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The Donnan potential is calculated on the basis of classical ir-
reversible thermodynamics for the following galvanic cell:
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The membrane is permeable to water, KT and ClI” ions, but imperme-
able to the M+ and SO,2~ ions. When chemical equilibrium is obtained
across the membrane, the emf for the present cell can be approximated
by the equation

E = BT {ln Ccita) + %=~ $uso, ln<1 _ Uso. — ux Cso. >
cl ”K ~ ¥s04 ug  Crew
—ln(l _ O mlug — uy) >}
2Ck s myur + 2050,(Uso, — Uk)

In the present cell the concentration of potassium sulfate in the left
hand half cell is much smaller than the concentration of potassium
chloride in the 3 molar (3 M) potassium chloride salt bridge. The
second term on the right hand side of the above equation is therefore
negligible. Since the metal chloride concentration in the left hand
half cell also is negligible compared to 3 M the third term in the above
equation is also negligible and the emf of the above cell can be further
approximated by

2~ BT, Ca
F o Cop
which is the result obtained experimentally for cells of the above

type.

In a recent paper Fgrland and Ostvold! calculated the Donnan potential
for the following galvanic cell

KCI KR | Mem- K(J
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The membrane was considered permeable to water, K+, and CI” ions, but
impermeable to the large organic anion R™. In the calculation of the Donnan
potential for the present cell

AgCl | KCl KCl K,SO, MCI | Mem- | KCl Sugar KCl1

Ag l ¢ ' Cx(s ) H Ceit) Criso. CMCI’ brane | Cxci() Ogs H Cxm l AgCl lAg
the only assumptions introduced are the ideal solution approximation, the
assumption of zero mobilities for SO,2~ and M* ions in the membrane phase
and the assumption of constant relative mobilities in electrolyte solutions.
The Donnan potential is a concept very frequently used in the discussion of
biological systems, and it is introduced in the calculations of transport processes
in biological membranes. Fig. 1 shows a schematic diagram of a galvanic cell
with a membrane separating the two half cells. The membrane is permeable
to the K+ and Cl™ ions, but impermeable to the SO,* and M* ions.

The potential established over the membrane is called the Donnan po-
tential. As K+ and CI” are free to migrate between the two compartments
of the cell separated by the membrane, the chemical potential of KCl, ux,
must after some time be equal on both sides of the membrane. If the solutions
are sufficiently dilute, they can be treated as ideal ionic solutions, and we
may write

RT ln OK(I)OCI(I) = RTln 0K(2)0C1(2)

CK(I)CCI(I) = Cx(z)om(z) (1)

which is the Donnan equilibrium. This equation was derived by Donnan and
Guggenheim .2

When an equation for an electric potential difference, or the emf of a cell,
is written, it should be said how it can be measured, and what the electrodes
should be like. If the electrodes of the cell in Fig. 1 were reversible to CI” (e.g

or

Fig. 1. A schematic diagram of a galvanic
2 cell constructed to study the Donnan
potential. The membrane is permeable to
water molecules and K+ and Cl~ ions, but
Membrane not to the M+ and SO,*- ions.

(1)

-

Ag[AgCl electrodes), the total cell reaction would be the transfer of KCl from
the left hand side to the right hand side of the cell. (The quantity transferred
per Faraday would be given by the transport number of K+ in the membrane.)
But since the chemical potential of KCl is equal on both sides of the membrane,
the total cell reaction gives no change in Gibbs energy, and the emf must be
zero. The same result would be obtained if the electrodes were reversible to
the K+ ion. This type of reasoning was also used by Babcock and Overstreet 3
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in their discussion of the use of calomel half cells to measure Donnan potentials
in 1953, but seems to have been ignored by most scientists discussing Donnan
potentials in later years.

Most of the measurements in biology of potentials over membranes are
carried out with micro electrodes consisting of a pipette filled with a high
concentration KCl-solution, into which an electrode reversible to Cl™ is intro-
duced. In such cases it has been assumed that processes taking place in the
liquid junction at the tip of the pipettes would not contribute to the measured
emf by any significant amount. It will be shown that this assumption is far
from beeing valid.

