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Zusammenfassung - In Konzentrationszellen ohne Ueberfiihrung enthiilt 
.. 

eine der Elektrode"n gewohnlich ein schwer Iosliches ,Salz. Wenn die 

Loslichkeit dieses Salzes in der LOsung gegenuber der Konzentration 

des andern anwesenden Elektrolyten nicht mehr vernachlassigt werden .,' 

kann, so muss der Zutritt des schwer Ioslichen Salzes zur andern 

Elektrode verhindert werden. Die in solchen ZeIIen existierenden 

Konzentrationsgradienten bewirken Abweichungen von der EMF die unter 

Gleichgewicht sbed ingungen geme s sen wurde. Ein N'ahe rungsve rfahre n 

fUr die Abscmtzung des durch die Diffusion des schwach Ioslichen 

Salzes verursachten Fehlers wird vorgeschlagen. Die Notwendigkeit 

dieser Korrektur wird anhand yon EMF Messungen in nichtwassrigen 

ionisierenden Losungsmittlen gezeigt, in denen die Loslichkeit der 

MetaIIhaIogenide i.a. grosser ist als in ihren entsprechenden 

wassrigen Losungen. 
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Resume - Dans les piles de concentration sans transport unedes elec~ 
trodes utilise generalement un sel peu soluble. Quand la solubilite 
de ce sel dans la solution n' est plus negligeable devant celle de " 
l'autre electrolyte, il faut emp~cher le transfert du sel peu soluble a 
l'autre electrode. Les gradients de concentration existant dans une 
telle pile entrainent des changements de F.E.M. par rapport aux mesures 
effectuees dans des conditions d'equilibre. Une approche est suggeree . 
pour la determination des erreurs introduites par la diffusion du sel 
peu soluble. La necessite de cette correction est prouvee dans le 
cas de mesures de F.E.M. de piles utilisant des solvants ioniques 
non-aqueux dans lesquels la solubilite des halogenures metalliques est 
normalement plus grande que celIe de leurs equivalents aqueux. 
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Abstract 

In concentration cells without transference, one of the electrcdes 

usually involves a sparingly soluble salt. When the solubility of this 

salt in the solution between the electrodes is no longer negligible com-

pared to the concentration of the other electrolyte present, access of 

the sparingly soluble salt to the other electrode must be prevented.,' The' 
, ' , 

concentration gradients existing in such a cell cause deviations from the 

EMF measured under equilibrium conditions. An approximate treatment is 

suggested for the estimation of errors incurred due to diffusion of the 

sparingly soluble salt. The need for this correction is demonstrated for 

EMF measurements on cells involving nonaqueous ionizing solvents in which 

the solubility of metal halides is usually higher than in their aqueous 

analogue s. "" 
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The Effect of Diffusion of a Sparingly Soluble Salt 

on the EMF of a Cell without Transference 

For the thermodynamic treatment of cell potential, the reference 

state generally chosen is one in which the activity coefficient of an 

electrolyte approaches unity as the concentration of all solute species 

approaches zero. Thus the measurements in very dilute solutions and 

the extrapolation of cell potentials to infinite dilutions are of 

great importance to the determination of thermodynamic properties of 

solutions of all concentrations. Yet these measurements are those 

most subject to Q~certainties arising from errors in the determination 

of concentration, and from the effects of spontaneous reactions and 

irreversible phenomena such as diffusion. It is the purpose of this 

diSCUSsion to outline the method of est~~ting the effect of diffusion 

on the cell potential for the special case of a cell in which there is 

an electrode of the second kind from which diffuses a sparingly soluble 

salt. It is antiCipated that such an av~lysis will be applicable to 

any solvent and will be useful in providing criteria by which to select 

a reference electrode of the second kind for thermodynamic studies. 

The discussion will be restricted to cells IIwithout transference,1r 

which consist of: 

(1) a metal electrode in contact with a solution of a sa,lt of 

the metal, and; 

(2) a metal electrode in contact with a sparingly soluble salt 

of the metal, 'rlhich is in turn in contact with the solutlor.., 

and; 
., t 

'(3 ) the anion of the sparingly soluble salt and the anion of tlle 
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electrolYte in solution are the same. 

In concentrated solutions of the major electrolyte, one may saturate 

the system throughout with the low solubility salt since not only the 

solubility will be depressed, but also, any reaction of this 

salt at the other electrode will cause a negligible change of solution 

composition. However, the nonuniform solution composition caused by 

diffusion must be maintained in dilute solutions. In these solutions, 

any react ion between the electrode of the first kind and the sparingly 

soluble salt may cause changes of solution composition of the same order 

as the bulk solution composition. Therefore, it is necessary to treat 

the effect of diffusion on the cell potential. 

