a llea above with th&t recorded bv FerpuPon , van Lente 
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a nr Bitc.~:";. inF. (22) in t·.·J.:.at i s p robably t he mo:-:t a ccurate 

inve s ti g~ tion in the liter~ t ure . The significant 

ch~ ract Aristics of t he t~o investi sations ar~ sure~arised 

in Te.ble 2 • 

. ----·-------~-·- --·---·-----~-------

A. ~. 

Table 2. 

I 
Fe ~" r.;IJ. ::._o.~~~~!. .}~l I Fr P. S en t I Character1~1c. 

(3t ~ bil i t y of electr od e 
!oot entials. 
I 

i 
l 

! · ± 0.02 rr.V 
I 

~eproducib ility o~ 
;po t entials. 

0l ectrode ! "? airly r 0.-

I ± 0.009 mv 

I 
I 
I 

j3taci l i t ~r o f reac. i n~s at 
jtbeir cone t~nt value 
! 

l p roc' !..l.Ci bl ell I -
I 
i ± o .ol+ mV 
I 

I ± 0.025 

I 
rnV 

l:.r'. t hin 0.01 mV 

l~e · rooucic ili t y of 1\ri t hin 
o .1 :nv 

"'ithin 0.1 . mV 
r ~ .. d i nr,s 

Ti~e take~ f or r e. d i n~s 

1t o r nac :-: s t ability . 6 to 26 hours · ! 5! hour s . 

l 
-----------~--_..~-··-~~·---~-··--·-------

Sinc e F er gu8on 1 e ~A t ermi n& t ions invol ved s n t~ra t ed ~Cl 

solutions , t he oat a in c olurr: r:. B r~fers, •.·.rhE'lr P. distinction 

is n ece ssary , to t he rnea e ur ern~n t s in · ·hich 3.5N bridges 

~-·ere us ed. Th e e s t i :ra t e given in column A of t he time 

taken for rea~ ings to r Aach s t ability, is base~ on the 

gr~pte a ppearing i n Fergueon's p~p~r, as he die not 

s pecif ica ll y refer to t~is chara cteri stic in hi s d is-

cussion. 

The comp-:: r ison s :Oo~Js that , i·!hile t he diff l).s ion 

potentials d e t ermined in the pr ssA~t i nves t i ga tion a r e 

b y fa r the more ste.c l e , =tn f ::;.ppear t o r8ac r st.9.bili t y 

aft er a s~orter tir.e , t hA r e is li~ ~ l e to choose b etween 

the t~ ·a inv es tigc.. ti ons aFl f ar as r ep r od Ll.ci1:i lit~' is. 

conc ~rnec . 



The difference in st~bility 1R too great to be 

a ceo un te~ for b.~" the cUff erence in tY-e cons tanoy of 

t~e tMo ty~ee of calo~el electro~es use~. It is 

possibly causef by the feet that tte initi~l mechAnic al 

cisturC: nces of thE' bour:c.ar.v ar~ gr::>.:..t "" r at ~he 9 rmr: 

junction-forming taps usef by Ferguson an~ his co-

~·'or.k ers th.s.n e.t the j mm ones user here. The fact that 

'ti-le rf7u:roaucibili ty of tr~e potentlpls at t'-'~eF;e t1·ro 

size~ of ts_ps is an11rox1mately t .te R.:- me i!: in r:'!irect 

co~tradiction with th~ theorie~ of Trylor (7) and 

Cu~~ings ~ n; Gilchrist (lg), w~ich pr~~ictee tj~t free 

diffun.on l iot•io junction potent::.?.ls in tubes of sm3ll 

bore WO Ul ~ be l AP~ rc~rcf~ci~le than t~OBe i r t~~eS Of 

larger bore:. 

Frorr. the above comp~· rison one ooncl ut:< es, 

therefore, that 3 me taps are on the ~hole ~ore s£tie-

factory than 9 mm t aps as junction-forming devices. 

Whether further i~prove~ents ~~uld result from con-

tinu e~ re~uction of tte bore cen~ot be inferred ~ithout 

~ore expe:rirrenta l evi~ ~nca. 

4.6 3· RESTLTS. 

In t~e tatleR ~n~ ~raphs telo'· are su~m&rised 

t~e pote~ti~ls ~et~r~~ne~ in t~ e coure q of t ~ is i r vest1g-

at ~_on. Th P. RiPn conv'3r t "i.on usP.r t~ro·_;ghout ie that of 

Le1·'is .?.r.f R£-.nc1 t.ll (53 ), viz t h?t thq pot ~ntie.l it 

no~i tive if t~ ~ ri gtt-h~nf electro~e (or sclution) of 

the cell (or junct ~on) as writ ten, is pos itive. 

l t , 6 3a. ~ ~ easured Fot enti .::. l s . 

Tabl e 3 sho1.·'S the pot e11 tials 1 er sur~fl as 

des crib eo. in t he pr e ced:~n··.: section-s , aP '"":'11 9, 8 da. t e. 
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indicating the precision of the individual sets of 

readings. 

