-

~

re Ty

LR

TOURNAL OF FESEARCH of the National Bureau of Standorde—A. Physics and Chemistry
Veal. 584, Ho. 1, Japwary-February 1963

. Ion Transport Across Membranes: I Definitions of Mem-
brane Electromotive Forces and of Flows of Electrolytic

Solutes
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Ar analysis ia given for the treattnent of membrane transpe

tt phenomens in aegord

with tha theory of gteady siate thermodyoamiss. A linear macroecopie theory for diseon
tinuoys systen is applied 83 a postulete. It is shown that as a eonésquencs of the trans-
formation proparties of the Oneager reciprocal relations the definition of & membranse electro-
motive farce gives corollary definitions of the flows of slectrolytic solutes as 8 whole in the
form of linear combloationg of the flows of ivnio constituents. It is shown that established
conventlons whish set the activity coefficients of ioni¢ eonstituents squal to unity at the
referemen state of wfinite dilution lead to & perticular definition of the membrane eleotro-
tnotive fores which may be applied at any concentration.

1. Introduction

This paper reports the results of » part of a study
directredp t.uwa.rcf the deiniled application of the
thermodynamics of steady state procesees to the
investigation of travsport phenomens at junctions
betwesn electrolytic wolutions. The work was un-
dertaken ag a part of a ressarch project under the
sponsorship of the Office of Saline Water of the 1.5

epartment of the Intecdor. Thiz project had the
sim of improving the methods of measuring and
reporting the clectrochemical characteristics of
mermbranes,

In this paper we are concerned with the problem
of treating permeability characteristics during steady
atates involving the transfer of electric charge without
introducing the claseical uneertainty involviog the
electroztatic potential difference batween two chemi-
ou] phases of diferent composition [1, 2, 3, 4] The
existence of asuch an electrostatic put-entiuf difference
is postulated in discussions of the apqlicatiou of
steady state thermodynamica to electrolytic trans-
port problems.  The usual practice [5} ia to introdues
the definition of the differantial of the chemical
potentiel of an ioni¢ constituent in the form

= (duf) gpapt- 2] Felt (1)

where it iz the total differential of the chemical
potentiaf; £{ is the electrovalence; # is the faraday;
and dk is the differential of the elactrostatic potential.
The first term on the Tight, the “nonelecirical part,”
may be put formally

(@S gpmy=— 84T+ V5P + R Tdln mé+ R Tdln v
(2)

where 5%, V4, mi, and v§ are, respectively, the partial
molar entropy, the partial molar volume, the

i Pigures tn brackels indicate the literalur warencen ot the end of thic paper.
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molality and the activity coefficient at constant
temperature and pressure of the ionic constiuent,
Weo note here that if ion constituents are defined as
MacIonis [6] dafinea them, m4 and hence dln m? ara
operationel quantities without extra-thermodynamic
aesumptions adopted as arbitrary conventions., The
work of Gu Bnllzeim [7] a8 coolirmed by de Groot
attd Tolhoek [8] shows that in ordinary electro-
chemical syatemns only the term duf on tha left in
1) may be includad with dln m} ue an npera.t.iunﬁ
quantity in & thermodyonamie treaiment,

da Gmoot and Tolhoek give demonestrations that,
in principle, one may treat transport across junstions
between electrolytic solutions without seeking to
make the division of chemical potential differentila
called for in eq (1). The first object of this paper
is to set down a fundamentsal steady state treatment
which makes explicit use of familiar electrochamical
quaniities but avoids the use of eg (1). The funda-
mettal freabinent given here i3 new ouly in the sensa
that it iz a unified analysis applicable to the peculiar
requirements of membrane studies. Tt may mee.rljr
ba viewed ag firat a restriction of Guggenheim’s [8]
treatment of galvanic cells to diseontinuons systerms.,
The treatment iz then extended to nonisopiestic
systems H inluding the flow of selvent in & mem-
brane fixed frame of reference. Tt is further axtendad
to the treatment of siationary siates involving flows
of electric charge. Finally, by following Temkin
and Koroshin [10, 11] and Agar [12] in the treatment
of electromie transport enfropies we extend tha
analysie to nonisothermal systems.

In much theoretical and experimental work thera
appears t0 ba a need to adopt conventione regarding
amgle ioh activities, membrane potentinls, salt
Pbridges, or ideal “inert” electrodes. In terms of the
atendy state theory these conventions ara viewed as
giving definitions to s “force”—the EMF—conjugate
to a "flow'*—the electrie current-—in the same sensa
that a pressure difference is a foree conjugate to the
flow of fluid volume. In the discussion given jn seq-
tion 10 wa show an important case in w%ich the ex-




plicit need for such a convention arisee, The 2econd
object of this puper is to study the Tequirements to be
metﬁl}' an EMT convention if it is to lead to an in-
tern %cunsistent. treatment of transport phenom-
ena e will show that the application of the steady
articular

atate thaory leads quita naturaily to a
. Thisz

conventional definition of the membrune E
definition is developed in sections 8 and 9.

2. Analytical Model

In our analyszis we will formally trast a one ditmen-
sional, diseontinuous, open stoady state system with-
out cflemistry [13]. ows through & junction ars
treated as if they took place between two points.
The points, « a.ng 8, are taken a3 tepresentative of
two parallel planes in u real system at each of which
ohie mey a2sign by experiments s truly representsa-
tive averagn velue of any intensive property, A
“junction™ ie everything obetween o and & and its
compoeition need not be defined. 'Wa only require
flow continuity hetween « and 8. The flow of a con-
served quantity, i.e., energy, masa a8 4 chemical con-
stituent, and electric charge, acrose « in the direction
of 8 muet be equal to the flow of that quantity across
8 toward the mirroundings of 2. Flows ars positive in
the direction « to § a:ngsa.re to ba measured with
reference to @ and 8.

The poztulate of local equilibrinm is applied &t «
and 2. A complete set of intenzive squilibrium ther.
modynamic properties can be defined by the local
tempersture, pressures, and component concentra-
tione when & and § are at the same gravitational po-
tential with no other exiernal fialda operating. Dur-
ing a sl.ea:g’ state these intensive propertias are to ha
ronintained constant by exchanges with the sur-
roundings,

We give ¢ priori emphasis to certain consequences
of thie model. The uncertainty which arises in dis-
cussions of transference numbers and diffusion coeffi-
ciants continues to receiva attention in the literature
[14, 15, 18]. An analysis of the model chosen gives
permeability charactetistics a8 integral characteris-
tics of & junction in u cell fix frame of reference. Thus
if the real system were a simple Hittorf transference
cell [17], an int transference number of an ion
eonstituant would be by definition a property of the
middle cell region, a solution filled glass tube. A
transformation to an ordinary HittorT or Washburn
[12] number given with refercnee to the canter of masa
of the solvent would yield another integral property
of the aolution filled glaes tube. The identification of
these latter properties as properties of the solution
would, in the usual way, require & demonstration
that wall effects in large tubes contribute only to the
extent that the tube defines the geometry of the
solution,

3. Fundamental Steady State Formulation

de Groot gives a defsilad diseuvssion of the funda-
mentsl principles of tha steady state theory., We
accept the theory here in the manner of a formal

postulate. The materia] of this sgetion sets forth the
way in which quantities of established cperational
pignificance are to ba smployed to defing flows and
forces in the steady state description of junction
processes without resort to eq (1).

