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" Potentials of Cellé‘withvbiquid Juncfiopsv
: William H. Smyrl* and John Newman
¢ o : Inorganic Materials Research Division

: Iawrence Rediation Laboratory, and

Department of Chemical Engineering
University of California, Berkeley

January, 1968

Abstract | ‘ |
The potential of cells with liquid junctions 1is 'affected by dif-
fusion of ions in the junction region. From the laws of diffusion,
concentration prdfiléé have been calculated and values 6f potentials
_have been determined for several éifferent Junctions without the assump-
 tion of activity coefficients equal to one. This allﬁws the determina-
tion of the magnitude éf.the diffusion effect in cases vhere it 1is
desirable that thé effect be negligible, as with an electréde of the

second kind:

——

School of Pharmacy, University of California, San Francisco.
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_Inﬁfoducfiqﬁfuitﬁ
The onij‘ceilsiuséd‘in elecfchhemicél s£ﬁdié§?§hich are strictlylﬁt
without liquia juncfion are thosé ﬁSed to stﬁdy thekﬁhermodynamic :
properties of alioys. In addition there are cells in which the effect
of diffusion in the liquid junction 1s negligible, for evimple, a cell,f'i”
with an electrode of the. second kind involving a solid salt which is .

4only very slightly soluble. The theoretical analysis of the potential

of cells with liquid Jjunctions has been of interest to workers who wish. f_; ,,;

to derive thefmodynamic values from such cells by correcting for the
effect of diffusion. Some of fhé basic problems of liquid junctions .
"have been treated adequately (Taylorl, Guggenheima, WagnerB), and we givé .
here an alternate diséussion which emphasizes the quantitative treatment N
of the t?an5port phenomena. In addition, we shall present s method,
with examples, of the calculation of the effect of diffusion on cell
potentials without the assumption of ideal;solution behavior and acti-
vity coefficients equal to unity. |

We shall attempt to give a clear definition of what is meant by_
iiquid-Junction potentials and to give a ciear_treatment éf the diffusion
phenomena. The expression of cell potentials involves a consideration
of electrode equilibria. However, the finaI result generally reqﬁfres
a knowlédge of the concehtration profiles.and of the effect of diffusion. .
Therefore, we begin Qith the tréatment'of‘transpoft in electrolytic solu-

tions and of the determination of the concéntration profiles.

1 Paul B. Taylor, The Journal of Physicai Chemistry, 31, 1478-1500 (1927).

2 E. A. Guggenheim, The Journal of Physical Chemistry, 33, 842-849 (1929).
3 Carl Wagner, Adv. in Electrochem. & Electrochem. Engg., 4, 1-46 (1966).




" Transport. in Electrolytic Solutions |

_ The differenceaof.tne eleetreehemicai notentiel‘#i_of an ion
between two points_(or phases) is the work of trensferring one gram
ion reversibly at constant temperature and velnme from one point (or..
phase ) to~the other. % If we regerdec Vi, as the driving force per
unit volume for diffusion and migratien of species i, neutral speciee e ;'
.included,'(whete Vui is the gradient of the electrochemieal potential,l'd‘
of species i) and KiJ(VJ vi) is the drag force exerted on species i g
by species j by virtue of their relative motion, then a force balancev

leads to the multicomponent diffusion equation:

ey = ) K, w)e 1)

| §
- The coefficilent Kid is taken to be independent of the velocity difference

J Voo but it may be a function of temperature, pressure, and composi-

tion of the solution. The velocity Yy

is the_average or macroscopilc
velocity of species J.
Instead of K 157 one can define a transport coefficient 9 , having

i
the dimensions of a diffusion coefficient:-n

, | (2)

!

Kjg = FF he
R o T {

where cqp 1s the total concentration of the solution. This also serves .
the goal of accounting for much of the composition dependence of the

coefficients K, .. Equation (1) has been discussed elsewhere (see, for

13

example, NewmanS).

In this force balance, Kﬁj = Kji or Did Ji by Newton s third

4 E. A. Guggenheim. Thermodynamics. Amsterdam: North-Holland Publishing
Company, 1959, p.3T4.

s John Newman. Adv. in Electrochem. & Electrochem. Engg., 5, 87-135 (1967).

%
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law of motion. This 1s equivalent to the assumption frequently made '
in treatments of irreversible thermodynamics. Compare Onsager®,. who
wrote the equationAin the .form

k

Y I

In applications it is frequently'désirable_to'use this equation
in an inverted form. Toward this end it is to be noted that there are
only n-1 independent velocity differences and n-1 independent gradients -

of electrochemical potentials in & solution with n species. Therefore,

equation (1) can be expressed as

oy = ) Myleev), )

J

_ where ﬁb is the velocity of any one of the species ahd where

"M_U KiJ if 1#5.

M13=Kij' ZKik if i=J~.
‘ k o
It further follows that Mﬁj = Mﬁi' Bearing in mind that there are

n-1 independent equations of the form (&), 6ne_can'invert this equation

to read ,
- o |
v ¥, = ;) 100, for 3£ 0, (5)
where the hatrix go is the inverse of the submatrix Mo?

-0t ()

and where the submatrix go is obtained from the matrix M by deleting

the row and the column corresponding to the species 0. The invefse

6

Lars Onsager, Annals of the New York Academy of Sciences, 46, 241-265 (1945).
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matrix go 1s.also_symmetric, thét_is;ﬁquf{ ;ﬁ;-aﬂ-};d~“ o

o _.0 1 7
Prg = Tye -
. Tt 1s to be expected that the ﬁiJ's.énd the Dih'afwill be less compo-

sition dependent than the. L J

Certain combinations of the L;J's are related to megsuréble'trahSA ‘;f
port properties and have éarticular éignificance infthe treatment,df S
c€lls with liquid Junctions. The currént density is related to the
fluxes of ionic species as follows: - = B : - IR
i-= FZ 2, = FZ 23019 =F_Z zy¢y (vy-v,) - GRS
- i L i - i . I

Substitution of equa.tion ( 5) yields

—"FZ 11&1'11:"1:‘7“1: o

In a solution of uniform composition.

| Vi, =z, FVO-, L ' (10) .‘
where V0 is the gradient of the électric potential. Equation (9) be- »
comes in this case ‘ - ) L
- ; “1°1 ;@ Likzkck AR ¢ 25
1 _.