Ag/AgCl Ag/AgCl
ke1am) M el (3m)
K cl, Wwr o
K* 504-
M* Cl-
1) (2)
ChaM et i2C. Criam)
(3M)~¢Ls0,
¢ [Cram=Cu
mol/l
=Can — {CuanCo
C., K] !
Nowpull |
1;_1_'(:504_' 1 |

abc d e f
t ta=tea=Y2
Fig. 2. A schematic diagram of a special ‘z‘/z_':%l:w tey b
galvanic cell constructed to study the "
Donnan potential together with diagrams { Lt |
of the variations of the concentration of ty —
the K+, M*, CI”, and SO ions and the tso, ]
transport numbers of the K+, M*, Cl-, . : L A
and SO, *" ions through the cell. ab ¢ d e f

To calculate the emf of the cell shown in Fig. 2, a small positive charge,
4Q, is allowed to pass under reversible conditions from left to right in the
cell during a short period of time, At. It has been shown in previous papers by
Forland 4 and by Ferland et al.,5 that the outer electric work (in the poten-
tiometer) AQE, where E is the emf of the cell, is connected to that part of
the Gibbs energy change occurring in the cell which is dependent on 4@, but
not on 4¢. One may thus write

4AQE + 4;;—2410@ =0 , (@)

where AGo is the change in Gibbs energy following the cell reaction per
Faraday of charge transferred. 4Go can be calculated when the cell reaction
is known and when the transport number, £, and the chemical potentials, x,
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of the components of the cell have been measured. 4Gy is given by the follow-
ing equations (see Forland et al. ®):

4Go = 4G, — 2 mdty
O\:&l’ (3)

cell

where 4G, is the change in Gibbs energy close to the two electrodes. In the
present cell the two electrodes and their close surroundings are identical and
AGel =0.

The integral —[>udt; gives the change in Gibbs energy due to change in

composition by charge transfer in the different sections of the cell. In any
region where all ¢, are constant the change in Gibbs energy is zero. To describe
the change in composition of the electrolyte in the different sections of the
cell, the choice of frame of reference for all transports have no influence on
the final result. For the region of concentration gradients in the electrolyte it
is most practical to refer to water as frame of reference.

In the region of the membrane it may sometimes be more practical to refer
all transport to the membrane as a frame of reference. Knowing the transport
numbers of the components KCl and H,0 one will then be able to tell how
much of each component was added to each side of the membrane by the
charge transfer. In the present case, however, this is of no interest for the
emf calculation since the chemical potential is constant both for KCl and for
H,0 in the region from d to e. This may be obtained by adding a neutral
molecule like sugar to the right hand side of the cell, or by keeping a pressure
difference, which has to be corrected for in the emf. So in the region of the
membrane we may just as well use water as frame of reference as was done
in the other regions of the cell.

With water as the frame of reference eqn. (3) becomes

f f f
AGg = — Jug et — fﬂmmdtmm - fﬂK,SO.dtKgSO. (4)

With electrodes reversible to the CI” anions, ty obtained from the Hittorf
experiment is the same as the transport numbers of M* ions, £,. The transport
coefficient for potassium sulfate, ¢xso,, obtained from the Hittorf experi-
ment, is the same as minus one half times the transport number of SO,*~ ions,
tso,, because the negative divalent sulfate ion is migrating in the negative
direction. The change in KCI content following the Hittorf experiment can
be expressed by t.. and it is easily seen that f, is related to the transport
numbers of the K* and SO,*~ ions through the following equation:

trer = tx + 5o

When ionic transport numbers are introduced eqn. (4) attains the form

£ £ £
4Gy = — [pged(tx + ts0,) — fﬂMdetM + %fﬂK:SO(dtSOt (3)
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With water as our frame of reference, the membrane (and the walls of the
container) will move by the charge transfer. If ¢, , with membrane as frame
of reference is positive, then the membrane will move from right to left with
water as frame of reference. Since the membrane is assumed to be impermeable
to SO, and M™, this means that MC] and K,SO, must be transported in the
same direction as the membrame in a region close to the membrane. As, how-
ever, this is transport of components over a region where their chemical po-
tentials are constant, it gives no contribution to the emf.