The cell 

Pt(S),H2(g)/RCl(solution in H20)/AgCl(s)/Ag(s)/Pt(s) 

has been studied extensively in aqueous solutionsl • Most measurements 

'Were made on solutions which had been saturated with R2 and AgCl,which 

react only slm-Tly with each other.' Also, the concentration of RCl in the 

solution was high enough to make reaction of AgCl at the hydrogen elec-·· 
',,' , 

trode of negligible effect. The low solubility product of the AgCl neces­

sitates that solutions of concentration of the order of 10-5 molal be 

used to detect a~'1y effect of diffusion away from the electrode of the 

second kind. The only measurements in this concentration range which have 
'2 

been reported are those of Anderson. These meaSureoents were not 

deSigned to investigate diffusion effects on the cell potential, but it 

. was found that silver was deposited on the platinum of the hydrogen 

" 

.,.: ',' 

elect'tode in solutions of very dilute cOEcentrations. In fact, the most 

dilute. solution of ReI used was prepared by saturating pure water irl~.~he '.' 

cell~ith AgCl and ~ •. After a short time silver had been deposited on 

'~' '!'~:. 
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the hydrogen electrode and an equivalent amount of HCl was in solution. 
, " 

'~. ) . 

Although this cell is illustrative-of the effect of reaction 

of the sparingly soluble salt at the counter electrode and the consequent ') .\\.; 
'I,·",·,-rj 

\' 

cha~e of solution composition, there are no quantitative measurements 

of the effect of diffusion on the cell potential. 

Cells utilizing the mercury-mercurous. chloride ~lectrode in water 

would be expected to exhibit an' effect of diffusion at even lower solu-

tion concentrations than for the above cell since the solubility product 

of mercurous chloride is lower than that of silver chloride. No measure-

ments have been reported on such solutions. 

On the other hand, reported behavior of certain nonaqueous systems 

suggests that diffusion effects may have been present. In all of these 

systems the cell potential Has lower than was expected from mea.surements 

at high concentrations. Luksha and Criss3 used the silver-silver chloride 

reference electrode for measurements in N-~ethylformamide. Harned and 

Morrison4 used the silver-silver chloride reference electrode for measure-

ments in dioxane-wa.ter mixtures. 
c; 

Finally, Smyrl and Tobias' report the 

results of measurements with a thallium arralgam-thallous chloride refer-

ence electrode in dimethyl sulfoxide. This system will be the basis 

for the following discussion. 

The EMF of the cell 

cr. 13 5 € ¢ cr.' 
Pt(s) ILi(s) ILiCl(solution in Dr,ISO) h'lCl(s) ITIHg (£) 1Ft (s) 
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has been reported as a function of LiCI ~onc'e~tration5. The reference" 
, 6 ~ 
electrode employs TICI sprinkled on the surface of the amalgam. ,The 

solubility product of TICI in DMSO at 25°C is 5 x 10-7 as reported by 

Cogley a~d Butler7. 

.'" ,; 

Since at low bulk concentrations of LiCl the exchange reaction 

TICI + Li = TI + LiCI would Significantly alter the concentration 'of the 

solution at the Li electrode surface, measurements have to be carried 

out 'before the dissolved TICI can reach the Li surface. Thus a concen-

tration gradient e'xists with respect to TICl: the cell is saturated with 

respect to TICI at the amalga~, and the TICI concentration is, for 

practical purposes, zero at the LiCI electrode. As shmm in figure 1, 

the cell potential is Imler than expected from behavior at higher concen-

trations. 

In the following l an esti~ate is made of the magnitude and sign of 

the potential deviation caused by the presence of a gradient of the 

sparingly soluble salt in this concentration cell "without transference." 

Take two identical electrodes that are reversible to Cl-. Insert 

one into the solution near the amalgam reference electrode, and the other 
.- .. < 

into the solution where there is no thallous chloride and assume the 

concentration of TICI varies only in' one direction. These two electr,odes 

are not to introduce any concentration gradients into the cell. One "(~ 

, ,. 
can calculate in pri.nciple the effect on the electrical potential,· 

~, 

~ .It" ~, • ~. I 

p 

between two identical electrodes caused by' the variation in concentra-

tion between the2 (cf. Gugger~eim8)J 

. .. : .. ";.' 

~', . 

