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I. PERSPECTIVE ON THE ROLES OF
MEMBRANE ELECTROCHEMISTRY AND
ELECTROANALYTICAL CHEMISTRY

The thrust of electrochemistry in the past 25
years has been the study of electrode processes at
blocked and unblocked electrodes, primarily
metal/electrolyte interfaces. The vast literature
which has been contributed by both physical and
analytical chemists comprises a topic now known
as electrodics to distinguish it from the more
classical topics — electrochemical thermodynamics
(the study of equilibrium and transport properties
of electrochemical cells) and ionics (the study of
equilibrium and transport properties of electrolyte
solutions) — which occupied a significant number
of chemists during the first 50 years of this
century. Analytical electrochemists have found
their interests expanding as they turmn from
analytical methodology to fundamental and
applied studies within electrodics. Many practical
contributions have been made in new and im-
proved battery systems, fuel cells, electrochemical
synthesis, electrolyte and redox properties in
nonaqueous solvents, and electrochemical instru-
mentation. Electroanalytical chemists have also
contributed to fundamental topics such as: double
layer structure; capacitance measurements and
charging kinetics; thorough characterization of
inert and electroactive materials on electrodes;
roles of adsorbed intermediates; Kinetics of fast
homogeneous reactions coupled into electron and
ion transfers at electrodes; electrocatalysis; eluci-
dation of electrochemical oxidation and reduction
pathways; electrogeneration of radicals in and out
of esr resonant cavities; radical annihilation reac-
tions; electrochemiluminescence; development of
ultrasensitive spectroelectrochemical techniques for
detection of electrochemical intermediates; and
theoretical and experimental aspects of energy
transfers in connection with the rates of electron
and ion transfers at electrodes.

Although these topics and application are by no
means fully explored, a number of key volumes
summarize the progress in considerable depth.! ~°
These are mentioned at this point to advise readers
familiar with membrane technology that much
fundamental and technological progress has
occurred in electrochemistry in recent years — an
era beginning roughly with the 1947 Discussion of
the Faraday Society!® and continuing with the
“mainstream” monographs of Delahay,''!?
Vetter,'® Levich,'* and Bockris and Reddy.!®

Two new books emphasizing techniques are
recommended.'®*'7 A major two volume set
brings together solid and liquid transport
theory.'® For the readers not familiar with mem-
brane electrochemistry, the following review will
stress those concepts which are already familiar
although they are applied to more complicated
systems. The complication is primarily related to
existing methodological limitations. Membrane
electrochemistry usually involves the simultaneous
study of two active interfaces since no way has yet

‘been devised for the unequivocal electrical

measurement of processes at a single membrane/
solution interface.

What, then, has been the impact of modern
electrochemistry or electroanalytical chemistry on
membrane science? Secondly, and possibly more
important in the context of this review, is the
question: What is the role of membrane tech-
nology in analytical science? Electrochemistry is
pertinent in membrane studies at three levels. One
is the development of techniques with application
to experimental phenomenology including
current-voltage-time-concentration behavior. A
second is the mathematical modeling implied by
experiment and tested against experiment. The
third level is experimental verification of models in
terms of the molecular processes and properties
and includes determination of theoretical para-
meters by electrical methods and by comple-
mentary nonelectrochemical methods: physical
optical, esr, nmr, Raman, fluorescence, T-jump
techniques, etc. From transient and steady state -
measurement of current or membrane potential as
a function of chemical composition, chemical
treatment, and temperature, the roles of kinetic
and equilibrium parameters can be deduced or
inferred. A possible approach to modeling begins
with the assumption of the membrane as a linear
system to which laws of network theory may be
applied. Another begins by solution of basic
electrodiffusion laws of transport with equilibrium
or kinetic boundary conditions in order to deduce
forms for system functions which satisfy the data.
Other possibilities are discussed later. Finally,
necessary parameters are measured independently
to check the values implied by models.

The most important contribution of electro-
chemists to membrane electrochemistry is the
transfer of perspective and wisdom to the new
areca. There are many sine qua nons in electro-
chemistry which have occurred through extensive
studies of electrolytes and electrolyte/metal inter-
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faces. Electrochemists have learned to subdivide
systems into interfacial and bulk processes and to
expect effects of dielectric constant (complex
formation, ion pairing), effects of short-range
forces (adsorption of charged and uncharged
species with, possibly, changes in rates of inter-
facial processes), effects of high fields near
surfaces (Wien Effect and dielectric saturation, for
example), and the important effect of local
potentials on rates of interfacial processes (irre-
versible charge transfers, psi effects, etc).
Inasmuch as the presence of space charge at
interfaces is a natural consequence of the conti-
nuity of potential from one phase to another, the
presence of space charge and space charge
mediated effects in membrane systems is anti-
cipated. These are a few examples of phenomena
at electrified interfaces which not only should be
present in membrane systems but may also be
crucial in providing a link between properties of
membrane interfaces and the much better known
and documented properties of metallic interfaces.