COmparison with Ohm's 1aw, also applicable in this case,
1= -k

allows us to identify the conductivity

K= F Z NZO Likzicizkck S (12)

-
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Although the Lik

conductivity K is invariant with respect to this choice.

8 depend upon the reference velocity chosen, the

Next we can identify the transference numbers. Again, for a
* solution of uniform composition, equation (10) is valid and equation -

(5) becomes

oy, = fFV“’é ijzkck R ,-(.13.),,’,

0
For this case of uniform composition, the species flux is related to

the current density and the transference number by the expression

5= J

Comparison shows that the transference number tj of species J with

respect to species O is glven by

It is to be noted that the transference number has been defined as the -

fraction of the current carried by an ion in a solution of uniform

composition. In a solution in which there are concentration gradients,'

the transference number is still a transport property related to the

3

ng's by equation (15), but it no longer represents the fraction of

© current carried by an ion. A different choice of the.reference species

will change the L,,'s and hence the transference numbers with respect

1J
to a common reference speciles.
Equation (9) is applicable even in a non-uniform solution, and

it can be rewritten in terms of the conductivity and the transference

' ‘ o o
numbers, since L1J = Pji s

£% = zy Fc (v -V, ) -t KV@ . : () |

o z.c . F o - L L
t ='J"zjc—' \;ijzkck » (5)
. 0 : , o
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As already noted, 8 different choice of reference species will change

the transference numbers, but equation (16) still applies. However,

it is apparent from equation (15) that the ratio t /z 15 not zero,

" even for a neutral species. While the reference velocity can be chosen_A.'

arbitrarily to be that of any one of the species, charged or uncharged, o

.it is usually taken to be the velocity of.the solvent.' In this case

there is no problem if'there are no other neutnal components since the
ratio t:/zi is always zero for the reference specles.

Equation (16) also has the same forn 1f other reference velocities,
such as the mass-average velocity or the molar-average velocity; are
used. Again, care should be exercised since the ratio ti/zi,is then
not zero for neutral species. | .

Equation (16) is quite_usefni in the calculation of the potential

of cells with liquid Jjunctions. In the cases of interest the current

.~.density is supposed to be zero, but equation (16)'also allows one to

estimate the effect of the passage of small amounts of current. Equa-
tion (16) is generally useful only if the concentration profiles in the
liquid Junction are known. These are determined not from equation (16),
) {

but from the laws of diffision (equation (1)) and the method of forming

fhe Junction.
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Detérmiﬁation of éoncentraﬁioﬁ Profiles“
Several models of liQuid Juﬁctions are popular, and to these.we‘
.add one more. | |
a. Free-diffusion Junction. At time zero the two solutions
~are brought into contact to form an initially sharp boundary in é long,

vertical tube. The splutions are then allowed to diffuse into each

other, and the thickness of the region of varying concentration increases

with the square root of time. Evén if the transport properties are
concentration dependent and the activity coefficients are not unity,

the potential of a cell containing suchAa junction should be independeﬁt
of time. |

b. Restricted-diffusion Junction. The concentration profiles

are allowed to reach & steady state by one-dimensional diffusion in the - .

. region betﬁeen x=0 and x=L, in the absence of convection. The composi-
tion at x=0 is that of one solution and at x=L is that'oj.the other
solution. The potential of a cell containing such a Junction is inde-

pendent of L (as well as time). The condition of no convection is

usually not specified (ifg.; zero solvent velocity or zero mass-average

velocity, ete. ).

c. Continuous-mixture junction. At all points in the Junction,
;he concentrations (exéluding, we suppose, that pf the éolvent) arg
assumed to‘be linear éombinatioﬁs of thosébof the solutions at the ends
of the boundary. This assumption obviates'the problem of calculating
the concentration profiles by the laws of diffusion.

d. Flowing junction., In some experiments the solutions are brought




e

'However, the activity coefficients will not be assumed to be unity.;

_together and allowed to flow side by side for some distance. It'is_ :

80metimes'suppos§d that observed potentials should approximate those
given by a free-diffusion boundary.

e. Eleétrode of the second kind. To these wé add'thé'”‘Tt:

" region of varying composition produced when a sparingly goluble salt .

is brought into contact with a solution containing & common ion. We

" might use a model similar to the free-diffusion junction if we imagine

the salt to be introduced at the bottom of a vertical tube containing
tﬁé solution. :The sparingly éoluble salt will then diffuse up fhe
tube, and the éqncentra;ion at the bottém‘will be governed by the solu- .
bility product. | ;

- The concentration prqfiles in cases a, 5, and e are governed by
thé laws of diffusion (equatio@ (1)). We propose to treat solutions so
dilﬁte that, ih_equation (l), wé'can neglect the interaction of the

diffusing gpecies with the other components except the solvent:

' egel o ey 3 ' ‘ :
Wy = R 55— (vwyy) = R g~ (vpwy) ()
,T,Oi . . ol :
or . c,D |
. - =_ 1ol '
Hi =& T RT Vlli * €% ° (18)

b

The electrochemicgl potential'ui-of an_ioﬁic spebieé depends n@t
bnly:on-theAcomposition of the phase but also on the electrical state
of the ﬁhaée, qu coméutational purposes‘it is convenientvto exﬁress
all the electrochemical potentialé in terms of‘one electrical variable. -
One way to do this is to use the electrochemical potential for §ne

ionic species, W, asa reference:



' Hi —-ui T2 “n + Z pn S (19)
S n n : L , .