12] , d~iCI) ,: 
1 ~ ",.; 
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The integration can be made if one knows the concentration profiles~ 
,'< 
~.~-

r,' :·,r.'. 

and the dependence of the transport and thermodynamic propertj.es' on 
:',:" 

the concentrations of the species throughout the region of concentra~ion 

,variation. Because the necessary data for such a calculation are not,' 

available even on an analogous system in aqueous soi,-:-tiO~, one must '1: 
.. : .-, " , .~. . .' 

make approximations. The approximations to be made are: 
I d ' 

the solutions are dilute and the concentration of Lj.Cl is com-

parable to that of TICl; '~'"" 

(2) The ionic mobilities of Li+, Cl- and Tl+ are equal in DMSO. 

The transference numbers which appear in equation [2] are rath~r' 

complicated functions of the concentrations and transport properties of 

all the species present. However, one may introduce a considerable 

simp~ification in the case of dilute solutions. The transference nQmbers 

9 appropriate for dilute solutions (cf. MacInnes ) are defined by 

I 
j 

in which Ui 

2 cm -mole = mobility of ionic species, sec-joule ' 

'. 
, " 

,1, .. 

;'" 

,.', 

" 

,'. 
ci = concentration (mole/cm3 ) for ionic species, 

zi = charge number. 
.: .... 

From the assurnption of equal ionic mobilities, the transference nurn.ber 

is found to be , ' 

[4] 
. ~''''' ' 

,', 
' ..... ':, 

, 

Forthe case at hand, 

, >t51 
, , 

',:1,\' 

tI 

'1, 

,'-:: ,.j:.,. 
~1; 

. ;-~ 'i ,I; 
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This relationship between the transference number and concentration' 

allmvs one to write 

The thermodyn&nic relations 

e 
" .,- . IlT1Cl = IlTlCl + 2m' 7,JIt, (my ± )TICJ,. 

e 
~,' ," .. , llr,iCl = IlLiC1 + 2m' 7,JIt, (my ± )LiCl 

may be differentiated to yield 

in which it has been assumed 

d(~lCl + ~iCl) 
(m.rlCl + ~iCl) 

~i+ cLi+ 
=--

mcr C Cl-

The molalities have been introduced strictly for convenience. 

[6] 

The first term of equation [7] involving only the concentrations 

may be integrated i!Tunediately. The much smaller term may be reasol1.ably 

well approximated by . 

1 

d(LJIt, Y±TlCl) = d(LJIt, Y±LiCl) = -d(~z+lz_II2) 
, 

since the activity coefficient of all electrolytes of the sa:ne charge. 
, . . 

type should have equalactivity coefficients in solutions of equal ionic' 
,', 

It " 

- stren:g~.h, for solution~ of low ionic strength. The integration tflerj.. : .. .'. ~,::.," '" 

'. , 

", 

,": .. 



~, 

' .. 
flo.' ", 

-7 -

The upper limit denotes the region adjacent to the reference electrode 

which 1s saturated with TICl, and the Imler liInit may denote any other 

region of the electrolytic solution. 

The result is not restricted to the solvent dimethyl sulfoxide and 

the electrolytes TICI and LiCl; i:e., one could apply it to other 

systems which satisfy the assumptions listed above. For systems in which 

the concentration of the sparingly soluble salt ~s much lower than that 

of the other electrolyte, the potential calculated from equation [8] is 

zero 'as one ,.;auld expect. Also, when the concentration of the slightly 

soluble salt is uniform throughout the cell, the potential calculated 

. ~ ~~. '\ ' .\ " 
',4,'., 

'",". 

t I, '"{-, 

from equation [8] is again zero. Diffusion of'the slightly soluble salt away" 

from the reference electrode causes the reference electrode in the region 

of high ionic strength to be of a negative potential with respect to an 

identical reference electrode in tre region of lower ionic strength. 

In the development above, a "continuous mixture" junction has been 

assumed. The same results are obtained for "free diffusion" of TICI 

from a reference electrode freshly introduced into a cell of uniform. 

concentration of LiCl but free of TICI. The cell potential will be 

constant, after the first few minutes, until the diffusing salt reaches 

the lithium electrode. The "continuous mixture" junction and the "free 

diffusion II junction should give the saIne results since it has been. 

assumed that the mobilities of all the ions are equal. 

. To determine the behavior of the cell potential as a function ·9.f 
,'j 

LiClconcentration, calculations have been IT.ade using equation [8]. 

Examples are given below: 

,,,", ,. 

" 

~' 

" ' 

',,: . 

".', .. 