The choice of u concentrution seale is immaterial
to the essential results of thie paper. In noniso-
thermal systems it is generally preferable to avoid
volume concentrations 53'?]. o find it convenient
to employ molalities, mole kg~ of solvent. The com-
positions of the sclutions at o and § are defined by
the concentrations of r constifuents. The first m,
including the solvent, are nonelectrolytes. The next
r-m are 10Di¢ constituents, We define a constituent
composition vector, {m’}, the elements of which are
the molalities of thesa constituents. We define the
conatituent electrovalence vector, js-’ . where the
slementa are the electrovalences of the respective
constituents represented in {m’}. The restriction of
the electroneutrality condition iz expressed by

{#}1 {mf}=0 (3)

where the superscript dagger, t, detintes transpo-
sition.

Under tha restriction imposed by eq (3} it will
alwaya be possible to express the composition of polu-
tions o andp fiv terms of r—1 indepannient COMPOTents
&38}. We define a component composition vector,

m"}, where the respective elements are the molali-
tiea of electrically neutral isolable chemical com-
pounds. Thess composition vectors must be con-
nected by & relation,

i{m*}={m'} (4)

orT, I more detadl,

1 - 0 Q - ]
1 0 - ]
] O Vmes,mit oo Pmdiee
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An element, »y;, of the matrix [»] is zero or & positive
integer. It is the number of moles of the ith consiit-
uent contained in one mole of the izolated Fth new-
tral component, The particolar combinations of
ionic eonstituents chosen ss nentral eomponenta ara
& matter of convenience axcept that the independenes
of the components requires that {v} be of rank r—1.
A unique solution must exzist for the molalities of
compotents in terms of molalities of #— 1 constituents.
We note that the requirement of electroncutrality
for every component is expressed by

{1 1=101. (8)

¥Wa olso note that convenience iz beat served if 2] ia
chosen such that the elementsa of the solution vector
{m*} of eq (4) satisfy the condition

myz=0; (7=1,2,...,r—1} {7}
It is immportant to note that in equilibrium thermo-

dynamics one can treat the I-ERIET%?EK% B t.Ihch
L= I n a

component ayetem such as
steady state treatment of transport processes—
“without chemisiry”’—such as the interdiffusion of

the ecomponents between solutions with differin
eoncentrations of NaCl and EBr we must reg'ﬂ.rg
such solutions as special cases in which the concen-
tration of a fourth component, either KCI or NaBr,
is zero. In practice such special cases would be
treated as the result of special restraints upon the
possible trensport processes in a system under study.

Writing
{8)
as the difference in chemical potential of a chemical

component or constituent hetween « and § and
using the equilibrium property

ﬂ#r=#§ '“.p"ll!+

¥
#f=iz_.‘{ vy {3=1,...,r—1) (9
wa sectire the equation,
(Apt
ot
Apn
) 14
[t 4 &8%a =4 2 (10}
ﬂﬂ:n
$e1 o
N éj‘:—] o’
LAps

The superscript, *, indicates quantities which are
funetions of unfy temperatures, compositions, and
pressures in accord with classical thermodynamics.
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The superscript, ¢, indicates quantities requiring an
auxiliary olectrochemical operation involving meas-
ured transfers of clectric charge coupled with
measured transfers of material constituents [19, 20].
The algebraic theorem thet eq (10) possesses no
unique solution for the elements of the vector on the
left is equivelent to Guggenheim’s conclusion that
where o and § sre formally treated as electrically
isolated phases, the eleamenta Apf hawve no general
thermodynamie significance. However, when & and
£ are not electrically isolated but communicats
through a junction permeable to at least ome ion
conetituent, the elementa Auj are operationally mean-
ingful. Guggenheim considers the case when « and
g are st the same temperature and pressure. He
shows that when a reversikle current can ho passcd
between the terminals of o pair of identical electrodes
reversible to tha fth congtitwent, one at « and one at
g, the relation

Ag, ppi=r{ F (B — BT} (11}

defines the chemical potentisl differences when
B — E7 i the electric potential difference measured
between the electrode terminals. Equation {11} is
easily modified to include cases where the tempera-
tures and pressures at the electrodes are not equal.
Here we follow Temkin and Komshin [10, 11],
Agar [12), and deBethune [21] by choosing to have
the leads from the electrodes at & and 2 be wires of
identical composition which come out to termrinala
which are at the same temperature, hut we specii-

ically uira the vse of platinum wire for theose
icads.® & write the electrode reaction
> muﬁ¢+zl_{ F{te-—0 (12)

for an electrode reversible to the #th constiluent.
Z{ denotas tha chemical symbol of tha constituens
corresponding to the ith element of {mf}- .o denotes
neutrari componenis of the olectrode which ara
virtualiy inseluble in the solutions at the electrodes
and, henee, are not tepresented in the vector {m*}.
For example, for s silver—silver chloride electrode we
write

—Ag+AgCl—Cl-4e~=0 (12a)
with ¥ taking the values 1 and 2, & is sllver; @ 16
silver chloride; and A, and A; are —1 and 1, ro-
spaciively.

Wae then write for each ion constituens

fi=m-1, ...,

Aui=a] F s {13)

3 In monBudbennel 9yakms 1t B pocosry b0 Indkets (e refoescn mediom
Implied bor alectrony ana writea an slectrode resstion.  The established nia
of plallnnng in onstyusting hydrogen eleetnndes And in reakstAR e harmo matas

1t oofwetibetik 10 rcgﬂrg bintlodm e 26 °C »8 the oeberoocd miedlui Fo

eben LIS,




where Ag; in the EMF obtained by corresting the
messured EMF, Ef{—F5, for the homogensons
thermoelectric offect in the platinum leads and for
the chemicn]l potantial differences of the insolubla
components involved in the electrode reaction, i.e.,

A= {EY—ET)+ :gwATm‘%,? Dby,  (14)

- )
where Sy, 12 the transported entropy for elecirons in
latinym #
ar silver—silver chloride clectrodes under ordinary
conditicnz eq {14) becomes

O
-=(Bh-—E5-) + 32T
— (B Baec) AT~ (P—Ticc)aP)  (148)

where the term in square bruckets is derived from e
{16} below with the condition that

for compounds in their standard states,

Equation (13} defines the last r-m elements of the
vagter on the left in eq (10}. The firat m elementa
ate delined using the classical equilibriuvm thermo-
dynemic relation resulfing from the choice of tem-

ture, pressure, and molality as independent
intemsive varighles, i.e.,

dir=—FuT+TP+E(35) | amg (o)

5t denotes the partial molal entropy; V! denotes
the partial molal wolume; and the summetion iz owver
the mdependent solute components represented in
the vector {m*}. Since we wish t0 express the
thermodynamic “forces”, AuY, ns finear functions of
the experimental “forces” it is convenient to write

bi=—FIATHViaP+ S onslog i (17)

where

. Suf
4 __alogm“;),..:.,.

with log danoljx‘lig logarithma to the base 10. This
gives o condensed symbol for our constant coefficient;
wa expect AuY t0 be more nearly proportional to
Alog m} than to Amf. We restrict our attention

(18)

FAL fmperatirgs pear i *C the work of Kovosblo angd Tamiein givea
Moo B0 IO VT {220 Ok
witl tataperatire i degroes Eolvin and S 1o volt rasaday deg-1,

bere to steady siabtes representing displacements
from a definite reference state of complete equi-
librium between « and 8 when the solutions o and g
have the same temperature, pressure, and con-
centrations of components with oo net flows of
energy, chemical counstituents, or electric charge
tuking place betwesn them.* The vectors {m'} and
fm*] are defined at this state.