---- ~-~~-~~--------

Table 3. 

Potentials measured across cell 4 .3(vii) , 
at 25oc. 

I 
1 

Moles KCl Mean cell No . of Mean Standard Limits of 
per cent potential readings deviation deviation 95% confi-
solute. (mV) . . ~V . ) (mV). (mV). dence.(mV) 

100 

100 

75 

65 

57.1' 

50 

42 . ~5 

25 

100 

75 

50 

25 

0 

1.67(1) 

2.~0(~) 

3. 42 ( ~) 

3·75(6~ 

3.9!+ (1) 

4.1~(0) 

4. ~-6 (3) 

5 .12(7) 

6.~4( 0) 

7.21(0) 

7 · ~5(3 ) 

8.49(4) 

9.26(~) 

27 . 9El(l) 

(i) J = 4.12. 

5 1 o.o2(9) 0.03(6) 

I 
(ii) J == 3·5 

19 0.02(5) 0.02(9) 

5 0.01(7) 0.02(1) 

5 0-0l(ll\ ~-0~(1) 

6 0.03(1) 0.03(5) 

5 o.ol(o) o.ol(7) 

5 0.01(9) 0.03(0) 

5 0 . 02(4) 0.0)(1) 

(iii) 

5 

5 

5 

5 

5 

J = 1.75 · 

0.02(7) . 0.03(5) 

o.o2( 5) o.o; (;' 

0 . 02(8) 

0.02(2) 

0.02(7) 
I 
! 

0 .03 ( 4) 

0.02(7) 

0 .03(4) 

(iv) ro brid6e solution. 

5 I o.ol(5) 

I 
i 

!0 .01(9) 

I 

o.o4(4) 

0.01(4) 

0.02(6) 

0 .02(6) 

0.03(7) 

0.02(1) 

0. 03 ( ~) 

0.03(9) 

o .o4(~' 

1'l .04(1) 
I I o. o4 ( 2) 

0. 03 ( 5) 

o.o4(2) 

0. 03 ( l) 

The first column of the t able contains the com-

pos i tion of the bridge solution, expressed as the 

percentage of potassium chloride in the mixture of 
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potassium chloride and potassium nitrate comprising the 

solute . The second column shows the mean of the potentials 

measured with each bridge colution, while the third indicates 

the number of readings considered in arriving at this 

mean. In the fourth and fifth columns are shown, re-

spectively , the mean deviation and standard deviation from 

the mean of the readings with each bridge solution, and 

in the sixth the 95 per cent limits of confidence of 

the mean potential. 

Figure 7 shows the graph of the potentials 

measured against the percentage KCl in the solute of 

the bridges, at a constant ional concentration of 

3 . 5 ; F i g ur e 8 contains the c~rresponoing curve for 

bri0ges of half this concentration . . The r adius of the 

circles is equivalent to o.o44 mv, the highest of the 

95 per cent confidence limits . 

4.6 3b . Calculated Potenti~. 

Table 4 shows the values calculated from the 

Henderson equation of the diffusion potentials at 

the junctions of decinormal solutions of hydro­

chloric acid and potassium chloride with mixed 

( KCl + KN03 ) solutions of different composit­

ionsat total ional concentrations of 4.12, 3 . 5 and 

1.75 , as well as the corresponding potentials 

across t he chains 

HCl (O.lN) I Bridge Solution I O.lN KCl. 

Part tiv) of the table shows the calculated potential 

across the junction 4.6 (ii)J i . e. where there is no 

bridge solution between the two dilute solutions . 

The values of the mobilities used in the calculations 
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are the same as those listed in section 4.3 3b . 

Table 4. 
I 

calculated by means of the Henderson equatidn 
at 25°0. 

Po tentials 

I 

Moles KCl ,_J?iffusion potentia~_a_~_!;.he junction (mV): 
per cent ; I l I 
bridge solute HCliBridge KCl Bridge HCllBridge KCl 
~-- -~ I 

(i) J = 4.12. 

100 4 . 66 

(ii) J ~ 3·5 

100 

75 

65 

57 .15 

50 

42 . ~5 

25 

0 

5.04 

4.43 

4.05 

4.oo 

3.~6 

3 . 73 

3 .31 

2.6~ 

1 . 7~ 

0. 94 

o.47 

0.36 

0 .16 

-0.03 

- o . 6o 

- 1 . 42 

(iii) J = 1. 75 · 

100 6 . ~~ 

75 6.45 

65 6.27 

57.15 6.15 

50 6.03 

42 . ~5 5 ·~~ 

25 5.61 

0 5.16 

1 .4o 

0.75 

o.49 

0.31 

0.13 

-0.09 

-0. 51 

- 1.1~ 

(iv) No bridge solution . 

3.26 

3.49 

3.5~ 

).64 

).70 

3.76 

3 ·91 
4 .10 

5 . 4~ 

5· 70 

5 · 7~ 

5 . ~4 

5·90 

5·97 
6.12 

6. )4 

. ______ .J.... ___ L __ --'-__ 2_6_._~_5 ___ ..... 