The_combination ui;ziun/i# is thén the chemicél ?oteﬁtial.of 8 neutral |
combination of ions and is independent of the electrical state, depen-
ding only on the local cémposition.‘ N | o e

However, tﬁis choiée is not conveniept,vpartiCulérl& when tﬁe | |
concentration of species n goes to zero. Another possibility 1is to

express the electrochemical potential of species n as

6
n *

pn=er cnfanQ,'«Lu (20) L
The.potentidl‘¢_then has some.of the characteristics of the commonly
used electrostatic'potential, and, in fact, has exéctly the same proper-
ties in infinitely dilute.solutions where the activity coefficients of
all neqtral.combinations_becdme-equal to one. At higher céncentrations,
the quasi-electrostatic potential ® is of course arbitrary in the sense
that it depends on the designation of the reference species n.

In contrast, the électrochémigél potential of specie; n, or un/zﬁr,,
behaves more liké the potentilal of a reference electrode reversible ﬁo
speciés n."in a solution of uniform composition, both of these poten-
tials béhave like the commonly used electrostatic‘potentidl, and, in
fact, satisfy Laplace's equation | _

Vo =0. . | e1) .

Now, .the chemical potential o a neutral combination can be ex-

pressed in termé of a well-defined\combination of activity coefficients: ' "
z Z z,RT
1 2] i 06 ‘
H, « —= {4 =, - —=d + R MNc, - - N c
:i' z, n i z, n 1 z, n
v - 2, ‘
+ - — .
re (g -t fn> | (22)

n
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For the activity coefficients we shall use Guggenheim 8 expression

for dilute solutions of several electrolytes°

n fi -7 n fn = _-onzi(zi-zn)_‘-—r + 22' <313' B 'z" n,j> ,j’ (23) .

n 1+12
T e R
B L t“_‘ o e
is the fonic strength,‘cJ is in moles/4, anoffor aqueons solutions i" '7 'v
a = 1.171 (E/mole)2 at 25° C. The values of the ooeff‘ic:f.ents.Bi'j are

tabulated by Guggenheim and are zero unless speciles 1 and J are ions

of opposite‘charge. We shall use theseiekpressions with concentrations o
instead of molalities, as used by Cuggenheim. ,
Finally, then, the electrochemical potential of an ionic species

is expressed as : ,

' - 6 . .
Wy = BT ey~ z,FO + 1, - 000

+R'I"{a.z (ziz) I +Qz< L )c}.' (25)

| 1412 n 279 .
To determine the concentration proflles in 1iquid Junctions 1nvolves

solving the diffusion equation (18) in conjunction with equation (25)

and with the materlal balance equation,

aci v - .o
-y, e
' the electroneutrality equation,

}: 2,8, =0, - o : (21)

i

.
r
4
'

'

and the condition of zero current. In a following section we illustrate

7 E.A. Guggenheim. Thermodynamics, North-Holland Publishing Company
1959, p.357.

.
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.how to use the concentration profiles or the values of A@ to calculate .
cell potentials. Substitution of equatlons (18) and (25) into equa- |
tion (26) yields an equation describing diffusion, migration, and con-
~ vection of an lonic cpecics but.including the activity coefficients in

the driving force:

dc L . FD S
5{1 + V-(cixo) = Doivaci —iﬁﬁgi Ve (e VW)
eaz, (27207 (civ;? . 2, Z (aid )v <cchJ) (@8

This eéﬁation applies to solutions so dilute that interactions except.
witﬁ:the solvent in the multicomponent diffusicn ecuation can be ignofed
and equation (23) can be used for the.cctivity coefficients.

This problem can.be solved numerically for the various models of the
liquid jgnction. In the case of restrictcd diffusion, the equétions are =
already ordinary differential equaﬁions. For free diffusion and for an |
clectrode of the second k;nd, the simiLarity'trénsformation Y = yVUE_
reduces the problem to ordinary differential cquations. ' These coupled,
nonlineaf, ordiﬁary differentiai equations can readily be solved by
the method of Newmana. The equations ccn be linearized about & trial'
solution, producing a series of ccupled, linear differential equations.

In finité difference form these glve cocpled, tridiagonal matrices %hich i'
can be solved on a high-speed, digitél computerf The nonlinear problem o v‘.'“

can then be solved byliteration.

Numerical Results
We present here calculated values of AP for the several models for

‘the Junctions between solutions of various ccmpositions. No detailed

® John Newman. UCRL-17739. August, 1967.
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concentration profiles will be given since the potentials of cells with

liquid Junctions can be calculated directly frOm the tabulated values of

M, without further reference to the concentration profiles, as indicated

in the next,section. The tabulation of_the values of &0, rather than the
potentials of complete cells, is convenient'because_these values relate to
the Junction itself, whereas more than one'combination of electrodes 1s
possible for a given junction. In addition to'Am, only‘thermodynsmic data -
are needed to calculate potentials of completevcells,.the entire effect of . |
the transport;henonena being included in AD.

The value of AP depends upon the choice of the reference ion n. In

l each'case this is the last ion for a given junction in the tebles. For in- .

finitely dilute solutions, A becomesvindependent of this choice,end, further--
more, depends only on the ratios of concentrations of the ions in the end |
golutions. Solutions of zero strength (fi=l) are indicated by an asterisk,
but the concentrations are given nonzero values so that these ratios will be
clear. These Jjunctions also provide a basis fot compa;ison with more con-
centrated solutions,vto indicatelthe effect of the activity coefficients.
Table 1 gives values of A for the continuous-mixture, restricted-
diffusion, and free-diffusion junctions. Table 2 gives values of & for an
electrode of the second kind, where Agdl, with a soluhility productiof 10s10>
Gnole/ﬂ)e, diffuses into hydrochloric acid solutions of verious concentrations.
For solutions of zero ionic strength, the values of & for the continuous-

mixture and restricted diffusion Junctions agree with the values calculated

by the methods of Henderson® and Plancklo,-respectively. In figures 1-6 are

presented the results of more extensive calculations on the HC1L-KCl junction.

° p, Henderson, Z. physik. Chem., 59, 118 (1907); 63, 325 (1908).

'© Max Planck, Wied. Ann., 39, 161 (1890); 40, 561 (1890).
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Values of A for various junctions and .