It is nseful to show how 8% js to be in
terme of the eolution ecompositions and activity
coeflicients.

We have the definiog relaticn

(W)g, = + BT ?;1 mdnmlyls (§=1,2,...r—1) (19)

where the suminations are over the elatnents of {m*},

Here, for ion, constituents, 47 je a single ion activity

coefficient * which in this paper has no more than
the ordinary sipnificance of a formal deviee, It
gisappe&rs when eq {19} is written in the meaningful
orm

()5, p=ill -+ BT f_g vo In m{HABT I vt (20)
whare

Pi"'ém (21)
and +f is the molal activity eoefficient for nonslec-
trolytes und the mean molal activity coefficient for
elecirolytes, From eqd (20) and the definition -
given by eq (18) we fin

__RT £ ¥t alog-rr) i
9:’_'1143'13 [m?k-l mi + (a' log m} r.a.n:l ()

There iz o tes] advantage of simplicity and con-
venjence 1n the form of eq (22) where ionic molalities
are retained. The introduction of mesn ionie
molalities ap suggested by textbooks leads to
an almost hopelessly unwieldly expression in the
general case.

e vocognize the experimental fact that the solu-
tions may be of such a composition that no revemsible
glectrode will function as required by eq (14
Howaver, an demonstrated in section &, if a single
pair of reversible electrodes is available to measure
Ay for any one of the ion constituents represented
in {m’}, the added equation supplamenis eq {10) to
give a solution for the remaining terms, Apf. Thus,
given a satisfactory pair of reversible electrodes, we
may define every term in eq (10} in terms of oper-
ational quantities withouet resort to eq (1),

& The gheady dfabe pottnlube aan e applisd with rafeesres bo ofber sgitllibrinm
sbaten, &5, ornokle aquilibwiym, Howseer, o writiogeg {17) we imply the oo
indicated Dooatis w regard J% F o~ oid D* 5% constans,

4 Tt okl be poticed that we distingush -lne-qﬂt}nn'u.d-rfhm. We d
1luh¢mgdeﬁnadmthahuinntapmmhtm almu.ﬂnpo&enﬁﬂ,
Af, e be operatlonely defined betwesn galiklong of difenamt ot pelibons at
finita concentrations. This prstnlats hes bean repected
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A fundamental set of phenomenological relations

{F}=[H X7} (23)
with
=1 {24}
may now be set down by choosing
o J{ b - —ﬁ.ll-T -
74 —dpg
[F1=< Jhi ¥ and (X }m= —Aphu ¢ (28
Jf _ﬁﬂ:
e J‘ F A —A ]ﬂ T J
This choice of flows and forces 18 similar to that em-

ELojred by Kirkwood [22] in differential form. We
¥o already defined the firet » elements of { X'}
snd grant that Aln T is a meaningful quantity. The
first r elements of {J} are flows of chemical con-
stituents corresponding to the respective elements of
fmf}. Bince :ﬁ"g chemical constituents are defined
a8 having fixed identities in cell processes including
exchanpes with the aurmundine%a of & and 2 it may
be granted that the firet » elements of {7] are
meaningful quantities. It is this conservation of
chemical identity in the completa specification of
concentrations and of flows of matter which permits
the analyeis ‘without chemistr?f” [12].%

The flow of “en ic heat,” o, must he given
gpecial notice, We select the name, entropic haat,
on the hasis of the dissuseion set down by de Groot
[24] who notes that variousz flows are termed “Hows
of heat” by different authors, The flow of entropic
heat is defined by

J5=J.u§:pm— ! % T (26)

where J. iz the flow of energy. Enargy iz of conree
congerved in all ¢ell processes, Entropic heat iz not.
However, we cannot rely upon eq {(26) alone to
define J{ gince the chemieal putanta&l of a single ion
constituent, u¢, haa been given n¢ meaningful defini-
tion. Only its significance in the particular linear
combinations of eg (9) has been established. It is
nenessary to state conditions which are at least
aufficient to eatablish an operational dafinition of J3.

We first note that by eq [(23)

Ji=— L AWT— 3 LL,XY. @7

% The Lrestment of water a8 & nooalacdralytic solvent Umits th~ particpation
af hydrgen g hydroxy] oo In Lhe pel tramefer of ebentrle aharge tn thess ays-
tem3 where elther 3 strooe sekd or siTong base is present ob ooaodabs,  The toeat-
mant of weslr elsotreyias regoires tha Introdecdan of Ychemisry B
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A measurement of the thermal conductivity of the
junetion when all lows of matter are zero gives

Ji=du; (=0 (28)
from which Lj; may ba determined using
e L Xi . _
Léa_ Aln T+§ L{J Aln T {Jﬂ‘i—m (28)

when the experiment is dasi%ed to simulianeously
eveluate the elements of {X} and the elements
L3, ave alveady known, Since by aq (24}

Li=L3%, {30)
the eguaticns
J & X
Ly=Liy=— gt B ol 6D

applied to meamrements of the flow of each material
constituent in the presence of a temperature differ-
ence would evaluste each term Lf, when again the
elements of {X’] are simuliancously evalunted and
the elemente Lf, ave known, We finally require the
mepsurement uf a complete get of irothermal per-
meability characteristies to define tha elements of
the isothermal admittance matriz in the equation

Lf - L (X b
|[ ......... ]] { ={ a2)
g - ondl Lx gt

which is obtsined from eq {23} by setting Aln7T
equal zero. Isothermel messurements dealing with
flows of conserved quantities require no special
discussion,

