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The concepts used conventionally in electrochemistry, single-ion chemical 
potential and electrostatic potential difference, are not obtainable from 
measurements in an inhomogeneous system. The use of nonoperational and 
mutually dependent forces in flux equations has impeded our understanding of 
electrochemical processes, and has led to wrong conclusions. The equation for 
entropy production is derived using only operationally defined quantities, 
chemical potentials of neutral components and the electric potential measured 
with reversible electrodes. The electric potential enters calculations as external 
electric work in the first law of thermodynamics. From entropy production, flux 
equations are obtained where the forces are operationally defined, measurable 
quantities. Three different problems from electrochemistry are discussed, the 
liquid junction potential, the Donnan potential, and energy coversion in 
mitochondria. The conventional method of calculations and the operational 
method are compared. The operational method permits more detailed cal- 
culations of emf, and an understanding of the process from a different 
approach. 

KEY WORDS: Donnan potential; electric potential; electrochemical cell; 
external electric work; liquid junction potential; mitochondria; Onsager 
reciprocal relations; operational quantities; single-ion chemical potential; state 
function. 

INTRODUCTION 

P r e v i o u s l y  we h a v e  p r e s e n t e d  the  o p e r a t i o n a l  a p p r o a c h  to e l e c t r o c h e m i s t r y  

in v a r i o u s  con tex t s .  I1 3~ Th i s  is a n  u p d a t e d  p r e s e n t a t i o n  offer ing i m p r o v e -  

m e n t s  in  the  d e r i v a t i o n s  a n d  in the  a r g u m e n t s  for  the  o p e r a t i o n a l  

a p p r o a c h .  
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1. ENTROPY PRODUCTION,  FLUXES, AND FORCES 
EXPRESSED BY OPERATIONAL QUANTITIES 

1.1. The Onsager Reciprocal Relations 

Onsager based his treatment on the postulate of microscopic rever- 
sibility. His treatment is restricted to the linear range where there are linear 
relations between fluxes and forces, 

Js= Y', LijXj (1) 

The Onsager reciprocal relations (ORR) were originally developed for 
a set of independent variables Ai. These may be the internal energy U, the 
volume V, or the amounts of the different components n i. It is postulated 
that at equilibrium the values of these variables fluctuate independently. 
Their deviation from the equilibrium value is c~i= A~-Ai ,  eq. The postulate 
of  microscopic reversibilio, is formulated as 

%(t) otj(t + At) = c~j(t) ot,(t + At) (2) 

where t is time. 
By means of statistical considerations the ORR for cross coefficients 

are derived from the above postulate(4'51: 

L O. = L j i  (3) 

1.2. Electrolyte Solutions and Electrochemical Cells 

When dealing with electrolyte solutions frequently /~ion, the electro- 
chemical potential for single ions, is used as a force, and fluxes of ions as 
conjugate fluxes. '6 81 The electrochemical potential is defined by 

Pio. = P,o. + Zio.F~ (4) 

where #io. is the single-ion chemical potential, Zio, is the charge of the 
ion, and ~ is the electrostatic potential. This equation has, according to 
Guggenheim] 9) "no physical significance as the value of ~ is quite 
arbitrary." 

For an ionic compound CmA,,  we have 

m Z c  + nZA = 0 (5) 

The single-ion chemical potentials are defined such that their sum is 
equal to the chemical potential of the compound: 

mpc + npA = Pc~A. (6) 
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The sum of the electrochemical potentials is 

m/~c + n/~  A = mpc + npA + (mZc + nZA) F~ = PCmA, (7) 

The quantities Pc, PA, and ~b are all unmeasurable. Since a solution of 
an electrolyte is essentially electrically neutral (see Section2.1 about 
charge separation), #c and PA are mutually dependent and similary/~c and 
/7 A, except in an electrochemical cell with a closed circuit. With dependent 
forces there is no proof that the ORR are valid for flux equations. Onsager 
and Fuoss, t~~ however, pointed out that the ORR "can be derived from 
the very reasonable assumption that molecular dynamical systems, like 
those known to our macroscopic experience, possess symmetry in past and 
future." 