" . Table 1. |
' , - various models at 25°C. Values for fy=1
. r.’are indicated by an asterisk. The last
.. ion is the reference ion. :
ion | soln 1 | soln 2 @l-®23 mV _
free diffusion | restricted continuous
diffusion mixture
H+ . 0.2 O-l - - ] -10.31
cL” 0.2 0.1 e ——- . -11.43%
K 0.2 0.1 ———- ———- = .1:.861
| L | (2.051i)
cL~ 0.2 0.1 ——-- ——-- 0.335
+ .
K 0 0.01 -33.50 -32.65 -33.75
B * * . *
H- 0.02 o - =34.67 ~-33.80 =34.95
L~ 0.02 0.01 ' ‘ |
K 0 0.1  -27.31 27,145 2747
(-27.08%2) (-28.10;18°c*)
(-28.25;18°c*?) /
. * . * *
H 0.l 0 -26.69 ' .26.85 -26.85
c1” 0.1 0.1 '
¥ o 0.2  -27.%2 -28.0k -28.09
+ : ; R ’ * *
0.2 0 . -26.69" -26.85 -26.85
cl” 0.2 0.2
K" 0 0.2 22,58 . -23.03 -22.31
B 0.1 0 -20.24" 220,74 219,96
c1L” 0.1 0.2 '
K" 0 0.05  -20.70 -21.09 -20.23
+ ¥* »* ¥*
H 0.02 0 -18.50 -18.97 - =18.02
cl”  0.02 0.05"
K 0 0.1 -18.02 -17.89 -16.84
¥* *
T 0.2 0 -14.05" -1k.12 -12.90
c1” 0.02. 0.1
K 0 0.1 -15.91 -1%.99 -1k.0k
+ * _ % *
H 0.01 0 -10.85 -10.30 - 9.09
cL” 0.01 0.1 ’
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Table 1.(cont. )

ion | soln 1 s\o_ln 2 ' dbl YR .
' ' free diffusion restricted continuous
_ diffusion ' mixture
K 0 0.1 -27.2k -27.38_ : -27.40
. -27.98%% o .
# 0.09917 O C .26.60° 26.77  -26.76"
‘1T 0.09917 0.1 ' - '
K0 0.1 | . -
g 0.09917 O -27.39 -27.48 -27.55
. - - : ¥#* . * ) *
: NO3 0 - 0.05 -26.53 | -26.62 -26.70
cl”  0.09917 = 0.05 . . ' ‘
K 0.1 0.1 - 0.157 - 0.157 L 0.57
- * . o * ¥
Ny 0.05 0 - 0.423" - 0.k23" - 0.423
c1®  0.05 0.1
Na'© 0.1 o | |
E 0 - 0.05 28,58  '29.6% - - 28.10
- * %* *

. €10, .0 0.05 - 26,72 27.90 26.22

cl- 0.1 0 ' L
+ .

Na' 0.1 0 | :
: A 0.1 32.83 1 33.50 .-33.05
€105 Q 0.1 32.35° 33.11% 32.57%
c1- 0.1 0 -

+
Na' 0.2 0 | -
H 0 0.2 33.29 33.88 33.53
Clop 0 0.2 32.35 33.11% 32, 57%
[ -
vt 0.05 0
B 0 0.1 3877 38.31 " 39.26
c10; O 0.1 39.96" ©39.58" no.ug’
Cl~ 0.05_ 0 '

o't oo 0.1
At 0.2 0 | -
oy 0.2 . 0 - 6.22" - 6220 - 6.2
¢10, O 0.2 '

11

T. Shedlovsky and D. A. MacInnes, J. Am. Chem. Soc., 59, 503 (1937).

J.B Chloupek, V. Z. Kanes, and B. A. Danesova, Coll. Czechlov. Chem.
Comm., 5, 469, 52T (1933).

E. A. Guggenheim and A. Uhmack, Kgl._nanske vid. Selsk Mat-fys.'Medd.,
105 #1k, 1 /re33). :

- N. P. Finkelstein and.E.:T.. Verdler, Trans. Fargaday Soc., .53:1618 (1957)
‘D..C. Grahame and J. I.. Cummings, Off. of Nav. Res. Tech. _}3_}_3_ #5 (1950).

12

13

.14
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Table 2. Values of M for a Ag-AgCl electrode in .
HC1 solutions at 25°C. Chloride is the
reference ion, and B values are taken to

be zero. -i
HC1 bulk, M 10‘”_ 5 x 1072]2 x 107°| 107° |5 xle'S 2 x 10°°
0y~ mV "1 0.0198 | 0.0737 | 0.359 0.915] 1.780 | 3.21
cgl_/cg;_ 1.00961] 1.0392 | 1.200 | 1.604] 2.539 | 5.499
(u;i_-ugl_)/F, mv{-0.226 |[-0.91k {-4.32 [-11.22 |-22.16 |-40.58

Cells with Liquid Junction

Once'thecogcéntration‘profiles are known for a liquid Junction
region, it 1s then poésible to calculate the_effect.of the non.uniform‘va
composition on the cell potential. This effect 1s considered in the :“
following subsectioﬂs for cells of increasingly complex liquid Junctions.
It will always be assumed that the eléctrodes are in equilibrium with
the adjacent solutions and that regions of nonuniform compositionlie out-
side the immediate viciniiy of the electrodes. |