This formulation of & lnear macroscopic theory
requires an additional postulate to put a restriction
upon the magnitude of any admissible displacement
of gquilibrium from ihe reference state. We have
chosen to give the treatment of a discentinnous
system in order to avoid operational uncertainties
which often arisg in attempts to apply an analysis
of y continuows system [25]. In general we are
unable to measure intensive properties at an arbi-
trarily dense succession of planes lying between
@ a.nd[Yr B. Our choice is in line with the 3 tions
of Kirkwood i!22] and Seatehard [26]. ua ths
specifieation of & junction such 2s ona including &
membrane or porous plug must include the spectfi-
cation of the composition of the contacting solutions
at the raference stata. AL the referenca siate we
formally assume that equilibrium iz establiched with
respoct to all solvtion components throughout the
region a to 8. The integral admittance matrix,
[I%, can in principle include linear ‘“polatization”
effecta in the boundary layers. However, with




reference to Kirkwood’s treatment of thed tirec
transformation of the analysis of a continuous
system into the analyeis of a discontinuous 3ystem,
fchlagl [27] has demonstrated the possibility of
“apparently” linear phenomenological relations
whera the elaments of {IE’] are Nob PTOPEr constants.
In such s case the respective elements of a series of
differential admittence matrices defined as funciions
of position between o« and 8 would not, upon inte-
ration, give the corresponding elements of _l[g.{[}

a purelfy phenomenological approsch no bams
canl exist for distinguishing “really’” and ‘‘appar-
endt;l]y” valid applications of egs {23) and {24).
Schlagl’s analysiz sugpesta that no difhculty exista
in the limit of the reference state and that if the
forces represented in { X} arg “eufficiently amall,”
the ezperimental demnonatration of any such dis-
tinetion would be difficult and would require meas-
urements of the highest accuracy and precision.
We require some guantitative criterion for judging
what {orees are “sufficiently amall *

Miller [28] bag recently raviewed the experimental
evidence whichk hears upon the walidity of the
Dusager relations in macroscopic processes. Miller
[29] and Dunlop and Gasting [20, 31] have piven
detailed attention to ternary diffusion in electro-
lytic soluticna. It i2 clear from a study of these
papers that any criterion will nacessarily be some-
what arhitrary. Nevertheless, since a major part
of the intuitive support for ihe postulation of &
linpar macrozeopic theory involves the astablished
validity of linear fres emergy relationships such as
eq (17} it is reasonable to sesume that the range of
validity of eq (17) is of fundamental significance in
applications of the theory. Therefore, we choose to
apply the following minimum condition:

It is assumed that detcrminations of the elements
of t‘E_’."] will involve displacemcnts of equilibrium
with forees and flows of such & magnitude that the
uncertainty in the value of an element Li; arising
from uncertainties in measuremeants of tempetatures,
concphtratione, pressures, and potentisls will be
equal to or greater than the crrors introduced by
neglecting variations of V2, 5%, and 6%,

Thiz eriterion has the practical ndvabtaga of
setting ""sufficiently small” at magnitndes eonsistent
with the precision and aecuracy of any particular
experimental investigation.

4. Transformation Properties

In the fundamental formmlation, & flow of alectric
charga is identified with the fiow of each ionic con-
gtituent and a conjugate alectromotive force is de-
finad for sach auch flow. Howsver, no net How of
charge or overall electromotive force cceurs as an
olemant of the vectors {7} and { X'}, The tharmo-
dynamic theory does not require vs to deline vectors
containing guch elernents, but the definition of all

clements of {J] during all processes including
electric ch flows depends upon our extra-
thermodynamic definitions of ionic constituenmts
and our uge of tha established conservation relstion

I T
o §+1 2{.F{.

(33)

The alectric eurrent in amperes is denoted hy 1.
Equation (33) suggesta a linear transformation of
flows to give a new flow vector, say {J'}, where one
element is the flow of alaciric charge. A correspond-
ing transformation of fotces to give a new forece
vector, { X'}, would contain sn imcnt conjugate
to the How of charge. In this paper we identify
such an element of { X'} 28 & junetion EMF.

The steady state theory explicitly defines restric-
tive conditions which must be applied in carrying
out linear transformations of flows and forees. The
transformation properties are summarized by de
Groot. [32]. We eet them down briefly in the nota-
tion of this paper.

We take a3 given

) {J =X} {23)
with
[L]=[Z" {24)
and
To={J7P{X"} (39)

where ¢ i the rate of entropy Emduntion during &
Ete'jld ﬁtate process described by the vectors [J';
an .

We may choose an aliernative deseription of the
same stendy state process in terms of wectors {J}
and { X'} whare

W= HX ) (35}

with
[L)=[E] (36)

and
Te={J 1A'} (37

The entropy production, o, must be invariant under
& linear transformation of flows and forces. Wa
must defina a new force vector by

(X' =[] X} (38)
where the order of the superscripts in the matrix of

the linear iransformation indiontes the direction
of the transformation, i.e.,

[b4=1"1

The alements of the vactor {X*} must be linearl
independent combinations of the clements of { XY ]):

1.e.,
det [H7 =0

(39)

(40)



where the prefix, def, denotes the determinant of
the matrix. The corresgonding transformation of
flows is uniquely defined by

('} =l 1)
(1=16"]

(41)
(42}

where

Alternatively, since the reciprocu]l of the teanspose
of a matrix iz the same ag the tranzpose of itz reciprocal
ihe transformations may be defined in reverse order

with
[ 1=1a"]"" (43)

The matrix [6"] takes the tole of de Greot’s matrix
f and we note that an application of the trans-

lormation
& ]=l"HiA "} (44)

iz required to complate tha definition of an alterngtive

set of phenomenological relations to replace eq (23).
Fi , we note that in the general case we are
desling with a foree wector whose elements are

formally linearly independent in terms of their
definiticns from meastirements of intensive prop-
criics. We Inay state that if not all the clements

Xi are zero,
j}jﬁe.xz{a&ﬂ

for any choice of constants, ¢, The fransformation
properties piven remain valid repardless of the
permeshility characteristics of any junction perme-
able to at leazt ono ion constitvent. In a real
system if any one flow or a linear combination of
flows is identically zero in all steady state flow
processes, the elements of {JF] will not be linearly
independent, We will study such 2 speecisl case
in section 7 below and sef a linear combination of
forees to zero. de Groot demonstrates that the
& prioré definition of independent forces secures the
validity of the transformation properties despite
any linesr dependence of Aows iu a special caze.

{45)

5. Bestrictive Condition Upon a Defined
EMF

Wae consider first & matrix guif ‘). Certain general
restrictions upon the form of this matrix may be
adopted on the besis of elomentary considerations.
The nonelectrolytes sre éndependens componenta of
conserved chemical identity. The law of conserva-
tion of mass iz applied to the flow of each such
nonelectrolyta. The flows of r—m—1 electrolytes
and of electric charge are an interdependent gronp
aubject to the laws of conservation of mass and of
electric charge, but the electroneutrality condition
only operstes as a restriction upon the flow of ionic
constitugnts with respect to other ionic constituents.
It does not restrict the independence between fows
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of nonelectrelytes and electrolytes. We take thess
points into ¢onsideration when we write

(1=

1 ¢ 10 0 0 L
| i
9 110 0 B ¢ 0
—————— e m e e e | v
0 0 :ﬂm+: m+1 g1, 7 —1 ﬂim+1,r: o
- e . [+
U' . I] :ﬂr—l,m+1 a’r—'l..:r—:l ﬂ;r—l.rl [I
0 0 |3§§4+| C EH : 0
————— — =
o a1 n 0 ] 1 1
{46)

where the last colnmn and the last row indicate that
wa ratain tho flow of entropic heat as a fundamental
flow. It iz convenient to have the rth element of
our new vector {J'] equal to the flow of electric cur-

rent. This iz indicsted in the matrix whera
aly=0; (j=1,..., =,q); {47}
snd i i
a=2f; (j=m41,..., 1), {48)

The rth flow decfines the flow of electric charge,
The flowa Jf; through J, are tha flows of neutral
componants not involving a transfer of elsciric
charge. It is natural to inquire into the possibility
of defining as sat of r—m—1 independani flows of the
neutral electrolytic components represented by the
laat r—m—1 elements of the vector {m?} in such &
way that these flows do not imply a flow of electric
charge. Om the most elementary rationsl grounds
& nat transfer of & guantity of sn electrolytic com-
ponent from o to § must represent some eombination
of the transfers of ionic constitnenis. It iz not
obvious that any established rules or conventions
dictate these combinations, but we identify the
reapective conjugate forces defined by a matrix
[6%] with the chemical potential differences of
neutral electrolytic components defined as linear
combinatione in eq (10). The fact that the eq (42}
deseribes & unique operation permits ws to carey
out an inverted development.