4.6 4. DISCUSSION OF RESULTS, 

4. 6 4a. Com~?-rison _ '''i th previous me as urem~nts. 

Before proceeding to discuss the implications 

of the results set out in section 4.6 3, it is of in-

terest to see how the potentials determined here com-

pare with previous measurements. 

The only heteroionic junction to have been 

stu0ied at all generally is junction 4.6(ii). This 

is very similar to the junction 

HCl (0.09917m) KCl (O.lOOOOm) ....... 4.6(iii) 

whose potential is recorded in Table 3 (iv). As 

calculations with the Henderson equation indicate thet 

the difference in the potentials at these two junctions 

will, in fact 1 be less than o.l mV 1 they can be regard­

ed as identical for the present purpose. In Table 5 

are summarised the results of the various measurements 

of this diffusion potential. 

- - . 
Table 5. 

j Type of Potential .. 
Worker Reference i Junction (mV) ' 

~ 

Present investigation Free 
diffusion. 27.9~ 

v and Chloupek,Danes, Free 
Danes ova. 54 diffusion. 27.0~ 

Lewis, Brighton a nd Dipping 
Sebastian. 21 tube. 27.8 

I 

Ghosh •. 55 Drop con- 2~.27 
tact. 

B jerrum 16 In sand. 27.~ 

Meyers and Acree 56 In sand. 21.79 

Roberts and Fenwick. 57 Flowing . 2~.00 

Macinnes and Yeh. 5~ Flowing 26.7~ 

I 
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These results show consid.erable variation, due in 

part , possibly, to the different types of junctions used. 

Nonetheless, it can be seen that t 11e val ue obtained in 

the present investigation is of the correct order of 

magnitud~, and is in no way markedly incons i stent. 

Another comparison may be made which involves 

more directly the potentials at full s~lt bridges. 

Kline, Meacham, and Acree (13) collated the values 

obtained by different investigators for the difference 

in the potential s across t he chains 

and 
HCl (O . lN) KCl (3.5N) I KCl (O . lN) 

HCl (O.lN) KCl (1.75N)l KCl (O.lN) 

and arrived at a mean of 4.3 mV. Here again, there­

fore , the potential obs€rved in this work (4.o4 mV) 

agrees "ri th previous estirna tes . 

4.6 4b. Comparison of Calculated and E~p~ental 
rotentials. 

In Table 6 and Figure 9 are compared the observed 

potentials and those calc ulated from the Henderson 

equation ( equation 3.1 (iii) ) • 

In consi0ering these figures, it must be borne in 

mind that the Henderson equation gives potentials at 

continuous mixture boundaries, whil e the potentials 

measured are at a free diffusion junctions. Thus, the 

two are strictly not comparable . Nevertheless, the 

comparison i s not without value . In the first place, 

evidence exists (6) that the two types of transition 

layer give potentials which 0iffer by only a few 

tenths of a millivolt ; in the second place, there 

is the fact that in practice the equation is used to 
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estimate potentials at all types of junctions; in-

eluding free diffusion. The comparison, therefore, 

indicates the order of the errors commonly incurred. 

r---·--------¥----~-·--·---------. 

T 25°c. emp .= 

Moles KCl 
Per cent solute 

-----· -

100 

100 

75 

65 

57.15 

50 

42.85 

25 

0 

100 

75 

65 

57 .15 

50 

42.85 

25 

0 

rrable 6. 

Computed Measured 
Potential 

(mV) 
Potential Difference 

(i) J = 4.12. 

1 .67 

(ii) J = 3·5. 

2.81 

3.43 

3.76 

3 .94 

4 .18 

4.46 

5·13 
6.1@ 

(iii) J = 1.75 

6.34 

7.21 

7·50@ 

7.66@ 

7.36 

3.03@ 

3.49 

9.27 

( mv) --1---·_.:.(~m..;...V~) - ---1 

2.87 

3.26 

3.49 

3.5e 

3 .64 

3.70 

3·76 

3.91 

4,10 

5.48 

5·70 

5 . 73 

5.34 

5·90 

5·97 
6.12 

6.34 

-1.10 

-o.45 

-o.o6 

0.13 

0.30 

o.43 

0.70 

1.22 

2.0 

1 C::1 

1.72 

1.32 

1.96 

2.06 

2 ·37 

2.93 

(iv) No bridge solution, 

26.35 1 .13 
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Potentials marked with a superscript @were obtained 

from the graphs in Figures 7 a nd ~~ 

The errors range from zero to thre e millivolts, 

an0 are less in bridges containing higher proportions 

of potassium chloride, This r!Vould appear to indicate 

that the many approximations involved in the derivation 

of the equation hold more nearly in the case of KCl than 

KNo3 . Since the equation is derived for ideal solutions, 

and since limiting values of the mobilities at infinite 

dilution were used in the calculations) one would expect 

that its accuracy would increase with dilution of the 

bridge solution. However, the figures in Table 6 do not 

agree with this deduction. If we consider the three sets 

of values given for pure potassium chlori0e bridges, 

we see that the error passes through a minimum in 

the region of 3.5N. It is not possible to explain this 

beha viour on the basis of the limited number of 

measurements available . 

