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The electric work method is applied to isothermal electrochemical systems of in-
creasing complexities; the cell with transference, the transference number being
constant or variable, with one or two electrolytes, the simple formation cell, and
systems with membranes. The EMF of the system is developed from analyses of local
mass and energy changes. Contributions to the EMF are additive, and physically and
operationally identifiable. No introduction of electrostatic field is necessary, neither
is the concept of charge. Thus the electric work method gives a different interpreta-
tion of electrochemical systems from that of conventional electrochemistry. End
formulas are, however, the same. It is shown that less severe assumptions are

required in the new method.

1. Introduction

The principles of the electric work method were presented
in the preceding article.! The conversion of chemical and
mechanical energy into electric energy or vice versa was
analysed' and non-isothermal cells were studied.” Here
we shall apply the electric work method to some common
isothermal cell systems. The electric work method brings
out a new physical understanding of the systems. Some
phenomena, such as electrokinetic effects, are still not
treated. These will be the topic of a future paper (part III).

Relevant cases in the literature are so numerous that we
have found it impossible to give a comprehensive list of
references. For the simple examples treated here, most
modern textbooks may serve as a reference for the method
which here is called “the conventional method”. The his-
toric development of this method dates back to the first
three decades of this century. Arrhenius, Nernst, Debye,
and Guggenheim are central, to mention a few names. In
recent years it appears® that the textbooks of Bockris are
important (e.g. Ref. 6). There has been criticism of con-
ventional basic concepts such as electrochemical poten-
tial.”® Many authors, e.g. Newman,!® have taken great care
to avoid ambiguities, and errors to which the conventional
method has led. Several authors of textbooks claim that an
objective of their book is to make electrochemistry clear to
the student (e.g. Ref. 5). As we have explained already,’
we do not see that the inherent difficulties in conventional
electrochemistry can be circumvented.
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2. The fundamental equation of electrochemistry

It is our purpose to build a new fundamental base for
electrochemistry. The fundamental equation must then
first be presented.

From the preceding article we have seen in sections 6 and
7 that the production of certain mass and energy fluxes
determine the EMF of the elctrochemical system in the
absence of pressure gradients. We choose as an example
the electrolyte solution of NaCl, for which a concentration
gradient dcy,/3x exists (Fig. 1). We shall consider first the
mass flux, jy,q. In the present treatment and example this
is the only flux we need consider explicitly. A concentra-
tion gradient may be anywhere in the cell, in particular at
the electrodes. Owing to the concentration gradient, there
is diffusion. Diffusion can be described by Fick’s second
law in isothermal, isobaric systems [eqn. (1)].

AN/t = D(Pcy,oi/3x?) 1)

where D is Fick’s diffusion constant and ¢ denotes the time.
An electric current, 7, is now passing through the solution.
The current density is j = I/A where A is the cross-sectional
area. At a given location, x, an excess mass flux jy, results
for the constituent Na. (The charge of the atom is irrele-
vant in this respect, but Na is a constituent of the com-
pound NaCl.) From eqns. (20) and (25) of part I' the excess
mass flux is given by eqn. (2), where #, is the transference
number of Na and F is Faraday’s constant. For the other
constituent Cl, the corresponding equation is eqn. (3).

J'Na =t JIF )

Ja=—tqjlF 3)
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Fig. 1. Concentration profiles of NaCl(aq) in the cases of (a)
pure diffusion and (b,c) diffusion and electrical current.

Thus with div j = 0, we get eqns. (4a) and (4b) for the
divergences of the excess mass fluxes.

div j'na = div(tn, JIF) = —0cn,/3t = (IF) (dty/dx)  (4a)
divj'q = —div(tq jIF) = —3ca/ot = (IF) (dty/dx)  (4b)

The relationship ty = 1 — #y, has been used. We see that
concentrations of both constituents change with time in the
same way in the volume element dV = Adx. The contribu-
tion from the excess mass flux, eqn. (4a), must be added to
eqn. (1) to obtain the change in time of NaCl content, eqn.