DBofore setting down & mairix {#] we note that in
the matrix [2”} given shove tha dashed linea show
how the matrix may he partitioned to give a peendo-
diagonal matrix;

M 0 0
= 0 N © 49)
0 o0 @

The submateices [M] and {@] are identity matrices,
and tho submatrices [0] are zero matrices. 16 re-




sulta 83 a property of suoh formg [33] that when the
NE is not singular

1=l 1~ 1=|[ﬂ -t g] (50)
with
det V' l=det [N}*-! (51)
Thus wa write the pzendodiagonal form
1=
|
0 0 L ]
] 0 I 0
_______________ : -
¥r—Lmtl Promtl | 0
M--.
Fr_1,r—1 l"r,:l*—l= 0
blle-e B 10
_______________ | -—
0 o '
(52)
with the matriz [}t from eq (10} comprising the
first #—1 rows and first » colwwns. v the sle-

ments, 3{), in the rth row and columns m-41 through
+ are left to bo determined,

The restriction upon 4} can be demonstrated.
For the moment weo assimne that def [M')} does not
wenish. The definition of an element of the ith row
of the reciprocal of & transposed matrix s [33],

Gﬂf Lt
~det [#] B

.‘J’

(53}

where the numerator on_the right ia the eofactor of
the element indicated. Fu]lowmg £53) we write
the definitions of the elemente -::-fﬁﬂ:a‘“] within the
submatrix [N] as

. Nihi-m
ﬂ-{j =ﬂ;€t [N] { 1 {ﬂ}

The electrical nentralit; iy
sented in the vector {m*}
the condition,

of each component repre-
as stated in eq (6) gives

23 2 NI =0 r—1) (55)

=mtl

{i=m+1,...,

Equatmn (55} applied in the first r—m—1 rows of

det [NJ~! gives zeros as the first r—m—1 elements
of any column when the ather r—m—1 columns are
added to it. The jagt element of that eolummn
then becomes

> 2 Nyh, ..—E 4

i=mt1

(56

for any jth column, TIi then follows thaié

. cof BiLs oF ,)
dot p1=2075( 32 o85) 6D
for any jth column m~+1 through r. Substiluting
from eq {57) for d §#'] in eq (53} gives
r -1
r_ 2
at=2( 33 =) G8)
Clearly, if
> b=l (50)
=ft1
eqs (47) and (48) will be satizfied Fro'ﬂdrd sy is
not singular. The nonsingularity of [¢'} is assured
by the reql.uremant. that f»] be of rank r—1, At

least ong eof 57; will not venish, When the conditien
of aq (59} is ﬂ.pphed the determinant will be given hy

_eaf Bfj
_-—fz{ (),

6. Reference Ion Electromotive Force

An extremely important clase of expenmenta]
systems including eoncentration eelle and various
calla with transference have identical reversibla
terminal electrodes 1] and can be designed to fall
into the class of systems discussed in section 2. It
iz proper to inguire 88 to swhether or not the EMF
between w single pair of identical raversible probe
electrodes, one at ¢ and one at §, may be formav]#y
regarded a3 the junection electromotive force a
may choose to order the elements of {m'}, { X"} and
{J’% to have the rth constitue1t be that one to which
the electrode palr 18 reversible,

_ : Wa define a "refer-
ance jon' force vector with

det [} (80)

Xi=X{, {i=1,...,m}; - {61)
X;=I§1rﬂ}f{; F=m-41,...,r—1); (62
. ¢
X"=E-f {63
and
Xi=X{ (64)

Tha matrix [#7] s thus of theclass of [6] in ag (52).
The slements
bii=0;

brrE..L

B'r

(7=L,...,r—1, @ (B5)

and
(66)

clearly satisiy the restriction imposed by eq (597,
Thearelore, any one of the r—m EMF's Ap, defined by
#q (14) may be chosen as the junction EMF.

e

reference ion formulation is importsné for

practical applications. In most systems one can at




best dizcover a mingle pair of sdequate reversible
electrodes. Experimental flows will normally be
expressed moet directly in terme of the vector ‘['g" }
with the forces being in terms of the vector {A7],
A transformation,

{X=p"HX}, (67)
muet be applied with
[ =" (6%)

7. Iunctions With Zero Electric Current Flow

Treatmenta of electromotive forces acting across
- junctions are most often encountered in discussions
of the thermodynamics of galvanic cells. In such
treatmenis ohe 18 concerned with the apparently re-
versible EMF messured at the limit of zere electric
current flow.  Guggenheim [9] has given a treatment
of ispthermal, isopieatic cells with liguid-liguid juae-
tiona without emplo¥ing (1}. e treatment is
one of & continuous steady state system without
chemistry in & solvent fixed frame of reference. His
work Iz an sxcepiion to the apparent universal prac-
tice of using eq (1} or itz aquivalent. Therefore,
some indication must be given of the relationehip
between the trestment here and the more common
treatments. In addition the treatment of junctions
at ptates of zero current gives an important relation-
ehip for use in connection with eq (10).

It can be shown [34)] that when no elsctric corrent
is flowing threurh the junction,

Tha coefficients, rf, are the integral stoichiometric
transferance numbers in & call fixed frame of reference
when no difference of temperatura, pressure, or com-
position exists between « and 3, i.e.,

d=di (2 5 1),

(69)

(AT=AP=[Am*} =0).
{70}

The numhers r] are properties of the junction defined
as functions of the slements of the admittance ma-
trix [Ff].