As a rule, electrochémists seek to generalize the
uncovered principles of classical and modern
electrochemistry. It is therefore understandable
that less well-known systems involving interfaces
of the types electrolytefsalt, electrolyte/
semiconductor, electrolytefelectrolyte in a
second immiscible solvent, and electrolyte/
membrane (of various types) should. now become
targets of further research. In the past decade,
many electrochemists have already turned from
systems involving metals to other two-phase
systems where basic electrostatic and thermo-
dynamic principles can be applied in new ways
with the goal of making the new and more
complex systems interpretable and predictable.
The new interest is not purely academic because
the transport properties of solid (and some liquid)
membranes are important in new batteries and fuel
cells. :

The impact of membrane technology on
analytical chemistry is twofold: the development

‘of membrane systems responding in predictable

ways to ionic solution activities has already
provided a new dimension in electroanalytical
chemistry. This is the technology of ion selective
electrodes. However, the second and possibly the
major aspect of analytical chemistry affected by
membrane technology is analytical separation
science. In a particularly lucid table by
Lakshminarayanaiah,!® all presently known mem-
brane phenomena are placed into categories

326 CRC Critical Reviews in Analytical Chemistry

according to the driving forces acting within or
across membranes: gradients of chemical potential,
electrochemical potentials, pressure, temperature,
and combinations of these. This table, modified
slightly, appears here as Table 1. I have starred
those listings which now have analytical signifi-
cance. Clearly, there are many items which may be
considered as techniques of analytical separations.
Among these are techniques whose development
and application belong mainly in the domains of
clinical and medicinal chemistry, physiology,
pathology, chemical engineering, industrial
chemistry, and the various ecological and public
health sciences. They are nonetheless capable of
practical application and extension in the
analytical laboratory.

The literature in book form describing mem-
brane technology and applications is far too
extensive to mention. Instead, I have tried to
restrict this review and its references to those
topics which are in the realm of membrane
electrochemistry. Admittedly, there must be
considerable reference to other aspects of mem-
brane technology since the preparation and
characterization of membranes is common to all
applications. In the case of ion exchange mem-
branes, the bulk of the literature on these
materials concerns their use for separations. Their
electrochemical properties, although present and
functioning, are only incidental to applications in
separation science. The principal volumes
containing significant sections on, or totally

. devoted to membrane electrochemistry are by

Helfferich,2® Cole,?! Lakshmina-
rayanaiah,! °»22>23 Hope,>* Arndt and Roper,?’
Plonsey,?® and Kotyk and Janacek.?” Continuing
series are edited by Bittar,2® Eisenman,?® and
Danielli, Rosenberg, and Cadenhead.®® Appli-
cations of membrane electrochemistry to yield
activity sensing electrodes are amply described in
books edited by Eisenman®' and Durst.>? How-
ever, this field has produced such a variety of new
measuring devices and has opened so many
analytical possibilities in terms of new analyses
and new detection systems that it is very likely
that additional volumes will soon appear.
Numerous recent volumes are concerned, in part,
with membrane electrochemistry.3374!

A. Some Definitions in Membrane Electro-
chemistry

A passive membrane is a region of space which
separates two phases in such a way that material
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Driving force

Chemical or
electrochemical
potential,

Ay oor A

Electric field,
AF

Pressure, AP

Phenomena
Mixing or

diffusion

Membrane
potential
Osmosis

Dialysis

Diasolysis

Osmionosis

Dufour effect

Electric
conduction
Transport
number of
species

Electroosmosis

Electrodialysis

Transport
depletion

Electrophoresis

Filtration

Hydraulic or
mechanical
permeability

Pressure
permeation

Ultrafiltration
or reverse
osmosis

TABLE 1*

Various Membrane Phenomena

Membrane

Ultrafilter or
solution
diffusion

lon exchange

Ultrafilter or
solution
diffusion
Ultrafilter

Ultrafilter

Ion exchange

Solution
diffusion
Ion exchange

Ion exchange

lon exchange
Ion exchange

Usually

cation
exchange
alternates
with ultra-
filter in

stacks
Solution or gel

Ultrafilter
(micro-
porous)
Ultrafilter or
solution
diffusion

Solution
diffusion

Ultrafilter

Primary flow

Chemical
components

Ionic solute

Solvent

Solute

More mobile
component
Ionic solute

Thermal
Current

Fraction of
current
carried by
species
Solvent

Ionic solute
and/or solvent
transfer

Ionic solute

lonic solute

Solvent

Solvent

Selective
transport of
most mobile
component
Solvent

Comments

Establishment of
chemical equilibrium

Source of e.m.f.;
negligible solvent flow*
Solvent enters con-
centrated solution
(osmometry)*

Solute leaves concen-
trated solution
(hemodialysis)*
Selective transport of
more mobile species
Three streams of
different concentra-
tion generate driving
force. Similar to
electrodialysis with-
out application of
external electric field
Gives rise to AT

