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Observable Electric Potential and Electrostatic Potential in Electrochemical Systems
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The role of the electric potential in the description of transport processes in electrochemical systems is critically
analyzed. Since the electrostatic potential drop between two parts of a system which differ in temperature,
pressure, or concentration cannot be measured, an observable electric potential (OEP) is defined from the
potential difference measured between the electrodes reversible to one of the ion constituents in equilibrium
with the system. The OEP formalism is compared to the NetAktnck equations (NPE) formalism. The
comparative study is applied to the mass transport process that occurs in a liquid junction of a binary electrolyte
solution when the electric current density is zero. The potential profiles are shown for the OEP and the
electrostatic potential, the latter being calculated for different definitions of the activity coefficiert is
concluded that the OEP formalism presents clear benefits with respect to the NPE formalism.

Introduction dilute solutions. The second and main aspect of the comparison

Svst h ; ; thod ; binvolves the electric potential and aims at clarifying that the
yStems such as a mass spectrometer or a cathode ray Ub e crostatic potential in the NPE formalism requires the

can be described by using only_ the '?‘WS. of Electrodynamics, N definition of the activity coefficient of the ionic species, which
terms of an electrostatic potential which is related to the electric in turn affects the values of the electrostatic potential, while
charge distribution by Poisson’s equation. Electrochemical the OEP formalism overcomes this problem. It is ,worth
systems, how_ever, require athermodynamlc deSCF'pt'O_“ becaus‘?‘nentioning that other aspects of the comparison are not worked
it is not possible to measure the e_Iectrlc potential dn‘fergnce out. In particular, the two formulations use different kinds of
between two parts of a system which are thermodynamically components, ionic constituents in the case of OEP versus ionic

dlfferentt, t!'er;'r;:éh'cﬁ d|ffetr. 't'? tempet(tattjre,thprﬁssyref, or species in the case of NPE, but the present study is restricted
concentratiorr. = Such a restriction constitutes the basis, rom v, qjjyte solutions of strong electrolytes, where the dissociation

a positive point of View, for the present_;tu_dy. To observe an degree is unity, and there is no difference between the two kinds
electric potential difference in nonequilibrium systems two of components

reference electrodes must be interposed between the electric o . -
meter and the system. The observable electric potential (OEP). As an application example, the transport process in a liquid

. h : junction of KCI+ H,O under thermal and mechanical equilib-
dlfferencg Is then measured betvyeen the elegtrodg tgrmlnals,rium and open-circuit conditions is described. Since the time
and placing the electrodes at different locations it is even

; ) ) evolution of the liquid junction potential is not relevant for the
possible to define (and measure) the profile of the GEP. purpose of this study, a linear concentration profile is assumed.

The conditions of thermal and mechanical equilibrium are Ty description is carried out both in terms of the OEP and
expressed as uniform temperature and pressure. Similarly, theype formalisms and potential profiles are presented for the OEP

equilibrium condition for electric charge is sometimes expressed 5 the electrostatic potential, the latter being calculated for
as uniform electric potenti&lThis wrong conclusion is deduced different definitions of the activity coefficient_

when the electric charge is considered independently of the

nature of the matter where it is supported. The derivation of an

equilibrium condition for the electric charge should take into  Phenomenological Transport Equations
account the ion constituents, and therefore refer to the electro-
chemical potentials of these constituents. In fact, the electric
potential is a variable that does not appear in the purely
thermodynamic description of most nonequilibrium states. Thus, state where temperatufieand pressure are uniform and the
a critical review of how the electric potential is involved in the electrolyte molar concentrationvaries along the direction.
description of transport processes in electrochemical SYSteMStp 4 two ion constituents are denoted by subscriptand —.

is very convenient and constitutes the subject of the next Within the framework of thermodynamics of irreversible

sections. : )
. . . processes (TIPthe phenomenological transport equations are
0
In this work, the OEP formalisPi® is compared to the deduced from the dissipation function

traditional Nernst-Planck equations (NPE) formalisth12The
first aspect of such a comparison involves the transport