These funotions are

f;=f; ?.3, 2L}, (1)
where
L,=g’1: > el (72)
with
Pt (73)

The detailed manipuletions leading to the above
relations need not be repeated. However, in existing
analyses the use of eq (1) as an elementary postulate
gives a familiar reault in differential form aa

¥ T

— Fi=33rdn)ur=RT il a)gae (1)

which because of uneertainiies in notation mey ap-

pear to be inconsiztent with eq {69). The relation-
ship may bhe sean clearly if we write
Mpy=(Ap Yaemy 257 AE {75}

and substitute for Ap; in en (69). The uee of eq {73)
to reduce the coefficient of FAL then gives

— F =3 (B dsemo (76)

{f course this only demonstyates a formal shstract

relationship sines the operational eignificance of eq

1} has not been eeta.l:iished for ordinary electro-
emical sysiems,

Nevertheless, we note that eq (69) is & linear com-
bination of ehemical potentinl differences defined as a
function of the permaesbility characteristion of the
junc¢tion. Thus when this relation js added to the set
of equations in eq {10) wa have s sot of 7 equations in

¥ unknowns,
1 a 0 U] 0
L] 1 0 ... 0 0
0 0 ok I, okl Prodm—tL Frm1
0 0 i gl r—1 Pretr=1 Froe—y
!  EA A E L !
I " "y - . -
Apt it
Apm Apa
4 Spter =1 Apdi ¢ GT7)
Apg_y Aur
L Ay L 0 r

The elements 7§, through 7 obey eq (73); there-
fore the condition of 9131 (58) required for ..,
through 3} in tresting the matnix [§] applies. It
may be shown by 2 treatment similar to that applied
to {#] that the matrix here does not vanish unless
{78)

T:£+1= o =1{=0




Thus if the junction is permeable to at least one ivnic
constituent of the solutions at ¢ and 8, eq (77) pos-
gessed s unique solution. ‘This result confirms the
statement given after eq {10},

It should be noted that eq (77) has the distinct
practical advaninge of unifying the treatment of
galvanic cells baving identical terminal electrodes in
compartments separated by e defined junction
through which flow continuity is establishad. It is
clear that a solution for any Au} will after applying
eq (13} mve the EMF, Ag,, st the limit of zero electric
current flow in terms of the transference numbers
asnd the thermodynamic properties of indepandent
isolable componenta.

8. Elechhromotive Force at Infinite Dilution

The referance state of unit activity coefficient es-
tablished for treating the thermodynemic proparties
of solutes iz iuﬁnit?ﬁilution in pure zolvent. Iﬁirtha
limit of infinite dilution aqueous salutions of strong
clectrolytes are “nearly” msvlators and the Debye-
Hickel limiting law is valid for electrolytic solutes az
& whole. In aceord with the discussion of Tolhoek
and de Groot [ﬁ] snd G eim [7] we may regard
it as meanitgful to speak of a difference of electro-
static potential acting s n part of the “fores™ con-
ggFate to tha transfer of an ionic constituent between

ntions of infinitesimally different compositions in
the neighborhood of infinite dilution. 'To define thia
“force’ wa make use of several commonly used extra-
thermodynamic conventions, and we need only con-
sider isothermal, isopiestic systems,

We nssume that the activity coefficients of solute
nonelectrolytes approach unity much more rapidiy
than their concentrations approach zero in t.ha?innt
as o selution is diluted with pure solvent. We write

{dp?)y. ,/=RTdIn m¥; (=2,...,m). (gt

For ionic solute constituents we apply the same
gssumption and writa

(@) r.r=BTdInm{ Tei5dE; (t=m+1,...,7) (80}
It will be noted that the Debye-Hickel theory sup-

rtd the assumption underlying eq (80} since the
imiting law

{(ln¥)r, » st mg=—A(2]) "0 (81)
whera u iz the ionic strength, ie.,
1< 1
u=g > (imd, s2)

suggests that (Iny!)r reean approaches zero in the
Limat of infinite dilution as In w approasches minus
infinityr,
Using the relation.
a1

dInm{:m{

(23)

in eqs (79) and (80} and then applying the eleciro-
neutrality condition

2

r

j_%ll sldm{=0
gives & set of + equations in r unknowna.
BT o 0 0 0
mi
0 ET o ©
mﬂ-
RT
0 0 iy 0 zn
0 0 0 ‘E 2
0 0 2. ... = 1]
~ L ' b
dm{ (def)r, e
dmf, (demtr.r
{ dmbyy 0= (@ehidrr (85
drm, (dutde, 7
FHlE L 0

The coefficient matrix is nonsingular; its determi-
nant 13 given by

s

T -1
zummu(inz m{) >0, (86)
The solution, _
_ L #mi '
Fit= 33 G G)rn, C)

ives the differentinl of the electrostutic potential at
infinita dilutien ae o lingar combination of the
differentinla of chemical potantial. The coeffi-
cients in eq (87) satisfy aq (59).

It 15 clear from the form of eq (30) thﬂ.trrtfg i

introduced as the “ferce” conjugate fo woy



tesimnl transfer of electric charge, hence, eq (87)
defines the electromotive force at infinite dilution.
We use eq (87) to define the elements of the rth
row of the linear transformation matrix in

pr{XT} =X (88)

where [57] iz of the class required by eq (52). By
eqs (41) and (43) we have the transformation

10" {7} ={J} (89)

where each element J2,, through J9., is & linear
ecombination of the flows of ionic constituents de-
fining the “flow"” conjugate t¢ the ‘“force™ acting
on an isolable electrolytic component as a whole,
* The ecombingtions are necegsary consoquendces of
establichad extra-thermodynamic conventions and
assumptions. They are imphcit in our established
metheds of tresting the properties of completely
dissosiated electrolytes.

9. The Membrane EMF at Higher Concen-
trations

The definition of the membrane EMF at higher
concentrations follows directly from the definition
at infinite dilution. In order to remove any implica-
tion of a definition of an electrostatic potential
diffarence st finite concentrations and concentration
differences wo write

Fy= 32

=]

2fmf{

where ¢ 1z the electromotive force between o and B,
Wa regard  as repremntinf the action of an elactric
field in the sense that it denotes a force acting to
produca a How of gleetric sharge, but it is not a
dicnt of an external slectrostatic pofential field
35]. The EMF, ¢, is fully meaningful since every
term on the right hand side is meaningful. It 19
arbitiary in the sense that our choive of the referance
state of infinite dilution and the applicstions of eqs
é’a‘e‘}‘gﬂmﬂ {80) are arbitrary. It depends upon our
itions of the elements of the wector {m'] and
our usa of thess ion comstifuent concentrations in
writing the iomic strength, u, given in eq (82) and
the electroneutrality condition given ae eq (3).
It iz, howover, quits independent of any arbitrary
choice of the matrix Jv] to give the tiements of
é:il"L *The matrix {3"] of eq (89) defined at infinite
ilution fixes the stoichiometry governing axchangas
of radical chemieal comstituents. The most aleman-
tary considerationz of internsl consisteney dictate
the nse of this same astoichiometry regardless of the
abzolute concentrations of the solutions.

10. Discussion

The need for defining 8 membrane electromotive
force and the corcllary flows of electrolytes ag a
whola arisas quite naturally if we consider the treat-

ment of electrokinetic phenomens. However, we
must first establish certain points in terms of a
apecific exampile,

Consider & membrane cell with compartments
filled with HC] solutions. Let it be amrspged in
the manner of a four lead resistor with o pair of
probe elactrodes olose to the membrane—one on
each side. These probe electrodes establish the

oeitions of the planes, o and g8, indicated in section 2,

hey are potential indicating devicea and carry uo
steady eleciric currents. Let each compartment
wleo be provided with a working or current electrode
more remote from the membrane than « and g
The electroda reactions at the corrent electrodes
are to involve virtually inscluble components and
either the ehloride or ihe hydrogen ion constituent
of the solution. Let us alse provide for eontinuous,
adjustable flows through each compartment utilizing
feed solutions of adjustable composition.