Principally we should also have a term — [umembranedfmembrane in 4Go.
However, the membrane is supposed to be in equilibrium with the KCl and
water during the whole process of charge transfer. Thus any movement of
these components between d and e with respect to the membrane does not
contribute to 4Go’, or any movement, with respect to water, of membrane
and KCI within the same region does not contribute to 4GQ. Therefore the
term — [UmempraneQfmembrane 18 zero. Further it is sufficient to know the
transport coefficient of KCI at the points d and e. The variation in transport
coefficient between these points will have no influence on 4Gy .

It is thus shown that the change in Gibbs energy by charge transfer can
be calculated by eqn. (5) and detailed knowledge about transports in the
region from d to e is not needed for the emf calculation.

The transport number ¢, is a function of composition and may change
along the length of the galvanic cell in a way similar to what is shown in Fig. 2.
This means that KCl will be added to the region where the left hand side
electrolyte comes in contact with the KCl-solution of the KCI salt bridge.
In this region one can observe from Fig. 2 that df; is negative. The major
change will take place at concentrations close to Cyxeyy, since the changes
in transport number with distance along the length of the cell is greatest in
this region. In this region KCl is transported from a high to a low concentra-
tion. This is a source of free energy which is transformed to electric energy in
the outer circuit of the galvanic cell.

It should be mentioned that the left hand side KCl salt bridge has been
given a MCI and K,S0, content in that part of the bridge which is close to
electrolyte(1) of the cell. This is to make the liquid junction reproducible and
well defined, and it simplifies the calculation of the integral in eqn. (5), and
diffusion data are not needed. It is reasonable to assume that this type of
liquid junction will give the same potential as the one usually made. An ex-
perimental test of the above assumptions is now in progress. Similar assump-
tions were made in a previous paper by Fgrland and @stvold ¢ where the emf
of a concentration cell containing a KCl salt bridge was calculated.

The major drop in ¢y back to the value { takes place in the region of the
membrane. The quantities of salt coming to either side of the membrane is
determined by the transport number, ¢, in the membrane. Due to the
Donnan equilibrium established across the membrane pyq is constant from
one side to the other, and we do not have to know the transport number in
the membrane to calculate the chemical work, 4Gg, caused by the charge
transfer.

As the major part of the transport takes place in concentration ranges
around Cyqy) and since the activity coefficients are usually not known for
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such systems, we may operate with low values of Cix, and assume that the
solutions are close to ideal. We will then have from eqn. (5) remembering that
b +lso. =1 —tqy
b b
4G = [(Uke) + BT In CxCiy)dtey + 3 (4°kison + BT In COx?Co,)dts,
a a

— J(¥xer + BT In Oy Cp))d(tx + ts0,) — fb(ﬂOMCI + RT'In CyC)dty

b

[

+ %I(ﬂoxzso. + RTIn zeoso.)dtso. (6)

o

or

b b e
AGq = RT{[In CCodte, + 3f1n Cx2Csodtso, — [ 1n CCrdtyc
a a b

- i[ln CuCedty + 1{(% InC'*Cyp, — InCC)ds,,} (7)

If we assume that the mobility ratios ui/uj of the ions K+, M*, SO, and CI”
are independent of the concentrations, the transport number of these ions
will be simple functions of the concentrations. We thus have
_ ug Ok

ugCx + ueCo + UnCy + 2ug0,Cs0,

(8)

tx

and similarly for the other transport numbers. These transport numbers will
change in the following regions of the galvanic cell; (a—b), (b—c¢), (c—d) and
(d—e) (see Fig. 2). In the region (a —b) we have
2ux,s0,uc1Cke M)
dt, = — e - dC
“ [Gx(amuxcx + 2C(ugo, — ue)?