The system under study is a moderately dilute solution of a
binary electrolyte and an un-ionized solvent in a nonequilibrium

o . . Co ! dit dit
coefficients and the NernsEinstein assumption introduced in Y= — j+ﬁ_ j_ﬁ (1)
the NPE formalism which limits its applicability to moderately dx dx
*Corresponding  author. E-mail:  javier.garrido@uv.es. Fax: Where the electrochemical potential gradienfa/dk (i =
+34963983385. +, —) are the driving forces angare the flux densities of the
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ion constituents in the solvent-fixed reference frame. The
corresponding phenomenological transport equations

. di 7

4= I-++d_XJr + L+—a (2a)
A,

_J__L_+W +L__a (Zb)

introduce three transport coefficients;(, L+ = L+, andL-
~) which are local magnitudes, i.e., position dependent.
Although this description of the transport process in terms

J. Phys. Chem. B, Vol. 104, No. 3, 2006859

i, which can be measured with two electrochemical probes
reversible to this ion constituent in local equilibrium with the
system. The gradient of this observable electric potential (OEP)
holds

dy; 1 di
X ZF ox 9)

and may be considered as a driving force in the description of
the transport proceds’

If electrochemical probes reversible to the anior=(— in

of the ion constituents is considered to be the most fundamental,eq 9) are used, the dissipation function takes the form
practical approaches often consider the electric current density

and the flux density of matter. The phenomenological transport

coefficients Lj are then related to the electrolyte diffusion
coefficient in the solvent-fixed reference frarethe electrical
conductivity x, and the Hittorf's transport numbes, which
are measurable and only dependTm, andc.

One such approach uses the gradient of the chemical potential

of the electrolyte

u=viy v i 3)
and
d(pe“: 1 ti% t__dﬂ__ 4)
dx F\z. dx z_ dx

as driving forces, wher€ is Faraday’s constant, arglis the
charge number of the ion constituentin eq 3,v+ and v
represent the stoichiometric coefficients, which satisfy the
relationzivy + z-v— = 0. The dissipation function takes then
the form

. Ay
W= - e (5)
where
tj, tj
="t ©)
i = F(z,j.+2j.) (7)

are the flux density of matter and the electric current density,
respectively. The corresponding transport equations

. de
= Lm% + L g (8a)
o du eyt
1= Lamg, + Lai g (8b)

introduce the coefficientsmm andLqg Which can be related to
the electrolyte diffusion coefficierd and the conductivity,
respectively. Note thagey cannot be identified with the electric
potential of electrostatics.

OEP Formalism

Itis widely known that it is not possible to measure an electric
potential difference between two parts of a system which differ
in temperature, pressure, or concentrafiBut there is no need

e du dy-
= v, dx  dx (10)
and the transport equations e
. I _ ., du dy_
v+_|++dx+|+”’dx (11a)
: d dy_
—i= |v,+ﬁ+ by g (11b)
These transport equations can be transforméd to
_ VRTL c  diny\|de | teedy_
L 2,2, F2\”  dIn c) dx ' z,F dx (122)
. VRTtwy  diny\dc | dy-
= zv,Fd”  din c)d_x + ax (12b)

by expressing the phenomenological coefficiénis |+, = |+,
andl,,, in terms of the measurable transport coefficieDis,
andt; and making use &%

u=u*+ vRTIn(yQc) (13)
wherev = v, + v_, Q = (v4"+v_"-) ), Ris the gas constant,
y is the mean activity coefficient, and the standard chemical
potential of the electrolyte.

The comparison of the OEP transport eqs 11a and 11b with
egs 8a and 8b yields the relation

tlyy

zv,F

+y

= (14)

Ling

which leads to the interesting conclusibgy = Lqm = 0, when

the expressionk;,, = ti«/z;v+F andl,, = « are introduced.
Thus, the mass and charge transport are uncoupled and the
equilibrium condition for charge transport reduces to uniform
@ex NOte, however, that three transport coefficients are still
needed, since the transport numbethas been introduced in

the definition ofpex: (S€€ €q 4).