.', '., 

'" /'Y 
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Case 1. 

product of T1Cl, i.e., K = 5 x 10-7, 
sp one finds 

( ' ) - 6 -4' 
, ~lCl 2 = 3· x 10 

(m.rlCl \ = 0 , 

one calculates 

and 

(I)~ = 1.4 x 10-3; 

(I) = 10-3 
1 

1 -2 
(I)~ = 3.70 x 10 

1 . 2 .( ,~ 6 -. I'l = 3·1 x 10 

At 25°C in dimethyl sulfoxide, 

RT 
F 

from which one calculates 

CL = 2.57 

'2 1 .-3 -(¢ -¢ ) = 7.7 x 10 volts. 

UCRL-17685 

Therefore, the cell potential will be smaller by 7.7 millivolts 

than it would be for the same cell if diffusion were negligible. 

Case II. 

Let 

• <~ and 

(~iCl)2 = (roLiCl)l = 10-
4 

(~lCl)2 = 6.6 x 10-
4 

r· 

.,. '.'-. ( ", 
: .. ~. 

(~lCl\ = 0 

6 -4 
I2 = 7· x 10 

'J:" 

Il =10-4 

. ::f.):\, , . 

This yields 
51 x 10-3 volts. 

" 'yo 

'i~. '.,:' 

,;, ~f .~" ... ~ 
" ,. i 

,,' i 

.1 

",~ 

t. " 

~.' ".~:" 

. '.\.. d" • 

'll', (' ,". 

". 1 
I 
t, 

, ," ~ ~ 
f 
~. 
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The cell potential will be smaller by 51 millivolts than for 

the same cell if diffusion were negligible. 

Case III. 

For the cell 

Pt(S),H2 (g)/HCl solution in H20/AgCl(s)/Ag(s)/Pt(s) 

let. 
(~Cl)2 = (~Cl)l = 10-

4 
. 

(mAgCl )2~ 10-
6 

from which one calculates 

-4 
12 = 1.01 x 10 

II = 10-
4 

1 

(I )2 = 
2 

-2 1.005 x 10 

( 2 1) -4 
¢ -¢ = 2.6 x 10 volts. 

The cell potential will be smaller by 0.3 millivolts than for the 

corresponding cell if the concentration gradients were negligible. 

Summa'rized below are the results of calculations for DMSO with the' 

concentration of LiCl listed in the first column. It may be seen that 

the effect of the nonuniform distribution of TICI becomes larger as the' 

concentration of LiCl decreases. That this is the observed experimental 
, 

behavior is seen in figure 4. There the function EO is plotted versus 

~iCI. The function EO' is related to the measured cell pote~tial dif-

ference, E, by , 

This is in turn related to the standard cell potential EO and the molality 

,:., . ' 

.' . ~ "" 

'. , . ... 

.... _, 

by 4RT 
EO' = EO - -r- ~LiCl ~iCl • [11]. ' d'" 

.,' 
The experimental data are represented by open circles. The solid 
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straight line is an extension of the least squares fit of the data in 

the linear region. The dotted line represents the expected cell behavior 

includi'ng the effect of diffusion of the thallous chloride from the 

reference electrode. According to Cogley and Butler 7, the fraction of 

TlCl present in a compiex form in the presence of excess chloride ion should 

be neglig~ble at the chloride ion concentrations used in these measurements. 

Effect of Diffusion on Cell Potential 

. LiCl ~onc. _(¢2_¢1) 
molality mv 

1 x 10-2 0.056 
'" 10-3 0.45 5 x 

1 x 10-3 7.67 

7-x 10 
-4 12.03 

5 x 10-4 17.20 

3 x 10-4 26.63 

1 x 10:'4, 50.84 

Similar behavior of the cell EMF'in dilute solutions in the presence 

of an electrode of the second kind (Ag, AgCl, Cl-) was observed among 

. 3(Fig.l,2) ". 4(Fig.3) others by Luksha and Criss , and by Harned and Morrlson • 

Unfortunately, the correction procedure presented above requires the 

knowledge of the solubility product of AgCl in the respective solvents. 

In the case of N-methylfOrmamide3, Povarov et allO found tD~t the solu­

bility of AgCl is6x 10-6 molal at 18°c, increasing to 4 x 10-2 in a 

0.5 molal solution of NaCle Luksha and Criss do not propose an explana-

tion for the phenomena'. It seems likely that the diffusion of AgCl fror.l 

the reference electrode has caused the "humped" curve. Thus their' 

extrapolations, represented by the dashed lines, may be several tens 
., ",'. 

of millivolts too low. It is not possible to treat these systems qu~n-, 

tita:~ively w"ithout ,taking complex formation into aCCOunt. 
, .: ' ,'. ' "\:~\ ~, ".t.:':. 