A little reflection will show that we can establish
a particular steady state—defined by giving the
elements of {X'}—regardless of whether it iz the
h}ydmgeu ions or the chloride ions which are ex-
changed with the solutions at the current electrodes,
The adjustments of faed solution compositions and
rates of flow eerve as our eompenszating varinbles,
1f the phenomenclogical relatious, eq (23}, desoribe
a sieady Btate process taking place between « and 8,
they describe it independently of the specific natura
of the processez at current electrodes which may in
practice be at virtually infinite distances from the
region between o and 8, This statement of inde-
pendence, the independence of dissipative proe-
esaed occuring in different regions of space, expreases
an elemontery requirement of the steady state
theory  [39).  Procosses which are deseribed as
coupled—having phenomenological relations with
croze coefficiente—in the prodoction of entropy
must take place in the same system. By system
we mean ah open system, the region of space be-
tween o and 2 as defined in asection 2. If we wish
to describe & particular process in terms of zome act
of phenomenological relations resulting from &
lingar teansformation of aq (233, the second form of
the phenomenological relations will describe the
same and ondy the seme process if and only if it ie
defined a0 sa not to include erfernal dissipative
processes. This clementary requirement is  ex-
pressed in the stendy state theory when we state
that the rate of entropy production given by eq (34}
must be independent of a linear transformation of
the forces and flowe.

Ordinary isotherinal electrokinetic phenomens at
memtbranes are investizated by making experimental
measyteiente—in & membrane fixed frame of ref-
erence—of flows of fluid volume and elactrie current
under the influenece of their conjugate forces—pros-
sure difference and eloctric potantial difference.
We can site, for axample, de Groot's [40] and Gug-
gﬁﬂheim’s [36] demonstrations of the application of
the steady stute theory in the special case where no
diffcvences of temperaturs or of composition are
ptezent to act as forces. They show that the well




known experimentsl relation, the Saxén relation, be-
tween the streaming potential and the elactroosmotic
iranapaort, 1.a.,

: )

AP fwaTm[amt )= 1 JaPearmjame}=n o1
may be ragarded as a conzequence of the Omnsager
rﬂm{:-mcal relations. Jy is the rate of fow of fluid
volume and Af is, as befors, the difference in elec-
troztatic putentmf The electrostatic potential, Af
is of eourse & meaningful quaniity when messure
betwesn phasea of ideutica composition and tem-
perature; it is the EMFE m&&auremtween the ter-
minals of any pait of identical electrodes. Hencs,
neither of the trestments cited makes any reforence
to the nature of the electrodes employed to measure
AL Tha fact that these analyses impose the reatric-

tion
{92

AT={Am*}=0

and tha fact that in practice the ezperimental
measuratnents do not iuguda measurements of the
fows of beat and of the relative fows of constituents
obscutes certain features of the phanomens involved.
v 14 computed from the measured rate of change of
the velume of solution in a cell compartment with
due allowanee for the change of the volume of a
compartment arising from the reactions of ingolubla
components at the working electrodes, In such
freatments there is normally an implicit under-
standing that the reactions at the probe and work-
ing electrodes are identical. The problem of sep-
arating electrode and membrane processes simply
does not ars=e in such w restricted case. Howerar,
we may, for example, study Guggenheim’s [9] treat-
ment of concentration celis with transference. This
is & caze where {Am*] is not restricted to zero. Al-
though our formmlation is first to be distinguished
from his trestment of concentration cells by the fact
that his is in & Hittorf, i.e., zolvent Axed, frame of
reforence, the essential point is that Guggenheim
explicitly requires the use of electrodes reversible
to one of the jonic conatituents. Such a treatment
avoids the classical uncertginty involving Af.
Sinee ha restrieted his treatment to steady states
not involving Aows of electric charge, the require-
ment of specific electrodes does pot introduce any
difficulty with Tespect to the eeparation of elec-
trode and junction processes.

Sin¢e the phenomenological relations of eq {23}
describe processes which involve elactrokinetic effects
as well ag diffusion effects, we are led immadiataly to
attempt to set down a treatment in which heat flows
and temperature differances and diffusion flows and
concentration differences are added to tha flows and
forces of the electrokinetic treatmient. However,
we find that not only the meaning of Af but also tha
meaning of -f, iz uncartain, % must require cur
formulation to describe the provesses in the "mam-
brane™, ie., & to 8 region. It iz to result from a
linear traneformation of the fundsemental phenom-
enological relations, eq (23).

-

At first glance it appears that we would write

Fe=2 Vit 33 Vet (®3)

where the terms V{ are the partial molal volumes of
the nonelectrolytes and the terme V7§ are the partial
molal volumes of ionic constituents represented in
the vector {m’}, Howaver, we have 5:6&&3 indi-
cated in the discussion of eq (2) that ¢ has no opera-
tional meaning when we reject the postulate that
At is operationally defined. W could consider a
convention which defines V% for any comnstituent.
Sech & convention would it us to tetain the
distinction between electrode and membrane proc-
essen, However, therve is an alternative approach
which has to be ¢onsidered,

We recognize that in the study of combined
hydrodynamic and diffusion flow processes during
ateady states not involving net EG‘WB of electric
current, we have by definition

Ty sﬁ 2105 4)

where (Jf});.are the fowa of the neutral components

ropresented m the vector {m*] and V7 are their
partial molal volumes, Wa recognize that in prac-
tice the flowa (fMh-p will ba computed from experi-
mental measurementa of changes of ion constituant
concentrations with explicit dependence upon the
requirement of alectroneutrality, i.e., 48 linear com-
binations of the fows (f)r—p. We are thus led to
writa

ral
J-1r=j_21 Vi I#0 {85

where the flows J; are linear combinations of the
flowa of ion conatituents which represent flows of
electrolytes as a whole. It was necessary to dis-
cover what conditione ara to be met in defining J;.

In section b of thiz papar we showed that we are
firet led fc the conchmion that when wa dafine the
metnbrane EMF in terms of the potentials measured
between paira of identical probe electrodes with
gpecific clectrode reactions, we at the aama time
define, by implication, & particular meathod of com-
bining the flows of ionic constituents into the flows
of neutral electrolytes as & whole. Thus, by im-

lication, we establish the definitions of J; and,

onre, Jb in o] (95}). Therafore, we concluda that
it Is not proper to introduce any aunlisry convention
which defines 77 in eq (93) when we sat dowm a
transformation of eq (23) into an alectrokinetic
formulation.