However , the important point arising from the com­

parison i s that the Hender son equation is accurate , i n 

the case under consideration , to v.ri thin 3 mv. Further­

more , since .. the case is in no V<Tay a special or partic­

ularly favourable one , it is reasonable to expect that 

this is the general order of accuracy for all salt 

bridges linking decinormal or more dilute sol-

utions . 

It i s , therefore, uncertain whether any increase in 

acc ura cy results, when the equa tion is us ed in correct­

ing for the residual potentials at salt bridges~ On 

the other hand , the a ccuracy shown is grea t enough to 

justify the use of the Henderson equa tion in indicating 

the general trend of diffusion potentials . This is 
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of great importance; for it is only by means of this 

equation that one is able to gain an insight into the 

working of the diffusion potentials, and how they are 

affected by changes in the ionic concentrations and 

mobilities in the two solutions. It is in this semi-

quantitative way that the equation has been employed 

in the present investigation. 

A note of caution should be sounded, however, 

Too great a trust should not be placed upon the in-

dications given by the equation, unless some degree of 

experimental s upport is available. In certain cases 

1 t is found that the trends sholhrn are completely erroneous. 

(See section 4.6 4d.) 

Taylor (7) used the equation which he derived 

(equat ion 3.1 (iv) ) to calculate the diffusion pot­

ential at the junction 4.6 (ii), and obtained the value 

27.6 mV which agrees more closely with the potential 

observed during this investigation (27.97 mV) than does 

the Henderson equation's estimate of 26.85 mv. An 

attempt was, accordingly, made to exten0 the comparison 

of observed and calculated potentials to those computed 

from the Taylor equation . It was found, ho1r1ever, that 

Taylor's description of the calculation of the quantity 

WH did not agree with the method he actually used in 

working out the example , and that the latter was not 

generally appl i cable . Various other methods of obtaining 

this quantity were tried, and gave quite unreasonable 

values for the correction term of the equation . The 

attempt had , therefore , to be abandoned. 

4 . 6 4c. The Variation of the Measured Potentials with 
the Composi t 5. on of the__£_ridge solution_.. ___ _ 

Parts (11) and (iii) of Table 3, and Figures 7 and 



S show how the potential of cell 4.6 3(vii) reacts 

as the relative proportions of potassium chloride and 

potassium nitrate in the solute of the bri0.ge solution 

are varied at constant ional concentration. In 

Figure 9 this variation is compared with that predic­

ted by the Henderson equation. 

As the percentage of KCl in the bridge solution 

is increased , the potential falls along a smooth 

curve whose form in the two cases, J = 3-5 and 

J = 1 .75, is very similar . The curvature of these 

graphs , although not very great , is too pronounced 

to be accounted for by experimental error. 

On the other hand, the corresponding graphs for 

computed potentials appear to be straight lines of iden­

tical slope . This linearity is, at first sight, 

anomalous, for the Henderson equation contains a 

logarithmic factor . In practice , however, it was found 

that the variation of this quantity was small (less 

than one per cent over the range of mixtures) , and 

was, therefore, swamped by the large change in the 

value of the other factor. Thus, the curves are 

probably not strictly linear, but have a curvature so 

slight that it is concealed by uncertainties in the 

computation. Whatever the true case may be, they 

will be regarded as linear for the purposes of this 

discussion. 

The difference in the degree of curvature of the 

measured and calculated grap~could be due either to 

salt effects, or to a deviation from the simple 

mixture rule for transport numbers in mixtures of 

electrolytes,caus ed by some specific interaction between 

the chlori de and nitrate ions . In the present state 



75· 

of knowledge of the properties of concentrated mixtures 

of electrolytes, it is not possible to judge whether , 

indeed, either of these effects '''ould bring about the 

difference observed. Li ttle is known of the variation 

of activity coeff icients in concentrated KCl-KN03 

mixtures, and, while van Ryssel berge and his co-workers 

(59) have shown that the simple mixture rule for con-

ductivities is well obeyed by KCl and KNo3 at a total 

concentration of 1 molal, no indication is available 

as to whether the simple rul e for transport numbers 

is also obeyed . 

A further point of variance between the curves 

for measured ana. calculated potentials is clectrly 

shown in Figure 9: the former are much steeper than 

the latter . The reason for this probably lies in the 

f act that the vari9.tion of the quantity .Ct! .... ) ; ti 
i i 

with change in composition of the solute is different 

in the two cas es; and this in turn is probably caused 

by the inaccuracy of the values used. for the mobilities 

of the two anions . 