In an electrochemical cell with a closed circuit, the electrochemical 
potentials of single ions can be defined operationally (ref. 1, pp. 53-54; 
ref. 2, pp. 349-350) instead of by Eq. (4). We shall illustrate this for a 
simple example, an electrochemical cell with Ag/AgCI electrodes and an 
aqueous solution of HC1 as the electrolyte. Here we have A/~H+ + A/~c~ = 
Zl/~HC ~ and zl/2c~- = --ziq), where z/q~ is the measurable outer electric poten- 
tial of the cell. The zl~tHc ~ and LI9 can be varied independently, and thus 
d/~H+ and A/~c]- are independent. Similarly JH+ and Jct- are independent 
in a cell with a closed circuit. (If the Ag/AgC1 electrodes are replaced by 
H+/Hz  electrodes, the electric potential is Aq~' and A/~H+ = Aq~'.) 

1.3. The Use of Operational  Quantit ies in Flux Equations 

In order to avoid the problem of unmeasurable and dependent quan- 
tities as forces, one may use only operational quantities, fluxes of neutral 
components. The conjugate forces will be gradients in chemical potential of 
the neutral components. In an electrochemical cell we have an additional 
variable, the electric work supplied, with force Vtp, the gradient in the outer 
electric potential of the cell (which can be obtained by introducing local 
test electrodes; see Fig. 2). The chemical potentials of the components are 
interdependent by the Gibbs-Duhem relation. When using one of the 
components as the frame of reference, the forces are independent. 

1.4. Transfer of M a t t e r  and Electric Charge 
in an Electrochemical Cell 

We shall consider an adiabatic system of uniform temperature consisting 
of two open subsystems in contact with each other. The two subsystems 
have the same temperature, but may have different pressures and different 
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Fig. 1. An adiabatic system consisting of two open subsystems at the temperature T. 
Transfer of matter, dnl, and charge, dQ, from subsystem 1 to subsystem 2. Electric work d% 
is added to the system. 

chemical potentials for the components. An electric potential difference Aq~ 
can be observed when connecting the two subsystems with electrodes and 
metallic leads through a potentiometer. Differential quantities of neutral 
components dni and charge dQ are transferred between the subsystems, 
while a differential outer electric work dw~ is added to the system via the 
electrodes; see Fig. 1. 

We assume no significant accumulation of charge in the system, and 
thus no significant change in electrostatic energy by the transport process 
(see Section 2.1 ). 

The changes in internal energy are expressed by &ternal variables: 

subsystem 1 : dUl = T dSj - P l dVl + ~ #i. l dni.t 

(8) 
subsystem 2: dU,_ = T dS2 - p,_ dV2 + ~ I.li.z dni.2 

i 

The differential changes in lt~, p, and T caused by the transfer do not 
give any contribution to dU, since we have from the Gibbs-Duhem 
equation 

F~.,+,- Vap+sar=o 
i 

Equations (8) solved with respect to entropy changes give 

dU, p, 1 E 
dSl = - ~ -  +-~  dG T ~.l  dni, l 

i (9) 
dU, P2 l dS2:r 
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The change in internal energy for the whole system, dU= dUl + dU,_, 
can be expressed by external variables. For an adiabatic system there is no 
exchange of heat or matter with the surroundings. The work consists of 
pressure-volume work p dV and externally supplied electric work dwe. 
Thus we have 

dUl + dU2 = -p[ dVi - P2 dV2 + dwe (lO) 

In these equations we have 

d l l i =  --(lgli, 1 = dni ,  2 (11) 

and 

dwe= -A~p dQ (12) 

where dQ is the electric charge transferred and A~0 is the electric potential. 
From Eqs. (9)-(12) we obtain the entropy production in the adiabatic 

system: 

dS=dS, + dS,= - l  ~ Al~dn f 1 A - T ~ - ~  ~odQ (13) 

where A/.t~ = P~,2 - ~. 1. 
In this derivation of the entropy production the electric potential 

difference A~o enters the equation via external electric work as expressed in 
the first law, Eq. (10). It is an operational quantity different from dq; in 
Eq. (4). 