In section 6 we showed thal we can choose a
“reference jon” EMF, Ag,, Ly choosmg to employ
probe eleptrodes reversible to some particular ion
conetituent, Formally, there will be »m distinet
choices possible. In genersl there will be & family
of r—m pairs of matricea {6] and [2}. The defini-
ticn of the flow of any jth neuvtral elactrolyte

-]
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J;='_§14;{J{: (j=m+1,...,r—1)

will In general be different for each choice of
“reference ion.” Although the arbitrarines of a
“reference ion” electromotive force is objectionable,
png ¢an always employ euch a device m order to
define electrokinetic effects in terms of & general
tresfment. We can employ the essentiaily '‘direct
e imental wariables’ such wa appear in Saxén’s

tion, eq {91), in conjunction with diffusion flows
and concentration difference forees without including
external dissipative processes in our deseription of
memabrane procesges,

Tha arbitreriness of 2 “reference ion” treatment
can only be ramoved by adopting an additional
conventlion—an “‘sveraging” convention. In Sec-
tions 8 end 9 we showed that such a convention iy
implicit in the conventions already established for
the treatment of the tharmodynemic properties of
electrolytic solutions. A gemeral treatment which
ie coneistent with the elementary defining stoichio-
metric relationships employed at the reference state
of infinite dilution results when we wtite

(96)

=1
S5 EJZE 1178 {97}
whera J§ is defined by tha iransformation given in

{89).

Eth is important to emphasize that the treatment
which dafines ¢ is cotnpleta only with reepect io the
requirement of consistency with established eonven-
tion. We have implied that ¢ is a phy=ically sig-
pificant quantity. The developments of thiz paper
ate not adequate to demonstrate any resl physieal
gigniflicance. Our development in sections 8 and %
follows the formal procedure of defining the Lagran-
gian multiplier correspending to the electroneutral-
ity condition.” Although as a formal device in gec-
tion 8 ¢ is uniquely defined when we write eq (B5),
the approach to idesl behavior impliad by eq (30)
is npt gubject to an adequate axperimentsl test [42].
The use c-% the concept of “almost™ insulators is oot
patisfying as & basis for nttanhinf physieal signifi-
cance to Af it extremely dilute solution and, hence,
to ¢ in more concentrated solutions,

An important problem for further investization is
the comparison of experimentally determined walues
of ¢ with the EMF's measured beiween pairs of
saturated calomel electrodes, A study of represen-
tative attempts to set down meaningful conventions
for junctions potentinlz [4, 43, 4ﬂl bazad upon estab-
lished common practice shows that saturated solu-
tione of potassinm chloride are regarded as apacial
experimenial devices. It is abundantly clear that
they sre mssumed to represent o practical approach
to some ideal of “inert” behavior in experimental
systems, We can, for example, accept y a8 a phys-
jeally significant quantity if & general study of a
larze clzsn of experimenial systems shows that sat-
caJEE s e Pl sttt iten ot 1
represent the alectrie mical gystemse. Hrowewar, he glvap

a0 uialicit defultim gnd, ether, be ohases by bt D13 dIstpetion ncdon
incinde electrods processes.

a5

urated calomel elactrodes cam be regarded as expet-
imental davices which measute ¥ directly with a
dagrea of sCoUracy which is adequate for mosb prac-
tical purposes—‘"to within a few millivelis.” We
suggest thiz hypothesis here because our first teata
gupport it, but wa regard it, for the presant, as
only an example.

11. Summary of Symbols and Notation

& Activity of a conetituent, eqg 574}

Juf'} Matriz of trensformation of g=
r+1 flows, r of chemical con-
stituents and one of entropic
hoat, inte the flows of »—1
chemjeal components, electric
-E:ugent., and entropic heat, eq
4G ),

iy e’} the rauiﬂ‘.\w.l of fa”].

Eﬂfq g’[a.trix of the class fe”'] cuns!stent
with the conventional EMF,
¥, section 0,

la"1 Matrix of the class Jo™] consistent
with a particular reference fon
EMF, Agy, section 6.

S Chemieal eymbol of eloctrode com-
ponent, eq {12},

5] Muirix of transformation of forces,
eqs (50) and (52); [ }={""}-L

11 M?;i‘mlitf_?f the clasa §§"} [*f=

5] M?gruﬁ -‘i)f the class [#]; [#"]=

Iz 44 Gham!ml aytibol of lon consii-
tuent, aq (12).

cof m",;j Cofactor of fth element of o).

detfe”} Determinant of matrix [2]

Et-E= EMF measured batween electrode
terminals.

F Faraday.

I Electrie current.

Ji =1, . ., 7; mate of flow of a
chemical constituent.

Y 4 - =1, . . ., »—1; rate of Huw of &
neutrsl componant.

Te 5 I].%, aq (33).

fhroo i=1, . .., r—1; rate of flow of a

neutrsl component when J=A0,
eq (94). :

g=r=+1; rate of flow of entropic
heat

Rate of flow of fluid wolume,
section 10.

Admittance matrices.

Congtituent compogition vector
haviug # glements which are the
molalities of # nonelectrolytes
and »—m ion constituents,

Component composition vector
having r—1 eleizenia which are
the molalities of m znenelec-
frolytes and r—m—1 neutral
electrolytes,

F o Pressure,

FLT T 47
Jv
[D]j{ﬂ’]

mF

{m*}




XX, 0.%

Xo X0 X0, X3

o,

+f

1

+f

(Gas constant,

Partial molal entropy of 4th com-
ponent in {m*].

{Undefined ) partial molal entmopy
of an ion constituent,

Teamperatura.

Partial molsl volume of ith com-
ponent in {m*}.

{Undefined) partial molal! velume
of an ion constituent.

i=1, . . ., m;forces, —Au%, acting
conjugate to the flows of non-
electrolytes,

i=m+1,, .., r; forces, —Au
acting conjugate to the flows of
ion constituents.

i=m+1, .. .,r—1; forces, —aApl,
acting conjugate to the Hows of
neusral electrolytes.

Conventionally averaged force,
— FY, acting conjugate to the
flow of alectric charge, section 9.

Forve, — Fag,, acting conjugate t.u
the flow of electric cll'l
accord with & reference mn
convention, section §,

g=#-+1; fores, —A In T, acting
conjugata to the fow of entropic
heat.

Elactrovalence of a constitvent,

Denote boundaries of membrane
region; & to 8 ];i-omtnre

t=1, . . .,m;molal activity coeffi-
cient of a nonelactmlyte and
t=m+1... r—1; mean molsl
activity coefficient of an elec-
trolyte.

{Undefined} electrostatic molal
activity coefficient of an ion
constituent.

Forrmal device denoting the melsl
aetivity coeflicient of an ion
congtituent; eq (19).

Thermodynamic composition co-
efficient, aq (18).

Stoichiometric coefficient of &
nentral component m an elee-
trode reaction, eg {12},

Formal device denoting the
chemical potential of an ion
constituent.

Difforence in  tha  chemical
potential of an 1on eonsiituent
between « and 8, eq {13).

The chemical pot-entml of a com-~
penent represented in {m*}.

The stoichiometry matrix, eg (4).

The integral stoichiometric trans-
forence number of & constituent
i e cell fixed frame of refarence;

eq (B0).
{Undefined) the absolute electro-
atatic potential.

Eqaation (13).
Conventionally defined EMF,
section 9,

Ay
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