From the practical point of view, however, the 

most significant property of the potentials listed in 

Tables 3 ~nd 4, and illustrated in Figures 7, g and 9, 

is their failure ei ther to pass through zero , or to 

reach a minimum at any point along the range of 

mixt ur es . This means that at no stage does the adai t ion 

of KNo3 to the KCl of the bridge solute result in a 

lowering of the r esidual liquid junction potential. In 

actual fact , a substantial increase is caused . 

This might at first appear to be a denial of the 

principle of the use of mixea electrol yte salt 

briClges (see section 4.1), but furtb.er consic'leration 
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shmvs this interpretation to be incorrect, anc1 to rest 

on tll]'ha t l:Till be proveo to be a l.;ic'!.esprea0 misconception. 

It must be re:nerr.bereo. that it is full bri0ges 

rather than half bri0ges which are teing stu~ied, for 

this is one of the instances when clear ~istinction 

must be mac'l.e between the t1:1o types . They will thus be 

treated separately . 

Let us first consider half bridges . The figures 

in t he third colu~n of Table 4 show howJ i n the case 

of the junction KCl (3.5~!)1 KCl (O.lN) , the ad0ition 

to the concentrate0 sol ution of a salt whos e oost 

motile ion(K+) is of the opposite sign to the most mobile 

ion of KCl (Cl-), results in a re6uction anc1 change of 

sign of the diffusion potential . The j unctions 

KNo
3 

(3 .5N) I KCl (o.ur) 

KCl (1. 7t:;N ) IKCl ( 0 . 1~;) 

KNo3 (1 .75r) jKcl (o . 1~) 

sho:v similar behavionr. 

It will be noticed thRt this behaviour is not 

fully 0uplicD.teo by the values in the seconrl column 

of the table . The reason for this is that, where the 

junctions involve decinormal HCl sol~,tiom ~ t cannot 

be considered that the triC.ge solution controls the 

liquid junction potential : so great is the transport 

nu.rnber of the hyCl.rogen ion , th~. t it exerts a major in-

fluence on the potentinl at the junction . To red uce 

the potential , therefore, a sa.lt must be used. whose 

most mobile ion has the eqrne sign as the hyfro~en 

ion) an~ which ~ill, consequentl~ tend to nullify 

the effects of its diffusion . Thus ) when KNO) is 
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ad0ed to the KCl solution the diffusion potentUrl 

is reduced . It C!oes not change s i gn, hoitJever,. as i t is 

not powerful enough to counter the high mobility of the 

hyc'lrogen ion in decinor mal solution, even 'tiThen the 

3.5N solution oont~ins no KCl. 

We have shown , therefore, that by varying the 

c omposit:.on of the more concentrateCI. solution , it is 

always possible to reduce the diffusion potential at 

a half bri~ge. Whether or not this refuction extends 

t o anCI through zero depends on the nature and concen­

tration of the ions in the 0ilute solution, and on the 

relative mobilities of the ions il) the ac1r1 ed. salt . 

We now go on to consider full bri~ges . Here the 

position is more complicated , for there are two liquid 

junctions each producing, for all prac ti cal purposes, 

its own potential . To reduce to zero the total 

potential across the bri~ ge , the composition of the 

bridge solution must be adjusted to make these two 

potential s equal an0. opposite. 

If the adjacent solutions are so dilute relat i ve 

to the bri~ge solution that both junctions can be 

cons i dered to be swamped , the ind.i vidual diffusion 

pot entials are pract i cally identical in magnitude, 

and have opposite signs, for all mixtures . Thus, 

there i s no advantage to be gained by the use of equi­

transferent solutions . (In practice it can be cons ider­

ed that a 3.5N bridge solution Will swamp solutions 

more dilute than l o-3N .) 

In the gmeral case it is founc1 that, although 

the concentrated bridge sol ution may contritute the 

major por tion of the two separate potentials, the 

potential a cross the full bridge is mainly determined by 
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the dilute solut i ons. A change in composition of the 

brioge may result in l arge variations i n the h~lf 

bri~ge potentials , but the direction of these variations, 

and to some degree their magnitude , will be independent 

of the dilute solution concerned. As a result, their 

effects on the ful l bridge potential Will tend to 

cancel . This point is cl early illustrated in 

Figure lOa. The graphs in this figure represent the 

variation ~.ri th briclge solution composit ion of t he 

calculated diffusion potential at the junctions 

HCl (O.lN)I (KCl + KNo3) 3.5N 

KCl (O.lN) I (KCl + KN03) 3 · 5N 

NaCl( O. lN) I (KCl + KN03 ) 3 . 5N. 

Fr om these lines, as well, the potentials across the 

three possible series of full bri0ges can be determined. 

For example , the potential at the bridge 

HCl ( o .lN) 1 3 · 5 ( l - 0 · 60) N KCl, KCl ( o . HT) 
3.5 . o.40N KN03 

is given by the difference between the potentials a t its 

two constituent half bridges , 

i. e . 4.1 0. 5 = 3 . 6 mv . 
It can be seen that, fo r all the examples illustrate~, 

the variation of diffusion pot ential i s considerably 

less for full brioges than for half bridges (the 

changes in the latter case are all in the same direction 

ana. tend to cancel .) The graphs in Figure lOb show the 

same behaviour . In these potassium acetate (KAc) i s 

introduced as one of the components of the hri~ge 

solute . 