©®)-
Acnac/dt = D(Fcy,c/Ox?) — (IF) (diy,/dx) )

This equation, which is purely phenomenological, is a sim-
ple form of our fundamental equation of electrochemistry.
The second term on the right-hand side of eqn. (5) de-
scribes the reversible production or consumption of NaCl
(Fig. 1). The most basic change of fy, happens at the
electrodes, where necessarily dfy,/dx #0. These are the
discontinuities exemplified in part I, Fig. 9, by the contacts
A|AB and AB|B. Ekman et al."" also consider eqn. (5) to
be a basic equation. However, these authors do not take
the full consequence of the choice, since they return to
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calculations of local electric potentials from this starting
point.

In the case of multicomponent solutions, the fundamen-
tal equation includes ternary or higher-order diffusion as
well as mass production for all components.’

Transference numbers generally depend on concentration
[eqn. (6)].

(dt/dx) = (diny/den,c)(denac/dx) ©
By introducing eqn. (6) into eqn. (5) we obtain eqn. (7)

aCNaCl/at = D (achaCl/acz) (7)
—(/F) (dty/denaa) (dena/dx)

The equation tells that we have mass production of NaCl
for positive j, and mass consumption for negative j at any
given location between the electrodes provided dey,q/dx
<0. Eqn. (7) has a direct proof in the moving boundary
method, a standard method for measuring transference
numbers of ions.”2

3. The Hittorf experiment

The Hittorf method is the second main method for determi-
nation of transference numbers.!? We apply the funda-
mental equation of electrochemistry to this case. Consider
a cell with electrodes made of Na(Hg) and a NaCl solution
as electrolyte. The transference number of Na is 1 at the
electrode and ¢, in the bulk. The variation between these
values is illustrated in Fig. 2. Mathematically it is given by

eqn. (8).
ta(x) =1 = [(1 = e )x/0x], 0 < x < x 8)

Introduction of eqn. (8) into eqn. (5), and integration from
0 to dx gives eqn. (9).

dx
f (Benac/)dx = = jnaci
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Fig. 2. Variation in transference number of the left-hand side
electrode in the Hittorf experiment.
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The left-hand side in the limit of dx = 0 is zero, and we
obtain eqn. (10).

Jnaa = (1 =t JIF (10)

Eqn. (10) is a consequence of the fundamental law of
electrochemistry. By integrating first over a larger range, 0
< x < X, Where x,,, is a position of constant composition,
and next over time we get eqn. (11), where Amy,q, is the
mass of NaCl accumulated during the time ¢ within the
range 0 < x < x,,, . The result for determination of #, has
thus been derived using the same fundamental equation as
in the moving boundary experiment.

Ay = [1 - tNa]f (UF)dt (11
0

4. The simple concentration cell with transference

In the simplest possible case the cell with transference has
identical electrodes, say of Na(Hg) and a one-component
electrolyte solution with a liquid junction. By junction we
mean any form of contact between the half cells, a dia-
phragm, a porous plug or merely a diffusion field. Concen-
tration gradients occur in the junction. The system is il-
lustrated in Fig. 3. The chemical reaction which corre-
sponds to the scheme A + B = AB in Fig. 9. of part I' is
now reduced to AB = AB’, that is

Na(Hg) + NaCl(aq, ¢,) = Na(Hg) + NaCl(aq, c,).

In order to determine the EMF E of this cell, we record all
mass changes in the cell as prescribed by Fig. 11 of part I'.
These in turn lead to changes in Gibbs energy which are
additive and make up the EMF from the total Gibbs energy
change, (dG/d?),, [eqns. (16)—(18) of part I].! From eqn.
(26) of part I we obtain eqn. (12).

—0 o0—
dchcl/dx #0
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(Hg) Chact I Ot (Hg)]
" |
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N
1
|
N

Fig. 3. A concentration cell with transference. The electrodes
are both reversible with respect to Na*. The two electrolytes of
different compositions are separated by a liquid junction. The
mass flux juac: = I J/F (a, anode; ¢, cathode).
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EAj = — (dG/df),,, = —[(dG/de)* + (dG/di)* + (dG/dt)j.]
(12)

A modified form of this equation was also used by Fgrland
et al.’ At the cathode, given by superscript c, the Gibbs
energy change, given by the mass flux of NaCl leaving the
solution, follows from eqn. (10) (see also Fig. 11 of part I),
and is given by eqn. (13a)

(dG/dN)* = — (1 = ty,Ynact” JAIF (13a)
At the anode, (superscript a), the Gibbs energy change is
accordingly given by eqn. (13b).
(dG/df)* = (1 = t)unae” JA/F (13b)
The contributions due to metal removed or deposited at the
electrodes are zero, since the cathode and anode are under

the same conditions. The work in the junction according to
eqn. (5) is given by eqn. (14).