The procedure then involvés first the treatment of eléctrode equili-
bria, in the manner of Guggenheim®. This allows the expression of the
cell potential in terﬁs.df a difference.in the electroéhemical pqtqntiél
of ions in the solutions adjacent to the @wo electrodes. The evalda-
tion ofAthis difference involves fhe 1ntegfat16h of eqﬁation (16) across
the junction region. This equation can be conveniently rewritten in the

form o

: t : z
1 i i
=— Vu, = - E - [Vu - = Vu ] -
zJ} J - zy - i zJ J

&1

i. (29) -

16

E. A. Guggenheim. Thermodynamics. North-Holland PUblishing Company,
1959, p.382. : - -
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The sum on the right ncw'involﬁes only the gradiénte of electrochemical
'potentials of neutral combinations of ions and can be determined from
a knowledge of the concentration profiles. )
a. Cell with a Single Electrolyte of Varying Cencentration
Cells containing a single electrolyte whose cohcentrgtion varies
with location 1n‘the‘cell conetitute the simﬁiest.of the so-called cells
with transference. An example is _ | v‘ ._
« | Bl 8 | e} . A 8 | B' | a
Pt(s)|Ag(s)AgCl(s)|HCL in transition~H01 in AgCl(s)_Ag(s) Pt(s) , (30)
. 320, region . H20 v B
. where the platinum'leads and the eilver-sil§er chloride electroées have .
identical compositions on both sides of the cell. In the tfansition
region or liqﬁid Junction, the concentration of HC1l varies from the Qalue
in the e-phase to that in the M-phase.
At both electrodes there'iesequilibrium among the a, B, 5, and
€ phases, fof exsmple, : ‘ |
Hgi- = Ugl-: Hzg+ = HEg*’ and “:L = “2- . 4 (3})
Combination of these relations with the definitions of the chemical.

potentials of the neutral silver and silver chloride, for example,

B _ B B 5 _ 5 &
7! Ag = pAg+ + ue_ and “AgCl = “Ag+ + pCl‘ 2 532).

ylelds an expression for the cell potential
@ a'y o« a' B ) € B! ' X :
e A R Ry Pl i e “AgCl Moy~ » (33)
since the difference in electrochemical potential of electrons in the
two leads is related to the cell potential as indicated. Since the

electrodes are of identical composition, the expression for the cell

potential reduces to
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This differencefin_phe electrochemical poientialé of chloride

ions can be evaluated with the aid of equation (29), which becomes S,
" in this case.A ' - ; S
a“cr o Mg .
T‘t}ﬁ‘a“‘ o )
Equation (3&)'becémesv'
o e - S _
) - ftmd&*HcL Lo e

On the other hand,voné coula expréss the difference 1n'e1e§trochemical .:"‘:v
_pofentials of cﬁlofide ions ih‘térms of the quasi eléctroéfatic poten-
tial ¢ based on chloride ions as the reference ion
R = -F(¢€-¢k) + R (cfy-/eg;-) (37)

As shown in equation (36), the cell potential is independent of
. the method of forming the Junction for the case of a single electrolyte
of varying conéentration, that is, the integral is independént of'the'
detailed form of the cohcentration profile. Fro@ measured cell poten;
tials, equation (36) may be used to determine activity coefficients
if the transference number is known,Aof it ﬁay be used to determine . S
the transference number if tbe actiyify coefficient is known. Both{
types of determination are common practice. |

From tabulated values of A0 (which taﬁulation requires prior know-
ledge of the trahsfefence number and the activity'coeffigient) one can ~
calculate the cell potential from equation (37). For example, for

c .

: X,
cHCl = 072 M and cHCl = 0.1 M we'obtain

(%) = 28.11 nv .
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If the silver-silver chloride electrodes were replaced by hydro-
gen electrodes, the expression for the potential of such a cell would =
become . _ ‘ ’

N2 A e . € A o o
for identical partial pressures of hydrogen over the two electrodes.

Equations (34) and (38) thus show the relation between the potentials

. of two cells with the same liquid junction but different electrodes.

b. Cell with Two Electrolytes, One of Nearly Upifofm Concentration

With an electrode of the second kind, as used in the previous_

example, the solubility of'the.SParingly soluble salt will, strictly

‘ sPeaking, lead to diffusion of this salt from the electrode. At high

concentrations of the other electrolyte, the solubility of the sparingly B
eoluble salt 1s depressed and the effect on the cell potential is ex-
rected to be small. Hoﬁever, this effecc becomes more lmportant as the
concentration of the second electrolyte is decreased. For the cell

o -B 5 € oA A
Pt(s),H,(g) [HCL in{transition}HCl in AgCl(s) Ag(s) )Pt (s) ,  (39) .

H20 region Héo

it 1s assumed that the two platinum electrodes are of identical compo-

sition and that the two solutions P and & differ in the concentration

of AgCl, phase B being saturated. The transition region, in the model
used here, is formed by contacting the solution B with t = solid AgCl,
end a diffusion layer develops by free diffusion into a stagnant medium.

The concentrations of AgCl and HC1l in phase 8, adjacent to the solid

- surface, are determined by the laws of diffusion and the conditions of

saturation of AgCl and zero flux of hydrogen ions into the solid phase.

From the conditions of phase equilibria at the electrodes and the
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_defin;tionébof the éhemicéijpﬁten@ials Qf‘#eﬁtrai'SPecies, the:cell{
.pétential can be written | | . o |
7E(Wa;wa') = %“gé - “gci -Agkgl+ Hzgci * (”gl- '.“21-) ; (”9) 
| If the chemical pétentials of hydrogen:and HCl‘afe exﬁrésged as

“Hg = Mge + RT lﬁ pH2

- nd o e o
L Mpep = Muoy ¥ 2 BT MU Cyoy ey s
then the standard cell potential E° can be identified as a colléction N

of thermodynamic quantities,

o _ 16 8 6 o |
CFE =¥y - Paoy T Fag * Mager (1)

.. and the cell potential becomes

a 0L @ B B ., B [ -
F(y -y ) = FE' + 3 R U py - 2RT Wt oy gy R CATE R P GO
B

For the evaluation of the difference May- - ugl- , equation (29)

~ becomes in the absence of current
_ .0 o S - 2y
oy~ = bpViyo, +»tAg+VFAgCl . . (43)
Integration gives

uBA L -ﬂvt° oy éx + B £2 Fage1 dx "  -'(hh) |
c1- ~ Mea- T B ox & Cagt Tox . g
5 8 | |

The evaluation of these integrals requires“avknowledge of the concen-
tration profiles,; as well as the transference numbers and thermodynamic

. properties as functions of the concentrations. For high concentrations

B -
- T -

neglected in comparison to the other terms in equation (h2).

of HC1, vaCl and th* approach zero, and the term u may be
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The difference in electrochemical potentials of the chloride ion :

can be expressed in terms of the quasi electrostatic potentials

‘ (referred to the chloride ion), differences of which are. given 1n table 23

B'~s

_ By

For a bulk HCl concentration of lO‘%M, one obtains
(uB" - u5 )/F = 0.0198 - o.2u57 = -0.226 mﬁ.
Wer- - Mer- - S

This small error is not of much practical significance since very few
measurements have been made in this range of concentration.