In considering the graphs in Figure 10, it should 

be noticea that in no case does a line representing 



the variation of diffusion potential with the com-

position of a concentrated solution, cross or touch 

another line representing potentials at the same 

concentrated solution. This means that in none of 

these examples can diffusion potentials be eliminated 

by varying the composition of the bridge solution. 

The examples shown are widely distributed, and 

embrace extremes as regards the solutes of both brioge 

and adjacent solutions. Furthermore, although this 

discussion has been developed on the basis of compute0 

potentials, it should be borne in mind that it is in 

complete agreement with the experimental evidence 

obtained during the present investigation. Consequent-

ly, it is f elt that the reliance placed on the 

predic tions of the Henderson equation is in this in~ 

stan ce justified. 

It can thus be stated as a general rule that in no 

case can the residual liquid junction potential at a 

full salt bridge be eliminated by the us e of mixtures 

of electrolytes as the bridge solute. 

This conclusion is directly opposed to beliefs 

held widely both by workers in this field, and by other 

electrochemists. The following examples support this 

statement : 

Acree and his co-workers reco~mended repeate0ly 

(13,31,32) a mixture of KNo3 and KCl in a mol0r 

ratio of 1 to 3 as being more efficient as a "contact 

potential eliminator" than pure KCl solution, for 

solutions of pH between 3 and 10. Admittedly this 

mixture was sometimes mentioned in cont ext with half 

brid ges , when, of course, the claims made for it 

might possibly be justified . Other cases can only be 



so. 

construe0 as applying to full bri0.ges. Furthermore, 

t his solution is quoted by reviewers a8 being un i m­

provement on the conventional saturate0 potass ium 

chloride salt bri0.ge, (e.g. see Bates! 11 Electrometric 

pH Determinat i ons" pp ge lSS (60) ) . 

Grove-Rasmussen, on page 456 of his secono paper 

(33) states that rr •.. 'cy using an equitransferent brif'ge 

solution we gain partly the adva.ntage •• •• • that 111e are 

wo rking on the whole with smaller diffusion potentials 

• •••• • 11 • On page 422 of his third paper (26), he claims 

that 11 ••••• an equitransferent solution of KCl an~ KN03 
will probat.ly be bett er sui tecl for t he elimin~ tion of 

the diffusion potential than the satura t e0 potas sium 

chloride solution usually used for this p urpose . 11 

The root of this misconception almost cRrtainly 

lies in the failure to recognise the necessity for dis­

tinguishing between single junctions ann full salt 

hridges . It appears th~t, once workers have realised 

the actvantages of using mixtures in the former case , 

they have without question extended the t echnique to the 

latter . 

From this discussion , therefore, we must conclu0e 

t hat no r ec1uc tion in the resiCI ua l liquid junction poten­

tial at full salt bridges is, in general~ effected by 

the use of mixed electrolyte bridge solutions , al­

though there probr:tbly are considerable advantages in 

using equi transferent solutions at h:tlf bri0.ges . As 

a resultJ it is not possitle to c1etermine the com­

position of equitransferent mixtures by measurements 

of the diffusion potentials at full bridges . 
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4.6 4d. The Bjerrum Extrapolation. 

Using the values given in Table 3 for the residual 

potentials at 3.5N and 1.75N mixed electrolyte salt 

bridges, an indication can be obtained of how the accuracy 

of the Bjerrum extrapolation method is affected by changes 

in the composition of the salt bridge. This method pre­

dicts that the potential ~t a 3-5N bridge will be half 

that at one of normality 1.75. Hence,the potential, 

EBJ' estimated by means of the method for a 3.5N solution 

of any mixture of KCl and KNo3, is equal to the diff erence 

between the potentials at 1.75 and 3-5N bridges of that 

composition. 

i.e. = E:3. 5 ........... 4.6 (1v) 

If the method is accurate, EBj should be equal to the 

liquid junction potential . at the 3.5N bridge, E
3

•
5

• 

In Figure lla the variation of Egj' calculated from 

the values in Tabl e 3 (ii) and (iii),is compared with 

the variation of Ej at 3.5N bridges. Figure llb shows 

corresponding curves for potentials calculated by 

means of the Henderson equation.(See Table 4). It 

should be emphasised that these comparisons are for a 

s ingle case,and care should , ther efore, be t aken i n 

drawing generalis ed conclusions. 

The curves in Figure lla int ersect. This, of 

course, means that for some mixture of KCl ana. KN03 , the 

Bjerrum extrapolation applies exactly. If, further­

more, we use e ither pure KCl or pure KNo
3 

as bridge 

solute and gradually increase the proportion of the 

second component, the predicted potentials become 

progressively more accurate. It can, therefore , be 
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stated that in the case of the chain 

HCl (0.09917m) Bridge solution Kdl (O.lOOOOm) 

the accuracy of the Bjerrum extrapolation method can be 

greatly increased by the use of mixed electrolyte salt 

bridges. 