2

(dG/lde), = - f Hnaci(ding/dx) (JA/F)dx (14)
1

In the uniform ranges the integrand of eqn. (14) vanishes.

(In part I this contribution was not discussed.) Eqn. (14)

can be generalized’” to describe any multicomponent sys-

tem.

The contribution to EMF from the liquid junction ac-
cording to the electric work method can be determined by
introducing the concentration dependences of chemical po-
tentials and transference numbers. In the trivial case that
Iy, is constant, no work is done in the junction. A simple
formal expression for the concentration dependence of ion
transference numbers is eqn. (15a)%1

L= ugl/ Z UiCy (15a)
k

where subscript j denotes an ion in the system and u; is the
ion mobility. (Usually the mobilities are defined as drift
velocities per unit driving force.) The summation is carried
out over all k ions present. Mobilities are defined by eqn.
(2),J'Na = taa JIF = up,c, and 2t = 1. In the present case
eqn. (2) leads to eqn. (15b)
Ina = [UnaCne (UnaCna + UciCal)] (15b)
and, since cy, = ¢ everywhere, #y, reduces to the constant
Ina = [Uno/(Una + Uq)] when we neglect the concentration
dependence of u;. There is thus no contribution from the
junction to EMF when all the u; are constant. Constant
transference numbers lead to a total EMF of the cell equal
to the sum of electrode contributions only, eqn. (16a) or
(16b), where a denotes the mean activity defined by ay.q +
= CnaaiYs > and v, is the mean activity coefficient.

EjA = [~ (1-ty)bac® + (1+tn)Mnaci TA/F (16a)



EF = to(Mnac® — Pract®)
= tq RT In(@R,q,+/ BRacis) = EiF (16b)

The result of eqn. (16b) is the same as that derived by the
conventional method.>® The important difference between
the electric work method and the conventional method is
that the former eliminates, for example, the need to have
charge separation in the liquid junction in order to explain
the EMF. The EMF is not explained as a sum of electro-
static potentials.® The EMF is, rather, explained by observ-
able mass changes in a neutral system. This gives a dynamic
or process-dependent, not static, description of the electric
or other energy conversion. The only conditions are that
the system is of a specific topological structure, here
A|AB||/(AB)’|A, and materials used must be electric con-
ductors (part I, Fig. 9).

Further characteristics are that the EMFs in eqns. (16)
and (14) have not been derived from flux equations, which
is common in irreversible thermodynamic theories using
the Onsager reciprocal relations.>!* In the electric work
method, the transference numbers obtained from the Hit-
torf experiment are the same as those used in the expres-
sion for EMF. In the irreversible thermodynamic theories
mentioned above, it is only according to Onsager’s proof of
his reciprocity relations that this is so. It can be shown,
however, that the validity of the Onsager reciprocal rela-
tions leads to an equation of the same form as eqn. (5).°
Validity of the Onsager reciprocal relations is thus consis-
tent with the electric work method, but the validity of these
relations cannot be deduced from the electric work
method.

It is straight forward to include a concentration depend-
ence of transference numbers into the expression for the
junction contribution to EMF, eqn. (14). A linear approxi-
mation for ¢ as a function of concentration may be used for
the electrolyte; dty/dx = Aty /0x, with Aty, = £y, — Pras
and dx = x, — x, (Fig. 3). We also need an approximation
for the mean activity, and choose a linear expansion;
a2 (X) = Enaae + Alnga (X — x,)/0x with Aay,q . =
@°Naclt — @nac: > and x; < x < x,. By introducing these
expressions in to eqn. (14) we obtain eqn. (17) where Iy,
= —Aly, [(@°naa £ 10002 — @naa s N0 s )/ Ay e —
1]. Addition of eqns. (12), (13) and (17) yields the final
result, eqn. (18).