Thus, it is seen that the effect of the solubility of the slightly

. soluble salt will be to cause the potential of the chloride electrode

to be more negative withzespect to the other electrode than would other-
wise be the case. Hence the measured potential of the above cell will

be lower than if silver chloride were more insoluble. 'Smyrl and Tobias”

- have discussed several nonaqueous systems where the effect is much

larger in more concentrated solutions, since the effect becomes impor-
tant for bulk concentrations on the order of the square root of the solu-
bility‘product. The problem arises because the determination of standard
cell potentials involres an extrapolation.-to infinite dilution. Smyrl
and Tobias took the diffusion coefficlents to be equal (hence A@=0> and
assumed that the concentration of the.second electrolyte 1is unifor; dp
to the'surface of the sparingly soluble salt.

c. Cells with Two Electrolytes, Both of Varying Concentration

Cells of this type may still be divided into two groups accor-

ding to whether or not the two electrolytes have an ion in common. A

junction between CuSOu and ZnSOu 1s an example where there is a common

17 w. H. Smyrl and C. W. Tobias, Electrochim. Acta, 13, 1968 (in press).

01- . (us)_.. R
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ion; a Junction betﬁéen NaCl and HCth is an ekample where there is not.
The former class will be'disgussed first.

Consider the cell

,c(,.lﬁ . B € : Y 5! B! o

Pt (s)|Ag(s) |AgC1(s) |HCL 1nf transition KC1 in]AgCl(s)|Ag(s)|Pt(s) . (46)
_HQO region H20 : ,

The cell potential is again given by equation (3h4):

) e . en

The effect of the nonzero solubility of AgCl,vdiscusséd 1n'subsection b,-'

will be ignored here. In this case, however, equation (29) becomes

(u8)

_ .0 .0
VHop- = Vg + bW
and integration gives.
€ . .
Bu OH, y
€ A o “MHca KC1 - |
He1- ~ Yea- ff [ b T" bk '3‘_] ax . (49)
)

Here,.aé witﬁ equation (kb), and in -contrast to equation (36), the :

integral dependé'on the detailed form of the concentration profilés in
the junction region. As in the preceding examples,‘the cell potential
cén again be eipressed in terms of the quasi-électrostatic potential,‘

referred to the chloride ion:

-F(w“ v ) = F(e°-0") + BT W <c§l-/c’gl-> ) (50)
and the velues of A in table lvallow the éeil potential to be calcu-
lated. By means of the various models, the detailed form of the
. concentration profiles has already been taken into account in the tabu-

-lated values of AD.

Many cells of practical importance contain two electrolytes of
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solution in the Junction and denote it as I. The quantities “Cl‘ - “01'

E f23_v_T;J

- varying concentratién with,ho:common‘ioﬁ. Such a céil is

a g C 5 € Ao

Pt(é),Ha(g) HC10, in{transition{NaCl in|AgCl(s)|Ag(s) Pt(s);h_(El)
H2 . §{region . 320 - -

From the conditions of phase equilibria at the electrodes and the
définitions of the chemical potentials of neutral species, the celi
potential can be written

@ aly 1a ) € BBy, (e
The cell potential is again related to fhe thermodynamic proper-

ties of elécﬁrically neutral_components, but a new term has appeared.;'x'

- Instead of the difference of electrochemical potential of a single fon -

bétween_the £wo solutions, there is now a combination of electrochemicél
fotentials of two ions. This, mérg complicated situation can be analyzed
if the ionic strength does not go to zero anywhere in the Junétion (as
must also be the case with the junctions treated earlier). Choose some

I

and u§+ - §+ are both well defined if the intermediate solution I has

. nonzero concentrations of both ions C1~ and H%. The cell potential can -

be-writfen, then,
@ a'y 1 A € B I 5 I I
POV ) = augy - Myt Hagey - O s M) - (g - M) - gy - (53)
The electrochemical potential differences in equation (53) can now be
related through equation (29) to integrals of transference numbers
multiplied by gradients of chemical potentials of neutral combinations.
The Integrals can be evaluated from the concentration profiles in the

Junction along with the concentration dependence of the transport and
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‘thérmOdYH&MIélpr0pérties;‘xT£é ¢ell fotengia} 1sé[of,couise, indepeh-f
dent of £he choice of the»iﬁterﬁediétg splﬁtioﬁ~i; '. ‘v

In this case it ﬁay be particularly convéniént to use the.quas1-~”
electrostatic poteniiai, here referred to the chloride ion. This . |
éllows one fo write ' A

| e o -
e * Woye = oy * T B0 (ehegy ) + (0000 v T bn gl o (53)

' The last term in equation (53) is well-defined, although it is some- .
~what unusual. -Here f§+fg]_- represents the.activity.coefficient of
hydrogen ions referred to chloride ions.in a solution of vanishing

chloride’ concentration. According to equation (23), this term would =~ .

" be given by
B 'B.  eatd B
. -2 - o . : .
Wit = 3 2(Pycro) * Pacyd v 0 ¢ M)

where I now refers to the lonic stréngth in solution B. This procedure
is justified by the fact that it is no longer necessary to select an
"1nterﬁediate solution in the junctidn.

The cell potential can now be written

0% a® ) - PEO 4 Lpm e & B 8
-F(¥ -¥ ) = FE  + 3RT In pH2 - R‘I‘ n ChtCor-

‘ 8 _,B B B L -
+ F(07-0) - BT In fiufoy- , ((55) :
where the standard cell potential has‘been'identified: '
; o _16 6 0 6
FE = §uH2 - Mg t Mage1l = Mrea - (56)
A determination of the standard cell potential by means of this cell

would be affected by the uncertainties in the values of A0 and fg;fgl_ )

a problem which is avolded with the cell discussed in subsection b.