Many irreversible processes take place in a continuous system with 
gradual changes in properties. 

Consider the entropy production by transfer of matter and charge 
across a membrane separating two mixtures, 1 and 2. The mixtures are of 
different pressure and composition; each mixture, however, is uniform in 
these variables. The membrane allows a gradual change in the variables 
from mixture 1 to mixture 2, giving fluxes of matter. With electrodes in the 
two mixtures and a closed electric circuit, there will also be a flux of 
charge, an electric current. It will be assumed that the process does not 
create macroscopic kinetic energy changes and that there is no transport of 
bulk solution through the membrane. A frame of reference for the transport 
is needed in order to describe the local changes in composition (or any 
other intensive property). Here it is convenient to choose the membrane 
matrix as the frame of reference. 

For the calculation of local entropy production in the membrane, 
fluxes and changes in intensive variables will be described as taking place 
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in small steps. Thus the membrane will be considered as composed of 
narrow sections or subsystems of uniform intensive variables. Test elec- 
trodes are placed in the subsystems; see Fig. 2. They are only used for 
measuring local electric potentials. The currents passing through these 
electrodes in a stepwise charge transfer will cancel. For simplicity in 
calculation, we shall consider forces and fluxes in the x direction only. 

The entropy production by a one-step transfer from subsystem a 
to b can be expressed in a similar way to Eq. (13). If the length of each 
subsystem is dx, the entropy production per unit length in any region of 
the subsystem is given by 

- r , \ d x J  dn , - -~  (14) 

If the quantities dni and dQ pass a cross section of unit area in the course 
of the time dt, the entropy production per unit volume and unit time 0 is 
obtained: 

o=_LE(d , j_L 
T i \dx  j ' j 

(15) 

where j is the current density. 
It is common to define fluxes and forces from the dissipation function 

TO rather than from the entropy production, Eq. (15). We have 

TO = - -E (d~i/dx) Ji-- (d(~/dx) j (16) 
i 

with the forces 

The conjugate fluxes are 

dnffdt = J,, dQ/dt = j (18) 

Both Sl and S,_ in Eq.(13) and the entropy of each subsystem 
illustrated in Fig. 2 are state functions. Therefore dSj, dS2, and the entropy 
changes of the subsystems are independent of how the changes came about, 
by transfer of ions or transfer of neutral components. Thus Eqs. (i3), (15), 
and (16) are also valid, independent of how the change came about. The 
contribution to entropy production by the externally supplied energy, 
dwe = -(dq)/dx) dQ, can be varied independently of all the other contribu- 
tions. Therefore -dq)/dx = Xj is an independent force. This permits us to 
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Transfer of matter and charge in an adiabatic system composed of a series of 
subsystems. 

describe the entropy production by the well-defined forces and fluxes of 
neutral components, the flux of charge j, and the measurable electric poten- 
tial difference A~0. See ref. l, Chapter 2, and ref. 2, pp. 340-384 (particularly 
pp. 341-350), for a similar development including also temperature gradients. 

2. C O M P A R I S O N  OF THE C O N V E N T I O N A L  A N D  THE 
O P E R A T I O N A L  A P P R O A C H E S .  E X A M P L E S  

We shall consider some problems in electrochemistry, the liquid 
junction potential, the Donnan potential and the energy conversion in 
mitochondria, where both approaches have been applied. 

2.1. The Liquid Junct ion Potent ia l  

The non-Nernstian behavior of electrodes is a problem in analytical 
chemistry. Covington ~'~ stated that such behavior can be caused by the 
liquid junction of the reference electrode, not only by the ion-selective 
electrode. So far a quantitative analysis of the problem is lacking. 