(dG/d)joe = [~ Atnainact + 2RT 0] GA/F) (17)

EF = E,F = 2RT(t°glna .+ — t*cln@*nagx — Inag) (18)

By comparing egns. (16) and (18), we see that the concen-
tration dependence of the transference number leads to a
slight modification of the original terms of eqn. (16) and
the addition of one further term.
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Fig. 4. A formation cell for NaCl [(aqg). The cell reaction is Na(s)
+ § Cly(g) = NaCl(aq). The mass fluxes are Py, = to JF; Jnac:
= lna i/F-

5. The simple formation cell

Consider a system with electrodes consisting of Na(Hg)
(anode) and Pt|Cl,(g) (cathode) and the uniform electro-
lyte solution of NaCl as shown in Fig. 4. The only contribu-
tions to the EMF, which are given from the fundamental
law of electrochemistry, eqns. (5) and (10), are from mass
changes at the electrodes. In the formation cell the elec-
trodes are different. The separate parts and the sum of
these are eqn. (19) for the cathode.

(dGM)* = [Eyainaa —(12)ue,J(GA/F) (19)

At the anode, the chemical work is given by eqn. (20).

(dG/de)* = [(1 — £n)WNact — Mnal GA/F) (20)

The work performed in the solution, not in contact with
electrodes, is zero when cy,q (i.€. ty,) is constant. The sum
of the two contributions is the familiar AG of the chemical
reaction

Na(Hg) + 1/2 Cly(g) = NaCl(aq)

which with .o = Wna = Wwaa gives eqns. (21a) and
(21b).

EjA = [unaa = (112)pcy, — mnalGA/F) (21a)
EF = [unaa — (12)pa, = wna] = E5F (21b)
(dG/dN) g = [tnabNacr = (12)pgy,

+ (1 = tna)Whact = Bna] GA/F) (22)
EF = E*F + t,2RTIn (@01, +/8%acr 5) (23)

If the concentrations in the anode and cathode compart-
ments are not equal, and ¢y, is constant, we obtain eqn. (22)
and finally eqn. (23) with E% = [p'v,q — (12)ua, — tal-
Concentration dependences of the transference number
can be taken care of by integrating eqn. (14). The result is
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the addition of a third term to the right-hand side of eqn.
(23).

The simple calcultions of sections 4 and 5 demonstrate
some advantages of the electric work method: contribu-
tions to the EMF are additive, and the physical cause of the
various contributions can be easily identified and con-
trolled by independent means. The possible additivity of
potentials need not be discussed.

6. The biionic potential

Consider next the case where the two electrolytes with a
common anion are separated by a liquid junction. Assume
first that the junction contains a mixture of the two electro-
lytes. The system is illustrated in Fig. 5. The electrodes are
now reversible to chloride ion, Ag|AgCl electrodes, and
the salts in solution are NaCl] and KCI.

The contributions to the EMF are calculated from the
mass fluxes shown in Fig. 5. The mass fluxes are all pro-
duced or absorbed at the inhomogeneities of the system as
described by the fundamental equation of electrochemis-
try. Thus, at the cathode, c, the Gibbs energy changes are
given by eqn (24).

(dG/de)* = (- Haga T Hag t bW WA/F (24)
At the anode, we have eqn. (25),
(dG/de)* = (Uagar — Bag — Ina"Mnac”WA/F (25)

By analogy with eqn. (14), the chemical work in the junc-
tion is given by eqn. (26).

2
(dG/dt)j = f [Mnaci(ding/dx) + pxa(dtx/dx)](A/F)dx
1 (26

The value obtained from eqn. (26) does not give the magni-
tude of any charge separation,’ only the chemical work
done by moving masses in the junction. Here, the total
mass of NaCl expands, that of KCl contracts, cy,q de-
creases and ¢y increases. The boundary between NaCl

0 O
dyge /9t=>10
AgCL W /A<D yop
-0 I ' .C
JNati | | Jxol
| !

A Chact | l Cxal Ag

Becthad 10 jr=t
anode 1 2 cathode

liquid junction
Fig. 5. A concentration cell with different electrolytes separated

by a liquid junction. The mass fluxes are fyaci = tna J/F; ko = &
J/F.
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and KCl moves to the right. The value of the junction
contribution as it stands depends on the choice of standard
state for the components involved, since p; refers to a
standard state [see also the example given by eqn. (17)].
This is so because the process describes how mass at one
energy state is transferred to another state, and the energy
of a state does not have an absolute value. The practical
disadvantage of this is that no absolute value can be as-
signed to the work in the junction. However, nature be-
haves in this manner; we cannot demand undue localization
of processes.