NPE Formalism

Transport processes in electrochemical systems can be

to try such an impossible measurement. A more positive point described by a wide variety of transport equations, whose
of view is to accept that the only observable magnitude is the complexity depends on whether the solutions are infinitely

difference in the electrochemical potential of the ion constituent

dilute, moderately dilute, or concentratédin the case of
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moderately dilute solutions, the most widely used are the reversible electrodes
Nernst-Planck equatiord§17
| y_=0 ] v
__NPE _ CICi din Vi Z|O|F d¢
Ji _Di&—l—ci ix T RT dx (15) . ki
_working | | working
wherej 5, D;, ¢, andy; are the flux density in the laboratory electrode electrode
reference frame, the diffusion coefficient, the molar concentra-
tion, and the activity coefficient of the ionic specie€ = +, A
—), respectively, an@ denotes the electrostatic potential. c/M
The NPE can be obtained from egs 2a and 2b by introducing 0.1
the approximation \
0.0001
LYPE =1 "E ~0 (16) , —>
0 1 x/L
and the usual decompositiet Figure 1. Scheme of the device for studying a liquid junction KEI
H.0 of thicknesd.. The probes of the reversible electrodes are in local
/ji :lu;" + RT'”(ViCi) +zF¢p a7) equilibrium with solution; their terminals measure the OfP with

respect to positiorx = 0, wherey’ = 0. The working electrodes

. . . - . control the value of the electric current densit
wherey; is the standard chemical potential of the ionic species y

i. Note that eq 16 does not mean that the flux densjtieend with two reversible electroded\y_ = y" — y', are related
j- are uncoupled, because the migrational term in eq 15 accountsy
for such a coupling. The other phenomenological coefficients

in egs 2a and 2b are given the values Ay_=A¢ + Ade (22)
D.c tix where
L't =om =5 (18)
RT  2%F Ab. = RT | ylc! 93
T E" e (23)
where
5 is the electrodes contribution, i.e., the sum of the two Nernst
_ z°Dic potentials, which represent the difference in electrostatic
§= (19) potential between the solution and the electrode. Note that the

2 2
z,°'D,c, +z°D_c o o .
S condition of local equilibrium between each reversible electrode

and the system implies that there is no difference in OEP
between these phases.
5 The relation between the local values @fand - can be
= F (z+2D+c+ + z,zD,c,) (20) easily obtained from eqs 9 and 17. If local electroneutrality is
RT assumed (see Appendix),

is the local migrational transport number of ionic speciaad

is the local conductivity. V_CL=v,C_ (24)
The transport formalisms presented in the two previous

sections (eqs 1 and 10) incorporate three phenomenologicalthe ion concentrations are proportional to the electrolyte

transport coefficients which can be related to the three measur-concentrationc, and the relation betweep and y— can be

able coefficientd, «, andt.. The NPE formalism eliminates  written as

one transport coefficient because of eq 16, which can be written

asI'"t = z.v.FI""% in the OEP formalism and assumes the 500 = 1) — ﬂln)’—c(x) (25)
following relation between the measurable coefficieDtsk, V- zF y.d
andty

wherey_ is a function of the local concentratia(x), andy™

Dc__ itk diny denotes its value at= 0 where concentration & and potential
RT 2, 2p2 din c) (21) is set equal to zergy. = ¢' = 0.
LVt Since the electric current densitys zero, eqs 11b and 12b
It can be shown that eq 16 is equivalent to assuming the Nernst reduce to
Einstein relationD; = RTu, whereu; is the mobility of ionic dy_ t VRTt, In
specied, and therefore the NPE formalism should be used in b - S ( + dIn y\dc (26)
dx z,v,Fdx  zwv,Fcl”  dlIncldx

the range of dilute solutions only, where the NerriSinstein
relation holds. Note, finally, that the transport of matter and
the transport of charge are also decoupled in the NPE formalism
LNPE — | NPE _

mq gm .

which can be integrated to obtain the OEP profile(x). This
‘integration is carried out for a given concentration prodile)
(e.g., the linear profile in Figure 1) and making use of the data
t+(c), y(c) available in ref 19.
Equations 23 and 25 clearly show thsp and A¢g are two
The electrostatic potential drop across the liquid junctiog, nonobservable magnitudes which are affected by the definition
=¢'" — ¢', and the observable electric potential drop measured of the activity coefficienty_. This definition is somehow

OEP vs Electrostatic Potential
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Figure 2. OEP profiley_(x) calculated from eq 26. The values of the
thermodynamic coefficients. andy have been taken from ref 19.

arbitrary because the description of an electrolyte solution in
terms of ionic species involves two (nonobservable) activity
coefficients,y+ andy— and the description in terms of the mean

concentratiorc involves only the mean activity coefficient

v

Vo

y =0y @7
The use of the OEP, however, allows evaluation of a profile
1-(x) and a total (observable) potential drapy— which do
not require any definition of the activity coefficiept..