In order to demonstrate the principal difference between the conven- 
tional approach and the operational approach, we shall consider a very 
simple system, the concentration cell (see Fig. 3): 

Ag(s) IAgCI(s)I HCl(aq, Cl)l[ [HCl(aq, c2)ll [ AgCl(s)l Ag(s) 
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Fig. 3. A simple concentra t ion cell with liquid junct ion.  

The Conventional Approach. For the mathematical treatment, 
see, e.g., Adamson3 L2) The potential changes at the electrodes and over the 
liquid junction are calculated separately and added to give the emf of the 
cell. The calculation involves the use of single-ion activities, which are not 
measurable, nor are the separate potentials. Usually the unmeasurable 
quantities sum up to give measurable quantities. It is a problem, however, 
if we want to introduce approximations when we deal with unmeasurable 
quantities, that the approximations cannot be checked by experiments. 

The Operational Approach. By the emf measurements a small 
electric charge dQ is passed through the cell during a short time interval dr. 
In order to obtain the Gibbs energy change by transport, we need the flux 
equations. They are obtained from the equation for TO, Eq. (16). 

We have 

JucJ = --Lij VItHcl- L12 Vr (19) 

j = -L21 V/tHCJ -- L22 Vq~ (20) 

Water is chosen as the frame of reference for the transport. 
Eliminating Vcp from Eqs. (19) and (20), we obtain 

JHCI = --lll V~tucl -- tHclJ (21) 
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where 111 = L l l -  LI2L21/L22 iS a diffusion coefficient and tHcl = 
(JHdJ)v~,.o = o = L J L 2 2  is a transference coefficient for the neutral compo- 
nent. It can be obtained from a Hittorf experiment. The transference coef- 
ficient is electrode dependent, as is the result of a Hittorf experiment. With 
AgC1 electrodes, as in our example, HC1 is transferred from left to right, 
and t r i o =  tH+. With H+/H2 electrodes HC1 is transferred from right to 
left, and the1 = --1 + tH§ = - - t a - .  

We shall consider transport only in the x direction, and a unit cross 
section. The current density j is constant throughout the cell. The trans- 
ference coefficient t , c  ~, however, varies with composition. This means that 
the local content of HC1 will change when the charge dQ is transferred 
during the time interval dt. In addition, diffusion causes changes in the 
local content of HCI. 

The change in CHct in a volume element of thickness dx is given by the 
difference between the flux into and out from the volume element: 

dJHcl (22) dcHUdt = JHctc~l -dJxHCJC~ + d,, _ dx 

Thus the change in the content of HC1 is obtained by differentiating 
Eq. (21) with respect to x. 

Products of local changes in HC1 content and local chemical potentials 
of HC1 are summed up to give the total Gibbs energy change dG over the 
liquid junction and at the two electrodes. The change dG consists of two 
separable terms, a time-dependent term dG(t) proportional to t, and a 
charge-dependent term dG(Q) proportional to Q: 

dG = dG(t) + dG(Q) (23) 

where dG(Q) = -trio dQ; see ref. 1, Chapter 4.2, and ref. 2, p. 350, for more 
details. 

We may consider the change in Gibbs energy per faraday electric 
charge transferred, and find A~0. We may consider the cell as made up of 
sections. Then we find AG per faraday transferred for each section and add 
up these. For our simple cell we have the following: 

Section I, the left-hand-side electrode compartment: 

The liquid junction: 

A G I  ~---/'IAgC! - - / ~ A g  - -  tHCI(I)I"tHCII1) 

..  f(ll) 
AGIj = -~(ll PHcl dtHcl 

822/78/1-2-35 



522 Forland and Forland 

Section II, the right-hand-side electrode compartment: 

AG2 =/LAg  - -  #AgCI "-F tHCI(II)flHCI(II ) 

Adding up, we obtain 

AG(Q)=AGI + AGtj.+ AG2= HI) IHClllHCI--f((::).HcI dlHc ! 
(1) 

f 
(ll) 