As in the ordinary concentation cell [eqn. (18)], when
combined with the two other contributions to the EMF the
terms containing the standard states will cancel. This can be
seen by a simple example: by integration by parts we have
eqn. (27).

2
(dG/dt)jpe = f (Mnacitne T Mxafk)
1

2
- f (tnaGbnact + txdikcr) (27)
1

= —Wnaa' e’ T Bkatk

+ RTIn[(ug + uq)/(un, + 4a)l

In order to find a value for the integral we have used the
relationships cx = ¢ — ¢y,, Where ¢ = ¢y = constant, eqn.
(15) with u; constant, j = Na, K, and the assumption of
ideal, ternary solutions with respect to the constituents Na
and K. The sum of the contributions (24)—(26) is frequently
called the biionic potential. The explicit form obtained
from these equations is, together with eqn. (27), given by
eqn. (28).

EF = — RTNn[(ug + ug)/(uy, + uq)] (28)

As evident and required, quantities referring to standard
states do not enter the expression. Equal cation mobilities
give E = 0. The result is independent of concentration
profiles. Fgrland et al.® have used eqn. (15) to calculate the
magnitude of contributions from salt bridges in reference
electrodes. Further experimental work according to these
lines is in progress in our laboratory.

8. The membrane potential

The conventional concept of the membrane potential de-
serves a special comment because this quantity is central in
biology and biophysics. Any textbook on this topic can be
consulted for a conventional description of the membrane
potential, e.g. Ref. 14.

The presence of a membrane in the electrochemical cell
does not introduce anything principally new compared to
the liquid junction. We may return to Fig. 5 and replace the
liquid junction by a membrane, and KCl by NaCl. The
contributions to the EMF from the membrane have the



same fundamental form as the contributions from the liquid
junction, eqn. (14), when local equilibrium can be assumed
across the membrane. Then the work done in the mem-
brane will be the value of the integral (14) derived for
membrane variables. The membrane has particular trans-
port properties which are reflected in the size and variation
of the transference numbers. This has been discussed for
ion-exchange membranes by Ratkje et al.,”* and for glass
membranes by Fgrland et al.’

The transference numbers in biological membranes are
usually taken as constants. For this condition the contribu-
tion from the membrane itself to the cell EMF is zero.
Assume for the sake of illustration that ™y, = 1 in the
membrane. In the surface layer close to the membrane the
transference number is reduced according to eqn. (29).

fna(x) =ty + (1=F,)(x—x,)/bx 29)

Superscript 1 denotes the left-hand side. The thickness of
the surface layer is dx. When linear concentration profiles
are assumed, eqn. (30) is the derivative of eqn. (29) within
the surface layer.

diy/dx = (1—£y,)/0x (30)

A similar expression, eqn. (31), is obtained for the right-
hand side, r.

dif,/dx = —(1—£y,)/6x (31)

By introducing these expressions into eqn. (14) and in-
tegrating from x, to x;, + dx, and from x, to x, + Ox, we
obtain eqn. (32), where m denotes the membrane surface.
Addition of the cathode and anode contributions (dG/df)°
= (1~f'o)Wnaq and (dG/dr)* = —(1—f¢)W ey Yields eqns.
(33) and (34).

x1+8x
(dG/dD),,.s, = — ( f Waci(dfna/dx)dx (32)

x

X3+0x
+ J’ “’lNaCI(dt rNa\/dx)dx> UA/F)

x2

(dG/dt)oy = —[RT In @'y, +/0"Ner £ |GA/F) (33)
EF = RT In d'y,q.+/@"vs1.+ (34)

At the left-hand layer at the membrane we have a con-
sumption of NaCl, and there is a mass flux of NaCl out of
solution (being converted into an excess Na flux into the
membrane, and an excess Cl flux into the solution). Like-
wise, at the right-hand side boundary of the membrane we
have a production of NaCl.