The KCI + H»0 Liquid Junction

As an example, the electric potential profilg) andy—(x)
are evaluated in this section for the state of the liquid junction
shown in Figure 1. The concentration profile considered is linear,
varying fromc¢’ = 0.1 Matx=0toc’ = 0.1 mM atx = L.
The system is KCH H,O so thatr = 2 andzvy = 1. The
pressure is 1 atm and the temperature °25 The OEP is
measured with reversible A8gCl electrodes in local equilib-
rium with the solution. The system in under open-circuit
conditions so that the electric current density is zero.

The transport process that occurs in this liquid junction is
characterized by the flux density of matter (electrolyjg)=
—D(dc/dx), and the observable liquid junction potentiaky -
= y” — y'. Since the concentration profile has been as-

sumed, results are presented for the electric potential only.

Figure 2 shows the profilg._(x) obtained from the integration
of eq 26. Figure 3 shows the profile$x) obtained from eq 25
and the following options for the'— definition: (i) y- =1
(e, y+ =y (i) y- = y+ = y; (ii)) y- =y* (e, y+ = 1).
Note thaty_ can be arbitrarily defined (being eq 27 and
limeo y—- = 1 the only requirements) and that different
definitions lead to significant changes in the proffi&). It is
true, however, that most authors use option (ii), while some
others assume ideal behavigr, = y. = vy = 1. Since the
liquid junction considered involves dilute solutions, the ideal
behavior assumption leads to a potential prafi{e) which can
hardly be differentiated from option (ii) in Figure 3; the former
yieldsA¢p = —3.46 mV andAy_ = 167.52 mV and the latter
yields Ap = —3.30 mV andAy_ = 167.68 mV. This small
difference is partly responsible for the common belief that the
electrostatic potential in the NPE formalism is not related to
the ionic activity coefficients.

Conclusions
Different formulations of the transport equations in electro-
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Figure 3. Electrostatic potential profile(x) calculated from eq 25
for different definitions of the activity coefficient-. The electrodes
contribution has been added L), thus yielding the observable
potential dropAy_- = A¢ + A¢e.

benefits of the OEP formalism. The comparative study has been
applied to the mass transport process that occurs in a liquid
junction of a binary electrolyte solution when the electric current
density is zero.

The most important difference is that the OEP formalism is
based on the potentiap—, which can be measured with
electrodes reversible to the anion, while the NPE formalism is
based on the nonobservable electrostatic poteati&urther-
more, the OEP formalism does not require definitionyof
while the NPE formalism does and yields a potential profile
¢(X) which depends on such a definition. Most limitations of
the NPE formalism are well-known from the excellent review
by Buck?® but the implications of the definition of the ionic
activity coefficients are not usually commented upon. From this
point of view, both the OEP and the electrostatic potential are
phenomenological magnitudes which are defined within a
phenomenological description of the transport process.

The NPE formalism introduces only two transport coefficients
(which are also nonobservable) and assumes a relation between
the electrical conductivity and the electrolyte diffusion coef-
ficient, eq 21, which limits its validity to the range of moderately
dilute solutions. On the contrary, the OEP formalism introduces
three observable transport coefficient and can be applied to
concentrated solutions.