The theoretical curves in Figure llb do not 

intersect. Thus, the Henderson equation has her~ fail-

od to show even the qualitative behaviour of the diffusion 

potentials, although it demons tra tec1. clearly the superior­

ity of equitransferent solutions in the case of half 

bridges. (See section 4.3 3.) We have here a clea r in­

stance of the need - a need which has teen stressed. 

throughout this thesis - for theoretical prenictions to 

be supported experimentally,before too great a reliance 

is placed on them. 

What significance can be attached to the value of 

the ratio Kdl : KNo3 ( = 1 ~ 2.2 ) at which E_sj is 

It is unlikely that it defines the oqui-

transferent mixture of the salts, as it is probable 

that the ad ja .:.nt solution lvill have hac'l some influence 

in determining the point of intersection of the two 

graphs. How great this influence will have been is 

difficult to estimate. No prediction based on the 

Henderson equation is, of course, aCl.missi.ble in vien of 

its failure in this matter. It is to be expected, 

nevertheless, that the intersect will lie in the 

general vicinity of the equitransferent mixture, and) 

therefore, we can use the value of this ratio to obtain 

a ten ta ti ve estimate of the composition of t he mixture. 

In the opinion of the present author, the equitransferent 

mixture will lie bet1veen 50 ana So moles Kdl per cent. 



This can be compared with the estimates of Murray and 

Acree (31) and Grove-Rasmussen (33) of, respectively, 

75, and 4o to 60 moles KCl per cent. It lies in the 

same region, but, as neither of these previous 

estimates is based on particularly satisfactory Ttrork) it 

is not cerumn what value can be placed on this agreement. 

It is impossible to draw any more definite conclus-

ions from the graphs in Figure lla. Before a general 

verdict can be given as to the possibilities of the use 

of the Bjerrum extrapolation in conjunction with mixed 

electrolyte bridges) more experimental 1.-J'Ork is necessary 

to show firstly) whether the intersection is obtained 

in all ca8es, and secondly , how it is affected by the 

nature of the adjacent solutions . The results of this 

investigation do, however, in~lcate that the possibility 

exists of the extrapolation's being developed into a 

general method of great accuracy . 

4. 7 . CONCLUSIONS. 

The conclusions of this investigation, as develop­

ed i n the discussion in section 4.6 4, are summarised 

below. It should be borne in mind that these apply 

strictly only to the cell studied (cell 4.3 (vi i ) ),and 

under the conditions stated in section 4.6 2c. 

(i) The variation of the diffusion potential 

at mixed KCl - KNo
3 

salt bridges is, as 

shown in Figure 7 and 8, almost but not quite 

linear. 

(ii) Residual junction potentials at full salt 

bridges are not , in general, re~uced as the 

mixed electrolyte salt bridge approaches 

equitransference~ It is extremely unlikely 



that they can be completely annulled 

through the agency of mixtures of 

electrolytes in any possible case. 

(iii) It is probable that the diffusion pot­

entials at half bridges can be eliminated 

by the use of the correct proportions of 

suitable salts in the bridge solutions, 

although this has not yet been proved ex­

perimentally. 

(iv) In the specific case studied, the Bjerrum 

extrapolation metho0 for the estimation of 

residual diffusion potentials is greatly 

improved by the use of mixed electrolyte 

salt bridges. The experimental data ob­

tained is too restricted to allow this 

r esult to be generalised, but it does in­

dicate the possibility of there being de­

veloped along these lines a highly accurate 

method of eliminating the error due to 

liquid junction potentials. 

(v) It is not possible to determine the 

composi tion of equitransferent solutions using 

cells involving full sal t bridges. 

(vi) Diffusion potentials across salt bridges link­

ing decinormal or more dilute solutions , and 

estimateo by means of the Henderson equation, 

are accurate to within 3 mV. Too great a 

reliance should not be placed on the qualitative 

indications of the equation , unless some de­

gree of experimental support is available. 



SUGGESTIONS FOR FURTHER WORK. 

The present investigation ~.nnicates that there is 

a definite possibility of developing a general method 

of eliminating the effects of l i quid junction potentials 

using mixed electrolyte salt bridges. A considerable 

amount of further work is still necessary, and this 

must all be performed experimentally. Research should 

be concentrated on the Bjerrum extrapolation method, for 

it is clear that any general device developed will be 

of this type. In this connec ticm, three important 

questions must be answered: 

(a) Does the behaviour sho'lilrn in the experimental 

curve in Figure 11 occur in all cases? 

(b) Is a general Bjerrum-type methoCI. possible, anCI., 

if so, sufficiently accurate to be worth 

while'? 

(c) Has the property of the equitransference any 

significance in regard to this general 

method? 