This view is in deep contrast to the commonly accepted
picture that membrane fluxes are driven by the membrane
potential, which is a force in these cases. The existence of
the membrane is believed to cause charge separations
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which constitute this force on the ions in the adjacent
solutions. It should be noted that the two views are mu-
tually shifted with respect to distinction: What exists and
what happens? For the electric work method the material-
geometric arrangement involving two solutions of different
concentration exists, and the question answered is: where
do the energy and substance changes occur? In the conven-
tional approach, the local electric potentials are described
as being something which exists even if electrodes are ab-
sent.

The electric work method is correct, since it is based on
observable, well controlled parameters. It remains to be
seen whether the charge separation postulated by the con-
ventional methods exists, since the experiments described
in part I' have not yet been carried out.

8. The Donnan potential

This membrane potential arises in a special situation where
the above analyses are brought to the extremes. An elec-
trolyte and water equilibrium is established across a semi-
permeable membrane. The electric potential is commonly
measured with calomel electrodes, i.e. electrodes contain-
ing liquid junctions with steep concentration gradients.

In the electric work method, an equilibrium situation
cannot give rise to energy conversion, so there is no contri-
bution whatsoever from the membrane to the measured
potential in this case. The result must be solely ascribed to
changes in the two electrodes.®

In the conventional description, the situation is entirely
opposite. The calomel electrodes are “believed” to have
zero liquid junction potential, so that the observed EMF is
ascribed to the membrane, hence the name Donnan poten-
tial and the resulting confusion in the literature as to what
this potential may cause. According to Davson'’ the poten-
tial may give rise to an electric current, which of course is
impossible.

This particular example thus serves to illustrate the need
for an alternative theory, if for no other reason than to
have an independent method to control the conclusions
drawn.

9. Conclusions

The electric work method has been applied to some simple
well known examples of isothermal electrochemical cells in
the present article. It is shown how the EMF can be built
from different localized Gibbs energy changes inside the
cell. Each contribution has a well defined expression, and it
can be related to particular physical phenomena. Increas-
ing complexities than those dealt with here may be added.
Hertz’ may be consulted for the case of liquid junctions of
two electrolytes without a common anion (or cation). In
non-isothermal systems heat fluxes become more im-
portant. These have also been dealt with previously.>* The
next topic for discussion will be electrokinetic effects.
The electric work method cannot prove the conventional
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method wrong, because the two methods are so far not yet
mutually exclusive. The value of the new method in rela-
tion to the conventional is that it so far offers an independ-
ent control of results obtained by the other method.

Let us summarize the difference between the old and the
new electrochemistry: the basic feature of the conventional
treatment is the existence of non-equivalent space points in
ordinary space. The particle considered has an electric
charge and consequently moves in this space from points of
higher to points of lower potential energy. The galvanic cell
(or similar instruments) is a device to produce such regions
of non-equivalent space points, i.e. the electric field. This
then causes the motion of the charged bodies, the electric
current.

However, the existence of the field has to be verified
experimentally by an independent method, as has been
explained in part I. Otherwise we have the following circu-
lar argument. The particle moves because there is a field.
How do we know that there is a field? Because the particle
moves.

The real driving force of the process dwells in the exist-
ence of non-uniformities of matter composition, energy
and momentum distribution in macroscopic space, and the
instability of sets of bodies of different materials in contact
with each other (chemical reaction). To these non-uni-
formities in “property space” the old treatment assigns
space regions with electric fields.

The new method avoids the detour of non-equivalent
space points. Instead, it directly connects the regions form-
ing the non-uniformities of properties with a system of
bars, an open or a closed torus which must have two prop-
erties. (1) There must be a conduction of energy, matter
and momentum without a gradient of the respective in-
tensive property. (2) The torus must be heterogenous,
composed of different materials, such that the quantities
can be give off or taken up. Thus the new method offers
different physical insight.

Should it not be possible to prove experimentally the
existence of the electric field, then the whole procedure of
using it is a burden; the old treatment carries all its argu-
ments, having no real physical significance.

It remains to be seen whether the conventional method is
built on physical concepts which are non-existant (further
details were given in part I). The fact that all necessary
results for electrochemical cells can be derived without
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using, €.g., static electric fields, implies that electric fields
are not necessary in the derivation of ordinary EMFs.
However, this also means that if they are proved to be real,
they will yield information in addition to that given here.
The electric work method implies that only the dynamics of
such fields are important.'®
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