2uxciUso,Cx@ vy
dbgo, = ‘ dac (10)
S0 [Crim¥ra + 20(ugo, — uy)

In these equations wuype=ug+Ue, Ug,s0,=Ug +Uso, and C is the concen-
tration of SO,%~ in the electrolyte. In the region (b—c) we have

(9)

Ug (Cr@mtma + 2Cso,(Uso, — Uct))
dip = — K ‘ ¢ dC 11
X [Crim¥xa + Cluy — ug) + 2050, (Uso, — Ue) PP (11)
Upn[CrmyUxa + 2Cso,(Uso, — Uc1)]
dt,, = dc 12
M [CK(aM)uKCl + Cuy — ug) + 2050, (Uso, — Ue) PP (12)
dtso‘ _ Euso.(um i uK)OSO; - dc (13)

B [-OK(SM)uKCl + Cluy, — ug) + 2Cs0,(uso, — Uey)]

In eqn. (11) to eqn. (13) Uy, =uy+ Uy and C is the concentration of M+ in
the electrolyte.
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In the region (¢—d) the M* and SO~ concentrations are constant and
we can express the variation the ionic transport numbers as functions of the
variations in the concentration of K+ ions.

We thus have
Uy (Coyptharer + 2Cs0,(Uso, — Uey)
dt = K M“MC1 . . C1 dG l 4
B [Cugg + Chptyer + 2Cs0,(uso, — Ucy) P (14)
Chyty %

dt. = — M KC1 do 15

M [Cuge + Opner + 2Cs0,(uso, — %) P (13)

dfso, = 2050 soutxcr ac (16)

B [Cugey + Cyyrer + 2Cs0,(uso, — ucy)

In these equations C is the concentration of K+ ions in the electrolyte.

Since potassium chloride is the only component transported across the
membrane during charge transfer the integral from d to e in eqn. (7) can be
simplified. Since ug, is constant from one side of the membrane to the other,
that part of the integral which is due to potassium chloride transport can be
simplified to —RT(fxcyg —treyy) In CgpCoy- The metal chloride, MCI,
is transported to the membrane at the left hand side and since the transport
numbers of the metal ion is zero in the membrane the chemical work occurring
at the membrane interface due to MCl-transport is given approximately by
— RT(—tyeyyy) In CCoyyy- The contribution to the integral from d to e in
eqn. (7) from potassium sulfate transport is analogously given by
— RT(—tx,s0,) In Cxay?Cso,.

In the half cell on the right hand side the concentrations of potassium
and chloride are equal and as a consequence of this ¢ is constant in this region.
Introducing these results and eqns. (8—16) into eqn. (7) gives the following
equation for the change in Gibbs energy per Faraday for the cell reaction (see
Appendix for calculations):

4Go = RT| In Caqy ey — $uso, In (1 — %s0 ~ %a Cso,
Cae  uq — Uso, uy  Craw

+In <1 - Conlicr = ) )] (17)

20x@mte; + 2Cs0,(uso, — Ucy)

and the emf of the cell is

g = BT, Cae | Y% = 3uson (| _ ¥so, = ey _Cso,
F C'c1(1) Ue — Uso, Uy 0K(3M)

- 1n(1 ~3 Canltley = tr) )] (18)

z Cr@mUe + Cso,(Uso, — %ey)

The last two terms in this equation are very small since Uso2~ and Cy " are
very small compared to 3 M and they can therefore probably be neglected in
view of the approximation introduced by assuming ideal solution behaviour
of the electrolyte. We thus obtain an equation for the emf of the cell which

Acta Chem. Scand. 27 (1973) No. 6



2206 FORLAND AND OSTVOLD

is identical to an equation usually presented as the Donnan potential equa-
tion. This equation is, however, constructed by operating with single ion
activities which are not measurable quantities and by neglecting processes
taking place at the liquid junction of the KCI bridge (see, e.g., Aidly 7), pro-
cesses which in this case are the major sources of free energy change contribut-
ing to the emf.

In the paper mentioned above by Ferland and Ostvold! the Donnan
potential was calculated for the cell containing KCl and KR only. Zero mobility
for the R™ ion in the membrane was assumed. The following result was

obtained
RT Cc|(2) Uy — U C
E="In ~+4+In(1+ 2 S "R 1
F [nCCI(]) + n( * 2u, OK(SM))] (19)

showing that the emf of the cell can be approximated by the first term in this
equation as long as Oy <3M. If we had used saturated KCl salt bridges in
these emf calculations, the equation for the emf would have been slightly
different, but the difference can be neglected in view of the ideal solution
approximation used in the calculations.