The question of whether the intersection of curves 

observed in Figure 11 occurs in general can only be 

answered by determining these CL~ves from other 

systems, that is~ chains consisting of KCl - KNo3 
bridges linki ng various· combinations ano. conc en~ 

trations of adjacent sol utions . This will uno.oubtedly 

be a laborious process. Hov.rever, the 1ftTork i nvolved, 

will be less than a consideration of the present in-

vest iga tion might 1 ead one to eJ:pect , as two or three 

points on each curve shoulo suffice to indicate 1Arhether 

intersection "!;~Jill occur. Greater care will , however , 

be required in determining the exact point of inter-
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section in each case, but this is a later problem. 

It will probably be wise at first to keep one di lute 

solution constant as O. lm KCl , and. vary the other, 

The conclus ions of this study could then be extended 

to a more general case . If this were , for some reason 

not possible, a method applying only to this particular 

case coul d. still find a wide applics.tion i n t he fiel d 

of measurements . 

Onc.e this generality has been established., the 

next step will be to develop and test a method based on 

it. The obvious way in which the former could be tackled 

would be to find a relation between the composit i on at 

111Thich the graphs of observed and. extrapolated potentials 

cut, and the mobiliti es of the ions of the dilute 

solutions. General considerations lead one to believe 

that some relation must exist, and. that it will most 

simply be revealed by plotting accurately determined 

compositions against various functions of the ionic 

mobilities. 

The findings of the present investigation tend to 

diminish the importance of truly equitransferent 

solutions , but considerable interest does still pertain 

to them . In the first place, a relation between equi­

transference an~ the point of intersec tion would 

provide a contact between theory and experi ment , and 

in the second place, equitransferent solutions could 

find direct application in cells involving half 

bri dges , on account of the behaviour shown in Figures 

la and lb . The problem of determining them is certain 

to presen t difficulties: they V\Tould have to be found 

from measurements on cells with only one liqui~ junction; 

and the consequent problem of the value of the electrode 



potentials involved could only be satisfactorily over­

come by finding the single electrode potentials by 

measurements on cells without liquid junction. 



(i) 

SUMMABY. 

e~r The fielo of diffusion potentials at h~oionic 

junctions is reviewe0 . It is shown that, whereas 

considerable advances have been made in certain 

direct:ons , notably in the practical preparation 

of reproducible liquid junctions, there still 

exists the need for accur~te metho~of estimating 

or eliminating the error due to liquid junction 

potentials. The Henderson equation· is the only 

expression which it is practicable to use in the 

calculation of diffusion potentials, but al-

though it is widely used, there is 11 +-+-1"" rHrect 

evidence as to the accuracy which may be expected 

from it . 

(ii) The principle of the use of mixed electrolyte 

salt bridges is developed, and the advantages of 

using equitransferent mixtures demonstrated on 

theoretical grounds . 

(iii) Previous work on mixed electrolyte salt bridges 

is reviewed . It i s shown that too great a 

reliance has been placed on approximate 

theoretical relations, and that very little is 

at present known about the subject . 

(iv) An apparatus is described. by means of which 

liquid junction potentials were measured with 

a precision gre~ter than any yet recorded . The 

main feature of this cell is a new type of 

three-way tap which allows cylindric.-=.tlly 

symmetrical, free diffusion junctions to be set up 

simply and conveniently . 



(v) Using this apparatus, a series of measurements 

was carried out on the cell 

with total ional concentrations, J, of 4.12, 

3.5 and 1.75, and values of x r angi ng from 

zer0 to one. A few measurements were also made 

with the two dilute solutions in direct contact. 

(vi) Discussion of the me::1.surements l eads to the 

following conclusions! 

(a) Diffusion· potentials vary with the com­
position of mix?d KC1-~No3 brid~es at 
cons tant total 1onal conc0~~r2 t1on along a 
smooth curve, v.rhich is not quite linear. 

(b) Residual junction potentials at full salt 
bridges are not, in generpl , reducea as the 
mixed electrolyte salt or:dge approaches 
equitransference. It is extremely unlikely 
that they can be comple~ely annulled through 
the agency of mixtures of elec trolytes in any 
possible case. 

(c) It is probable that the o~ffusion potentials 
at half bridges can be elicinated by the use 
of the correct proportions of s u.i table salts 
in the bridge solution , although thie has not 
yet been proved experimentally . 

(d) In the specific case s tud::.ed , the B jerrum ex­
trapolation methoo for tho estimation of 
residual diffusion potential s is greatly 
improved by the us e of mixed electrolyte salt 
bridges. The experimental d~ta obtRined is 
too restricted to allow thls result to be 
generali sed , but it do e s indica t e the 
possibility of their being dev eloped along 
these lines a highl y a ccura te me thod of 
eliminating the error cue to liquid junction 
potentials . 

( e ) I t :e notpossible to d ot erQ i ne the composition 
of equitra ns fer ent sol·.1t ions ~.;. s ing ce l l s 
involving ful l salt brid ges . 

(f) Potentials calcula ted frc~ t he Henderson 
equa tion are acc urate to :-i t hin 3mV . 

( vii ) Suggestions are made for further work . 
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