For 'the 'i. .... ,~ , 

.: :\ 

, ' , 

' .... ? 
"", ~~~~\ 

; 
\', ~ 

",i. i.,. 
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. .' .... '.' . '.i::Cir,,~g:ri 
dioxane-water system investigated by Harned and Morrison, accordi~ to .... .. '::.:;,<~~r; 
the qualitative statement by Krahtovil and Tezakll, Agel is more soluble " 

than in water. 
. 12 

Harned and OvTen ,propose that the "humped" curve which· , 
l -. "> ~.~\ 

appears in dioxane-rich mixtures, can be' accounted for by the Gronwall :-

extension to the Debye-Huckel equation. 
" 13" 

Guggenheim has discussed 

the failure of the Grom.;all extension to account for effects neglected in 
.. 

the Debye-Huckel theory. Further, such an explanation would hardly seem '" 
,~ 

appropriate for the N-methylformamide systems where the behavior is 
;,l ", .' 14 ,to 

similar, since the solvent has a large dielectric constant (171) .' 
. ,", 

Therefore, we propose that the dotted line, which represents their extra-

polation to infinite dilution, is severalmilli volts too low, and we ,,' I:. 

prefer the extrapolation represented by the solid line. It is not ·possible 

. ···.1: 

; ... 

! ~~ 
to confirm that diffusion of Agel has caused the behavior,' since~he ,i.,.c i":' " 

, .. ,"., 

solubility of' Agel in the system is not known. 
~ ,J ~ " 

I .~' 
,,' 

The behavior of these systems reveals the importance of the choice 

of the reference electrode for thermodynamic measurements. If the 

reference electrode is an electrode of the second kind,.,:.the solid salt, .'; 
. . .. , ~.~ .;:'~ ! 

should be of low solubility both in the pure solvent' and in the sblutions'. 

employed in the concentration cells. From the knowledge of the solubility, ".it 
'It'i'" 

is possible to estimate the concentration at which the effect of diffusiorL<?~."theJ.';;' 

sparingly soluble' salt will be f appreciable' by applying the correction" 
.. ' ;," 

.1. '1.., 

procedure discussed above.'!· A more accurate calcui~tion;woU1d necessltate){r.1i 
.~ ; -" '. I ,oJ;. ~. ·'::":.~,;t/\. 

. " ':. i.' 

. a knowledge~f .. the mobilities of all the ions in the diffusio,n:regiOrl, 

. the activity coefficients of the two electrolytes in this, regi?n, 

any·complexation ,constants.' <.: " " 

,,,,' 

. I: 

,: ~'. ",.' 
. .... ' .. 
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Conclusion 

In measurements of EMF-s involving electrodes of the second kind, a 

concentration gradient of the sparingly soluble salt in the electrolyte 

has been shown to be responsible for anorralous behavior at high dilutions 
, \ . 

of the other solute electrolyte. Consideration of this effect may be 

particularly important in work with nonaqueous. ionizing solvents, in 
,. 

which the solubility of the metal halides usually employed in aqueous 

work is often significantly higher than in water. Knowledge of the 

solubility of the sparingly soluble salt allows a reasonable estimation 

of the deviation of the EMF from the case when there are no concentrat·ion 
"-

gradients in the system. 
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Figure 1. 

FigUre 2. 
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Cell EMF data in N-methylformamide. The experimental 
data of Luksha and Criss 3 was treated according to 
equations [9] and [10] and is plotted as open circles.' 
The dashed line represents Luksha and Criss' extrapolation. 

Cell EMF data in N-methylformamide. The experimental 
data of Luksha anc Criss 3 was treated according to 
equations [9] and [10] and is plotted as open circles. 
The dashed line represents Luksha and Criss' extrapolation. 

Figure 3. Cell EMF data in 70% Dioxane-30% Water.' The experimental 
data reported by Harned and Morrison4 was treated by 
equations [9] and [10] based on Guggenheim's extension to 
the Debye-Huckel equation, and is represented by the open 
circles. The dashed line corresponds to the extrapolation 
proposed by Harned and Morrison. The solid line is our 
proposed extrapolation, neglecting the three pOints in, the 
most dilute solutions. 

Figure 4. Cell EMF data in Dimethyl Sulfoxide. The open circles' 
re:t>resent experimental data treated according to equations 
[9J and [10]. The solid line is the extrapolation to ' , 
infinite dilution based on Guggenheim's extension of the 
Debye-Huckel equation, neglecting the data below 0.01 molal • 

.' 

. The dashed line represents the expected cell behavior, 
taking into account diffusion of the sparingly soluble 
salt, based on equation [8]. 
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