Yuasa et al.® measured the emf of the cell

KCl1

KCl || KtPSS™(x)
Hg | Hg,Cl, | satd.)

(satd.)| K+CI- | Hg,C1, ‘ Hg

Membrane ( KCl () H(

where the membrane is permeable to water K+ and CI” but not to the poly-
styrene-sulfonate ion. The emf of the cell was measured as a function of C
(concentration of KCI in the right hand half cell) and X (concentration of
potassium polystyrenesulfonate in the left hand half cell). Their results agree
with eqn. (19) within 0.2 mV. Instead of making the emphasis on undefined
or irrelevant local electric potential differences in the galvanic cell by the
calculation of an emf, as is very frequently done, it is demonstrated in this
paper that the emphasis should be on the gradients of chemical potential of
neutral components of the cell and how the concentration of these components
is changed by charge transfer, that means on the coupling between transport
of charge and transport of components.

The method outlined above will be applied to other potential calculations
related to biological membranes.

APPENDIX

When eqns. (8 —16) are introduced into eqn. (7) and the integral over the
membrane from d to e is calculated as outlined in the text, the change in
Gibbs energy per Faraday in the above galvanic cell following the transfer
of positive charge from the left to the right hand electrode at equilibrium
conditions is given by the following equation:
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e _ 250, C@ 30 Cso, 1 Cxewm + In (Cxawm — 20) dc
RT 4(uso, — ucy)® o O+ - txa_ OK(SM)
2(uso, — Ugy) )

uso‘OK(a M Cso, o 21n Cxe m + In C dc

— 2
4(uso, uc1) (C + z(u Ugcr - )OK(SM))
S0, — %1

U (Cremtma + 2Cso (Uso, — um)
(U — ug)?
Ox 1n (Cxayy — C) + In(Cxawm — 2Cso,) d
I c 3dC
" (o4 2Cs0,(uso, — Uey) + Cr@mUxa
Uy — Ug

+

_ Uy[Cx@muxa + 20so,(Uso, — Ua)]
(up — ug)?

CJ_M ~ InC+1In(Ckem — 20s0,) ac
) ((} + 2Cso0,(Uso, — Ue;) + UK(3M)uKCI>2

Upy — Uy

_ us0Cso, On 2In (Ck@my — O) + InCso,

Uy— Uk 0 (0 + 2Cs0,(uso, — %e;) + Cxa M)uKCI>2
Uy —Ug

d¢

2uso‘050‘ CM In (OK(a M) — 0) + In (CK(SM) - 2050‘) dac
. 2
Uy —Ug 0 o+ 2qu.(uso. — Uey) + Ore Mg

Uy — Ug

_ ug[Cytyre) + 2Cs0,(Uso, — tc))]

x
Ukl
Ckay InC + In(C + Cy — 2Cso,) dc
Cxay — Oy (C’ + Cytyer + 2380.(7%04 - uc1)>2
KCl
, Oty lem InCy +1n(C + Oy — 20s0) 4
Yket Cgwmy — Cy <O n Q@g%_tm + 2250.(”50. - uc1)>2
KCl1
_ %Q,Luso. Cray 2InC + InCso, ac
Ukl Oy — Cy (a + Outtager + 2050, (tiso, — “c1)>2
Ugcr
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2Cso,us0, Cxay InC +In(C + Cy — 2Cso,) dc
Uxcl Cx(a My — CM (0 + Omuma + 2250.(1‘«30. - ’“cn)>2
KC1

Crayugx + 2Cso,uso, _
Cxayuxa + Oyt + 2Cs0,(Uso, — Uey)

Cyuty
+InC,C M
M D Cayer + Cygliygey + 2050, (Uso, — Uey)

2Cs0,Uso
201 50, Al
S04 CK(I)’“/KCI + CM’U«MCI + 2030‘(?150. - u(:l) ( )

When the above integrals are solved * the following result is obtained

4Gy _ 2ug(uso, — Ue)Cso, InCrery gy InCx@s
BT uxa[Cxemuxa + 20so,(uso, — Ue)] Uk om

bt (1 2t )