= ~(I) tHe! d~tHC, = --3~0 (24) 

Only the charge-dependent term in Eq. (23) is connected to the emf E 
of the cell. This is seen from Eq. (20) for j = 0 .  Then 

drp = --(L21/L22) d / . t n c  t (25) 

and by integration over the whole cell we obtain 

f 
(ll) 

EF= (L21/L22) d/~ncl (26) 
--~(I)  

Introducing the ORR L21 = L l 2  and LI2/L22 = tnc~, we obtain 

f 
(lI) 

EF= tHC I d/Inc I (27) 
--~(I)  

The calculation is easily extended to a system containing an electrolyte 
with several components: 

f 
(ll) 

EF= - (~ ~ t/d~, (28) 
i 

The method has been applied to electrochemical cells with a liquid 
junction between the two electrolytes, HCl(dilute)-KCl(high concentra- 
tion) (ref. 2, pp. 351-354; refs. 3, 13, 14). The emf was calculated from 
Eq. (28) for well-defined concentration profiles, taking into account changes 

in mobilities and activity coefficients. Theoretical values were compared 
with experimental values, and a very good agreement was found/'4) 

For a more complex system containing several liquid junctions and 
membranes, it is reasonable to divide the cell into several compartments. 
From the change in Gibbs energy by the transfer of one faraday electric 
charge one may find the electric work supplied and hence the change in 
electric potential for each part of the cell (ref. 1, Chapter 8.3; ref. 2, 
pp. 351-354, ref. 3). 
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The Contribution to the emf from Changes in Charge 
Separation in the Liquid Junction. In the liquid junction of the cell 
pictured in Fig. 3, diffusion of HCI takes place. Because H + ions have a 
higher mobility than C1- ions, an electrostatic potential gradient is created 
giving an electrostatic energy U,j in the liquid junction. 

In the derivation of Eqs. (13) and (16) we assumed only insignificant 
changes in U,~ by the transport process, and there was no contribution to 
dU in Eqs. (8) nor to the emf. 

We shall estimate the order of magnitude of the contribution from 
OU~t/OQ. We assume the dilute electrolyte an ideal solution. The elec- 
trostatic energy in the liquid junction is given by the equation from 
electrostatics (see, e.g., Alonso et al.t~5~): 

Uel = �89 fv e(V~~ dV (29) 

The integration is over the volume of the liquid junction. Here e is the 
dielectric constant and V~p is measured using a large set of test electrodes 
(comp. Fig. 2). The contribution from OUe=/OQ was calculated assuming a 
sharp gradient in cHa (from 0.01 M to 0.1 M over 1 mm). (~6,1v) The 
contribution to the emf was found to be of the order of magnitude 10 -15 V. 
For a less sharp gradient it would be even smaller. Thus the contribution 
to the emf from a change in electrostatic energy by charge transfer is 
insignificant, as was assumed in the first section of this paper. 

2.2. The Donnan Potential 

In a cell, two electrolytes of, e.g., KCI are separated by a membrane. 
The cell is illustrated in Fig. 4. In compartment II a small amount of a 
second electrolyte, KR, has been added. The membrane is permeable to 
both K + and C1- ions, but impermeable to the R -  ions. Equilibrium is 
established over the membrane for KCI. The concentration of K + is higher 
in solution II than in solution I. (A small amount of a nonelectrolyte, e.g., 
sucrose, is added to solution I to compensate for the small difference in 
water activity.) The potential of this cell is called the Donnan potential. 

The Convent iona l  Approach.  The electrochemical potential dif- 
ference for K +, A/~K+, is assumed to be equal to zero over the membrane: 

A/~K+ = Zl/~K+ + Fz/~b = 0  (30) 

where z1r is the electrostatic potential difference over the membrane. There 
is assumed no contribution to the emf from the salt bridges of the two 
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Fig. 4. Electrochemical cell for the measurement of the Donnan potential. 

reference electrodes. The whole cell potential is created over the membrane. 
Furthermore, as an approximation, the activity of K +, aK~, is replaced by 
the concentration cK+. 