- If E° is known from measurements with that cell, any uncertainty in

the calculated value of & will cause a consequent uncertainty in

any value of f§+fﬂ

c1- obtained from measurements on the present cell.

'Y'This discussion reveals some of the difficulties involved in the use .

npotential may be written

of such cells for thermodynamic measurements.
We could check the claculated velue of A@ in table l by subtractingff::

from the cell potential the standard cell potential and the terms in

activity coefficients and concentrations. The potentials of such cells

have, unfortunately,;not,been measured. .

| The cell
@« B . B e | a . S
Pt (s),H,(g) HCl in{transition KNO, 1n|K in pt(s) =~ - (57)
- H,0 region H20‘ Hg(£) C T

is very similar to that of the previous example, but differs in that
both electrodes involve phase equilibria of cations. Again,. from the

phase equilibria and the relevant thermodynamic identities, the cell

.-F(gr“-w“') = %”He - e ¥ “;@ - th |
- by, - +(uK+-uK+)-(uH+ uﬁmmK+ “1#)’ (s8)

'.

where l denotes an intermeditat Bolution where both.K and H' ionsgare
present. The quantities (HK+ -huxl) and (uH+ - “H*) can be related
through equation (29) to‘integrals of transference numbers multiplied by
gradients of chemical potentials of neutral combinations. The last

term in equation (58) is well defined and is given by

I I I
Pk = v = Pror ~ Paoa
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_To demonstrate the usefulness of tsbulated values of AD, let the -
quasi-electrostatic'potentiallbe based on the chloride ion. Equa;

tion (58) can be rewritten_

1._ | 'G"v 6 : 9 : | ” E
'F(“’ - ) = b H, ~ Mk * Mol " Yre1 + RE It cK+/cH+ S
B)

"+ RT In (f5 l_/‘fmf l.) + F(<D (59)

-

Any uncertainty in &0 and lefa would be ;eflected_in the uncertainty;, TR

C1-
in a derived value of a standard cell potential. Thus, thevuse of suchvy}:ji-ﬁf>"‘
a cell to detefmine standard cell potentials isvjustified only if the .‘
| Junction is well characterized and if the thermodynamic properties of ,,t3dvf}_1¢f;l
one of the end solutions are well known. L.

Other cells could be analyzed, but the analysis would involve
_only the principles and procedureslwhich have been used rhove.

Discnssion |

The analysis of the cells in the previous section revegled the
relation between measured cell potentials_anithe thermodynamic and
transport properties of the materials in the cells. 'For cells with =
liquid Junctions,Athe cell potential depends on the concentration pro—'
files in the liquid junction and the transport and thermodynamic proper-
ties of theijunction region in addition tc the standard‘cell pctential |
and the composition and activity coefficients of the end solutions.k"
Alternatively, for the junction one could specify the concentration
profiles, the wvalue of 20 which characterizes the Junction, and the
ion to which @ i1s referred. Once single junctions have been

characterized,’the behavior of combinations of these junctions in other

cells, e.g., cells with salt bridges, may be predicted.
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Calculations for several single Junctions have been made and the

results given in Table 1.- The only one of the Junctions for which our -

calculations may be compared with other calculations and with experi- ‘i

" mental results is the 0.1M HCL - 0.1M KCl junction. MacInnes and

Longsworth18 have made calculations for this junction of the free diffu-
sion type, and report 28.19 millivolts to compare to 27.31 millivolts

of the present study. Spiro’® has discussed cells with liquid junctions,
including salt bridges, for junctions of constant ionic strength across
the junction, and of the continnous'mixture type, and has included acti-
vity coefficient corrections. For this.HCl-Kﬂl Junctior Spiro calcu-

lates 29.07 millivolts and-we.calculate 27.47 millivolts. The experi-

" mental results are given in Table 1.

MacInnes and Longsworth used equation (29) and the known activiﬁy .
coefficients and transference numbers for this Junction and an assumed.g
concentration profile to make their calculation. From this, it is not
clear whether the difference netween their resnlts and ours is‘due to ourv

assumption about acitivity coefficients, or our assumptions about the

‘1onic diffusion coefficients. We prOpose'that it 1s the latter, on the

basis of our analysis of Spiro's calculations.
Spiro calculates about the same activity coefficient correction as;

we do (i.e., 0.62 mV) but his calculation neglecting activity coefficients

\

18 higher than our (i.e., _26. 85 mV) by sbout 1.5 mV. We have assumed

the ionic‘diffusion coefficients to be constant and have used the values |
corresponding to infinite dilution in making the Henderson calculation.
Spiro has used the Lewis and Sargent equation ard has utilized conductiel
vity data for the 0.1M solutions. Tt is known 20 that D is about

0Cl
17% higher in KCl at this concentration than in HC1l, whereas it is the

18 M. Spiro, Electrochim, Acta, 11, 569 (1966).

D. A. MacInnes and L. G. Longsworth, Cold Spring Harbor Symposium on Quan-
titative Biology, 4, 18 (1936).

20 T. W. Chapman, Ph.D. Thesis, Univ. of Calif., Berkeley, 1967.

19




-28-

"aame;in both solutions at'infinite,dilutibnl;iTherefore we maylgonciudeV_uﬁ

that at least our calculation is consistent,_but_Spirb!s.is not, although

it is quite likely that our calculation is in error. We propose that

this error is céused by inaccuracies in our assumptions'about the diffu- _ 

sion coefficients.

Unfortunately, it has not been possible to compare all our results

- with experimental measurements. This is because our calculations are;made__,

for dilute solutions whereas most measurements (on salt bridges, for
‘example ) have been made for concentrated solutions. Therefore we can
only propose that all other calculations will be at least aa accurate as

" for the HC1-KCl junction.

JR——
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A selt’hridge_is'often:used‘to separate two electrolytic solu- = .