(S

+ In OK(l)Cq(l)(

— %10 Cxq

Uso, — Uy CK(aM) Uk
(Ox(a M) — 2050‘) In (CK(3M) — 2050.)
Cxmyuxct + 20so,(Uso, — %¢y)
T g Cs0,InCso,
* Cremyuxc + 2Cso,(Uso, — Ucy)
Uso, 1, (1 + 2050, Uso, — uc1> o Uuo l: CyInCy

+ Uy

-1
2

Uso, — Ucy K@M  URa Uy — Ug| ala + Cy)
1, Cy :I uxd (Cx@an — Cy)In (Cxawmy — Oy)
——In(l+-—>)|~-
a a (uy — ug)(Cram + @ Cy+ta
 Camwinhon | 1y, %]
a a
+ E_C’M ” (Cxem — 2C050,) In (Cxm — 2C50.) +u Cso.1n g,
a(ux — Upy) \ O Cy+a SOy +a
_ uUx Cxayln Ckqy _ (Crawm — Cy)In (Cxam — Cy)
uga \ Ok + b Cxemy —Cy + b
Cxamy — Oy + 0 Uey; (CoyInCopy
1 Za fZaa) - e
+n Cxp + b ) * uxcn( Cxa) + b
_ (OK<3 m — 2Cs0.) In (Craw — 2050,) +1In OK(3 w — Oy +b
Cxam — Oy + b Cxw + b
* To solve these integrals we used the equation
Inz _ zlhz 1
Java ™ aavn a0+
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%g0.0s0.1n Cso,
C'K(l)'“KCl + Cyttyrer + 2050, (%0, — %cy)

B Us0.Cs0.1n Cyo,
Cramuxa + Cy(uy — ux) + 2C0g0,(Uso, — Ugy)
Uy Oy In Oy
0K(3M Uge + Oylty — ux) + 2050, (Ugo, — Ugy)
Uy O In Oy

"~ Craxa + Oyttyey + 2C50,(Us0, — Ucy)
Us0,Cs0, 10 Co, — Uy Coyr In Oy
CK(I kel + Oyl + 2050,(Uso, — Ucy)
Cxpux
" (O'K(1 Uxa + CMuMC(l + 2Cs0,(Uso, — Ucy) B %) In O
COxy(ux — Uey) + Oy — %) + 2050, (Uso, — Ucy)
Cxpyuxc + Cyliye + 2050.(“50. — Ugy)

t1 In Cagy (A2)

In this equation

Cx@muxa + 2050,(Us0, — Ucr) b= _O_'Mﬁmm + 2Cs0,(Us0, — Ucy)
Uy — UK ’ Ukct

a =

and d = Cxamtnct + 2050,(Uso, — Uey)
Uy — UK

In aqueous electrolytes ue ~ux. If this approximation is introduced in the
above equation and terms with the same logaritmic functions are gathered,
the following result is obtained

AG

=1In Cap) U — $Uso. Inf(1— Uso, — % Cso.
RT Cxq) Uer — Uso4 Uy Ckiem
Chr(te — Uy)
+Inf1—1 ml%q M ) A3
( # Cxam¥ + Csou(¥so, — Ucy) (43)

The Donnan equilibrium is established across the membrane, and the chemical
potential of potassium chloride is therefore the same on both sides of the
membrane. Using eqn. (1) we get

0c1(1) . 02(:1(1) _ 020(1)

= = A4
01{(1) OK(I)OCI(I) Gzcl(z) ( )
Combining eqns. (A3 and A4) we have
AGQ RT 0c1 2) Uy — 2U, u — U, C
E= """ ~e2) ul 1 — 280« TCl S0«
F F n OCl(l) + Uy — Ugo, n < Uy OK(I M))
~In(1-1% Oy (uey — uM) ):I A5
( CK(3 e + Cso(Uso, — Ucr) (48)
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Since the concentration of metal chloride and potassium sulfate is very small
compared to 3 M, the electromotive force of the above cell can be expressed
by the equation

RT . Cagp
g1 A6
F 2 o (46)
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