One obtains 

EF= --AyK , = --RTIn(CK +IIIJCK +m) (31) 

where E is the emf of the cell. 

T h e  O p e r a t i o n a l  A p p r o a c h .  In the operational approach we 
calculate the Gibbs energy change for the whole system by charge transfer 
AG(Q). The content of KC1 on the two sides of the membrane changes by 
charge transfer. The contribution to AG(Q) in this region, however, is 
equal to zero, AG,,, = 0, because the chemical potential of KCI is the same 
on both sides of the membrane. All the charge-dependent Gibbs energy 
changes are created in the salt bridges, AG~ and AG2 (see Fig. 4). (~81 We 
have 

EF= -(AG~ + AG2) (32) 

The calculation of AG~ + AG~ is done using Eq. (28). 
Assuming ideal solutions and for CR- ~ CCt- in the salt bridge of the 

right-hand side electrode, we obtain 

EF= --RTln(cK+m~/CK +dl ) (33) 
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The two approaches to the emf calculation, Eqs. (30) and (32), give 
the same result when approximations are introduced. The two approaches, 
however, are fundamentally different. In the conventional approach one 
assumes that the emf is created over the membrane, and that the contribu- 
tion to the emf from the salt bridges is equal to zero. The membrane poten- 
tial is the electrostatic potential difference between two points, one on each 
side of the membrane. The system is inhomogeneous, and the electrostatic 
potential is not defined operationally. When two reference electrodes are 
inserted as shown in Fig. 4, the outer electric potential of the cell (the emf) 
is measured, not the electrostatic potential. A small electric charge is passed 
through the cell by the measurement, and a corresponding electric work 
dw, = -Acp dQ is supplied to the system. The electric work -A~o dQ causes 
a change in Gibbs energy dG(Q), where dw~ + dG(Q)= 0. This gives exact 
information about the origin of the electric work, and thus the origin of the 
emf. In the operational approach the sections of the cell responsible for the 
emf are found to be the salt bridges. 

Although the conventional method permits a calculation of the emf, it 
gives the wrong information about the origin of the emf. 

2.3. Energy Conversion in Mi tochondr ia  

The concept of membrane potential is widely used in biochemistry. 
One of the most important processes in biology is the energy conversion 
taking place in the membrane of an organelle called the mitochondrion. In 
the discussion of this process the membrane potential has played a central 
role. 

The two important processes in the mitochondrial membrane are the 
oxidation of the molecule NADH by 02 in the respiratory chain, and the 
formation of an energy carrier, ATP, which is the source of energy, e.g., in 
a muscle that carries out work. The oxidation takes place over three steps 
in the respiratory chain, and in each step about 4 H + are transported 
across the membrane. The H + are transported back through the mem- 
brane by means of an enzyme, the ATPase, whereby ATP is produced from 
ADP and inorganic phosphate, Pi: 

ADP + Pi = ATP (34) 

In his chemiosmotic theory, MitchelP jg) suggested, based on evidence, 
that the two processes, the oxidation and the ATP formation, are coupled. 
This opened a much better understanding of the oxidative phosphoryla- 
tion, but still there were unexplained observations on mitochondria. 
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The Conventional Approach. Mitchell used the conventional 
concepts of electrochemistry, such as single-ion chemical potentials and an 
electrostatic potential, in his explanation. Problems arise when experi- 
mental observations are to be explained by a theory based on nonopera- 
tional quantities, z~/IH+ and A~. There is still no theory capable of a full 
explanation of the mechanism of the total process. 

The Operational Approach. The total process can be analyzed 
using only operationally defined quantities, avoiding the quantities z//~,+ 
and zlr <2~ 

Before we analyze the process, we refer to experiments by Rottenberg 
et al. ~2~) In their experiments the redox potential and the concentrations of 
ADP, ATP, and Pi could be varied. Their observations showed that (i) the 
process could be reversed, (ii)it could be balanced, and (iii)three H + 
passed through the ATPase for each ATP formed. 