" tions, and sometimes'the'stated purpose is "to eliminate liquid

Junctionvpotentials." We should now be in a position to evaluate

whether this purpose is achieved if we could define the liquid Junc- e

tion potential which 1s supposed tote eliminated. Such & salt bridge

. might be

-HC1L 0.1M

in HQO

transition}KC1l 0.2M}transition}HC1 O.2M
region in H20 region

equal in the two hydrochloric acid solutions. The value of LD (referred‘Al:\"ﬁ
" to the chloride ion) for this combination of Junctions is. 5 78 mV 1f |
_ the Junctions are of the continuous mixture type. This can be compared

" with the value Ab = 10.31 mV for a single, direct junction between 0.1

and 0.2 M HCL solutions.

If the transference numbersvof KCl were equal to 0.5 and if depsar-
tures of activity coefficients'from unity could be ignored; the liquid
‘Junction.potential of the combination of two Jjunctions of the salt

bridge " should ~ .. decrease as the concentration of KCl increases.

.. If one insists on using salt bridges; one might conslider as an alterna-’

tive the series of junctions

HCl O.lM transitio KCl O.IMjtransitionj KC1 QO.2Mjtransition HCl O =il
in HéO region in HQO region in Héo region in H20

for which & = 1.2k mV and for which the value of A would approach

zero as all the concentrations were reduced in proportion if the trans-

ference numbers of KCl were 0.5.

Although cells with salt bridges are not useful for determining

activity coefficients, they are useful for determining standard cell

in 1-120 .

It seems clear that the salt bridge does not make the value of “Cl_:‘,“ﬂ37,“{r'
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potentials.; A cell which is particularly appropriate for such studies,"
but which has not been utilized extensively, is one in which the elec-~

trolyte of the salt bridge is present throughout. An example of this.

cell is, - L ' .
o B 8 L € X a!
Pt(s)|Li(s) LiNO5, KNO, trensition regio AgNO3,KNO Ag(s) Pt(s)
in H,0 KNO3 in'Hy0 in H,0

" in which KNO._ is present throughout the cell at the same concentration.fej'f B

3
- The transition region contains concentration gradients of both LiNO
‘and‘AgN03._ The cell potential may be expressed as
| o aty B 5 X € € -5
FOTT ) =gy - “L1N03 " Fag +'“Ag1\103 - ”No-3- * “NOé y

We adopt the following approximations which essentially fix the range

of concentrations:

° _ a5
gt = 0. ,
o. _ E 7
Prar ‘_0

. - o ' N _
°Ag+“°L1f<<°K+’ - S
. 2 1 . : .
. The expression for the cell potential becomes -

'F("’ ") = FEO+2RT(ANO Bravo,) oz j
3 LiNog" "NOg

Thus the measured cell ﬁotentiel should be & linear function of ¢y,. .
.. . . 3 .

" As i}

"Nog_'-"O ’

the standard cell potential may be determined from the intercept. It
would not be necessary to éxtrapolate to the low concentrations which

are necessary for cells without transference.
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Conclusions.

A general treatment of the effect of diffusion on the electrical ,'y;‘, fi

: potential of cells with liquid Junctions has been given. It was found

| that such cells have a potential which is related to a difference (or sum)

of the electrochemical potential of an ion (or ions) It has been shown that Q;J

this characteristic combination of electrochemical potentials can be deter- 5.75"

- mined from a knowledge of the concentration profiles and the transPort and.

thermodynamic properties in the junction region. From the laws of diffusion,vl{ZV

#"‘the concentration profiles have ‘been calculated and values of '] determined
_for several different Junctions without the assumption of activity coeffi-
v.cients equal to one. These resultsvhavevbeen applied to specific cells. Such‘ﬂag

" ~an analysis has nade it possible to determine the magnitude of the diffusion i

'“ effect in cases where it is desirable that the effect be negligible. .

The cell potential can still be obtained from contributions of various

‘phase boundaries and 1iquid junctions if certain conventions are ad0pted.‘

This procedure makes simpler the tabulation of the properties of electrochemical
cells.
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»Nomenclature
c, - concentration of species 1 (mole/cm3 |
P, , - diffusion coefficient for interaction of species 1 and §- (cm /sec)
EC - standard cell potential (V)
£, = activity coefficient.
F - Faraday's constant (coul/equiv).

current density (amp/cm2).

Fis
]
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ionic strengtﬁ,(mOLe/z)-_,;. }_

flux of species i (mole/cm?-sec),

pressure (dyne/cme);

universal gas constant (joule/mole-°K). N

time (sec).

transference number of species i with réspecf to species 0.
absolute temperature (deg X).

velocity of species 1 (cm/seé).,

disténce (cm). | o

charge~number of species i.

Debye-Hickel constant ([Z/mole]%).

constant, independent of concentration (ﬁ/holej;
conductivity (mho/em). L
électrochémical potential of species 1 (joule/mole).
éiectric potential or_quasi elecffostatic potential (V).'

potential of an electrode (V).
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Figure 2.

’7L'Figure'3;’

: -~ ’'a constant ratio of Cgpp to Cypj. The dashed line represents:

| E activity coefficient corrections.

Figure 5.

‘ Figure 6.

- A@(mV) for free diffusion boundary between HCl and KCl,
;f;calculated for two different concentrations of KCl..: =

"Calculated values of - A@(mV) for free diffusion boundary
_-between HCl and KCl, at a constant ratio of Ckey to Cyepe < -
The dashed line. represents the (constant) ideal-solution
.- calculation, the solid line includes activ1ty coeffic1ent '
. corrections. o

Results for the ‘restricted diffusion boundary HCl/KCl, given
- .- for two different concentrations of KCl. - .

»-’_.'LIS‘I"_‘OF. FIGURE CAP’I‘IQN'ST i

T

Results for the restricted diffusion boundary HCl/KCl, for

the ideal-solution calculation, the solid line includes

‘Values of - &(mV) for the continuous mixture boundary. - The ff;?
' dashed line corresponds to the Henderson calculation; the

solid line includes activity coefficient corrections. - . 43’if;7f““f

Continuous mixture boundary calculations for a constant o
ration of Cgny to Cypye The dashed line is the ideal-solution -
calculation, the solid line includes activ1ty coefficient o

_corrections.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
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As used in the above, "person acting on behalf of the
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mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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