The recently developed OEP formali&hpresents clear
benefits (at least for the cases considered so far) with respect
to the NPE formalism and therefore it is worth considering it
for the description of other transport processes. Nevertheless,
the present study should not be regarded as a work against the
NPE formalism. The NPE formalism has proved for over 1
centuryl12its usefulness in the description of a huge variety
of transport processes. Furthermore, the introduction of the
electrostatic potential makes it convenient for those problems
where there is a nonnegligible space charge density.
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Appendix

The complete formulation of the transport problem must
combine the flux equations with the continuity equations for
mass,djn/dx + dc/ot = 0, and electric chargej/ax + dp/dt =
0, where p is the electric charge density. Because of its
macroscopic character, the TIP does not provide any equation
that relatep to any other transport variable, and this is a serious

chemical systems have been compared in order to show thelimitation of the TIP formalisms, including the OEP formalism.
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TABLE 1: Residual Charge Density p at the Boundaries of References and Notes
the Liquid Junction for the Electrostatic Potential Profiles
¢(x) Corresponding to the Three Choices ofy_(c) (1) Guggenheim, E. AThermodynamigs\orth-Holland: Amsterdam,

1967; pp 298, 299, 301.

plF (M) (2) Guggenheim, E. AJ. Phys. Cheml1929 33, 842.
x/L c (M) y-=1 y-=v y-=y? (3) Haase, RThermodynamics of Ireeersible Processe®over: New
0 10  18x10® 34x10% -11x10% York, 1990; p 268, 289, 293.
1 104 4.2 % 10°15 3.5x% 10°15 2.8x% 10715 600%4) Garrido, J.; ComparV.; Lopez, M. L.J. Phys. Chem1994 98,
The NPE formalism is based on the electrostatic potential and 5, ﬁ)Sfamdo’ J.; MafeS.; Aguilella, V. M. Electrochim. Actal9sg

therefore includes Poisson’s equation (6) Farland, K. S.; Farland, T.; Ratkje, S. Kreversible Thermody-
namics: Theory and Application®Viley: New York, 1988.

o d2¢ (7) Ferland, K. S.; Farland, T.; Ratkje, S. Kdvances in Thermody-
p=- Ed_xz (28) namics Taylor and Francis: New York, 1992: Vol. 6, p 340.
(8) Wetzel, T. L.; Mills, T. E.; Safron, S. Al. Chem. Educl986 63,
492

as one transport equation to be solved in combination with eq '(9) Garrido, J.; CompaiV.; Lopez, M. L.; Miller, D. G.J. Phys. Chem.

15 (and the continuity equation, in the case of non-steady-stateB 1997 101, 5740.

problems). In eq 2& is the dielectric permittivity, which can (10) Garrido, J.; CompanV.; Loépez, M. L. Current Topics in

be considered constant along the liquid junction. ElectrochemistryResearch Trends: Poojapura, India, 1997; Vol. 4, p 115.
Most transport problems, including the binary electrolyte (1) Nernst, WZ. Phys. Cheml888 2, 613.

liquid junction considered here, can be solved using eq 24 (12) Planck, MAnn. Phys. Chem. N. F.89Q 40, 561.

instead of eq 28 (i.e., the so-called local electroneutrality Lor(]%,%)an;’gg?%n’z?' A.; Stokes, R. fitlectrolyte SolutionsButterworth:

assumption). The validity of this approximation is often checked (14) Newman, JElectrochemical SystemBrentice Hall: Englewood
by evaluating the residual chargedefined as the space charge cliffs, NJ, 1991; pp 32, 45, 82.

densityp obtained from eq 28 when the electrostatic potential ~ (15) Bassignana, I. C.; Reiss, Bl Phys. Cheml1983 87, 136.
profile is the approximate profile obtained from eqs 15 and 24.  (16) Mafe S.; Pellicer, J.; Aguilella, V. MJ. Phys. Chem1986 90,
Table 1 shows the values of the residual charge depsity 6945 _ _ _

the boundaries of the liquid junction for the three electrostatic Acgldgm'f'grgg‘s'f‘a@w%?&" 1’5‘23_”?% Phenomena in Membranes
potential profilesp(x) and two different electrolyte concentra- as) Guggenﬁeim E AJ.,Phys.’Chen{l93Q 34 1540.

tionsc. Sincep/F andc differ in many orders of magnitude, it (19) Miller, D. GJ Phys. Cheml966 70, 2639'_

is concluded that, although a charge separation must certainly (50) gyck, R. PJ. Membr. Sci1984 17, 1.

exist, eq 19 is a very good approximation in the solution of the  (21) manzanares, J. A ; Reiss, H.; Heeger, Al Phys. Chem. B99§
transport equations. 102, 4327.