The redox process causing the transfer of H § across the membrane is 
equivalent to a transfer of H § by the use of two hydrogen electrodes, one 
on each side of the membrane, and a voltage source located in the mem- 
brane, the respiratory chain. The H § returning through the ATPase takes 
part in the phosphorylation process. This cell model is shown in Fig. 5. All 
steps in the cell reaction are reversible, no energy is lost in the process. 
Three electric charges are transferred for each ATP produced. From 
stoichiometry and charge balance we postulate that the negative ions 
entering the ATPase from the right-hand side are A D P M g -  and H P O ] - .  

outsk!e inside 

~_~ F~ I 

3." - - - - 3 . ' - - - -  I / 

cyfos0t membrane matrix 

/H" 

Fig. 5. An electrochemical cell model describing the synthesis of ATP. Reprinted, with 
permission, from ref. 20. 
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Experiments on detached F~ particles show that ADP and Pi enter F~ 
and form ATP strongly bound to F] 22). We assume the reaction 

A D P M g -  + H P O ]  + H + ( F I ) = A T P M g = - ( F I ) + H 2 0  (35) 

Only a very small supply of energy is needed for this reaction. 
To discharge and release ATPMg 2- a strong acid is needed. We 

postulate that this acid is produced in Fo. The unit F o is an H +-conducting 
channel, We assume that the H + - F o  bond is stronger on the left-hand 
side than on the right-hand side of the channel (Fig. 5). The H + ions are 
forced from left to right in the channel by the electric potential dip. This 
means that electric work is supplied to give an increase in Gibbs energy, 
representing a gradual weakening of the H + - F  o bond from left to right. 
Hence the strength of the acid H + F o is highest at the Fo-F,  interface. The 
energy conversion from electric work to Gibbs energy in the H +-conducting 
channel can take place in steps over some distance, and therefore A~0 for 
each step is sufficiently low to prevent electric breakdown in the channel. 

At the Fo-F ~ interface the neutral molecule H2ATPMg is formed. 
It diffuses to the right and dissociates into ATPMg 2- and 2H + in the 
electrolyte. 

The main point of the present discussion of the energy conversion is 
that the thermodynamics of each step in the process can be described by 
the chemical potentials of electrically neutral molecules, e.g., K2ATPMg, 
KADPMg,  K2HPO4,  electrically neutral complexes, e.g., H + F o ,  and 
electric work, all well-defined operational quantities, t2~ This analysis has 
given a new insight into the mechanism of the ATP synthesis in ATPase, 
and we can now explain some observations that could not be explained 
earlier. 

3. C O N C L U S I O N S  

Flux equations for electrolytes were derived using well-defined 
measurable forces, which are independent of one another. The forces are 
gradients in chemical potential of neutral components and gradients in 
electric potential as can be measured using reversible electrodes. The 
electric potential is introduced into the equation for entropy production by 
external electric work and the first law of thermodynamics. The fluxes are 
expressed as transfer of neutral components and of electric charge. Thus all 
forces and fluxes are operational quantities. 

The flux equations are based on the equation for entropy production. 
This is shown to be independent of the transport mechanism, whether we 
consider migration of ions or transfer of neutral components. 
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The operational method leads to an insight into the mechanism from 
a different angle, and in some cases we obtain more information than by 
the conventional method. 

For electrochemical cells with liquid junctions and membranes the 
operational method enables us to find where in the cell electric work is 
supplied, and the corresponding change in electric potential. 

The analysis of the Donnan potential shows that the source of the 
potential is in the liquid junctions of the reference electrodes, not in the 
membrane. Hence the conventional approach to the Donnan potential 
misleads about where energy conversion takes place in a biological system. 

The operational approach to the energy conversion in mitochondria 
has revealed new details in the mechanism of the ATP synthesis in the 
ATPase, which where not found by the conventional approach. 
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