Estimation of mem-
brane resistance
Estimation of mem-
brane permselectivity

Solvent transfer
Solute removal

Simplified high
current density
electrodijalysis*

Separation of

large molecules*
Particulate matter
retained by sieving*

Relates to space
available for laminar
and/or diffusional
flow

Separation of liquids
and/or gases

Solvent leaves and
solution is concentrated *
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Driving force

Pressure, AP,
continued

Vacuum

Temperature
AT

Electric field
AE + pressure
AP

Electric field
AFE + tempera-
ture AT

Phenomena

Streaming
potential
Streaming
current
Piezodialysis

Pervaporation

Heat conduction

Thermoosmosis

Thermo-e.m.f.

Sorct effect

Forced-flow
electrophoresis

Electrodecantation

TABLE 1* (continued)

Membrane

Ion exchange
Ton exchange

Mosaicion
exchange
Solution
diffusion

lon exchange,
ultrafilter,

or solution
diffusion

Ton exchange,
ultrafilter, or
solution
diffusion

Ion exchange,
ultrafilter, or
solution
diffusion

Ton exchange,
ultrafilter, or
solution
diffusion

Ton exchange
or ultrafilter

Ion exchange
(cation) and
ultrafilter

*See Encyclopaedia Polym. Sci. Technol, 8, 622, 1968,

Various Membrane Phenomena

Primary flow

Solvent
Ionic solute
lonic solute
Selective
transport of
most mobile

component
Heat

Solvent

lonic solute

Solute

Ionic solute
and solvent

Ionic solute
and solvent

Comments

Generation of e.m.f.

Current very small:
studies rare

Product of reduced
salinity

Separation of liquids
and/or gases

Thermal conductance*

Solvent may move
from hot to cold side
or vice versa

Source of e.m.f.;
studies rare

Givesrise to Au;
difficult to measure

Purification of blood,
sewage; still in ex-
perimental stage*
AT supplied by
electrical heating
and/or cooling; ionic
matter concentrates
downward and sol-
vent concentrates

upward

(including electronic) transport between the outer
phases is in some way modified or inhibited in
comparison to transport between the same phases
in direct contact (without the membrane). This
definition may seem excessively broad, but it is
based on the generality of processes which occur
at a variety of membrane/outer phase interfaces
and within membranes themselves. Clearly, basic
electrostatic laws apply in all cases. It may not be
so obvious that thermodynamic (and quasi-

thermodynamic, steady state) laws of distribution
of charged species and neutral species, including
salts, also apply and that general laws of transport
apply regardless of membrane composition. Rates
of interfacial processes may also be governed by
laws with similar form, regardless of membrane
composition, but this point has not been verified
(see Section IIIB),

Membranes may be solid, liquid, or gas,* and
the outer phases are usually liquid or solid.

*[t may be surprising to some readers that gas films between electrolyte solutions qualify as membranes. Yet the classical
measurement of surface potentials using the Kenrick method (Kenrick, F. B., Z. Phys. Chem., 19, 625 (1896)) as modified
by Randles (Randles, J. E. B., Trans. Faraday. Soc., 52, 1573 (1956)) is an example of a membrane potential

measurement. .
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Although it is frequently the case that membranes
are thin in one dimension relative to the other two
dimensions, this property is only functional or
operational. In order to achieve a measurable
chemical change or electrochemical effect and to
make chemical or electrochemical measurements
on a membrane system in a reasonable time, some
transport related property must be susceptible to
temporal change. Thus, a change in potential, flux,
or concentration (among many varying and
measurable quantities) requires sample thicknesses
d such that d?/2D is comparable with the obser-
vation time (D is a mean diffusion coefficient).
Although irregularly shaped membranes are
conceivable, most theories and experiments are
restricted to systems with one-dimensional or
spherical symmetry such that transport occurs in
one dimension, the x direction in parallel-face,
planar membranes or along a radius in membranes
with spherical shape.

Membranes are considered to be porous or
nonporous depending upon the extent of solvent
penetration.*? At the nonporous extreme are
membranes which are nonionic and contain
negligible transportable species at equilibrium.
Ceramics, quartz, anthracene crystals, and teflon
films between metal electrodes or electrolyte
bathing solutions are solid membrane examples.
Organic liquid films such as hydrocarbons and
fluorocarbons in contact with aqueous electrolytes
are liquid membrane examples. At the other
extreme are porous membranes, which can be
solvated and will contain components from the
outer phases. Among these are nonionic films such
as cellophane, inorganic gels, and loosely com-
pressed powders in contact with aqueous
solutions. These materials absorb solvent from the
surrounding media and may also extract other
neutral molecules and jonic salts. More widely

'studied are those membranes of polyelectrolytes

(“solid” ion exchangers), aqueous-immiscible
organic liquid electrolytes (“liquid” ion
exchangers),! °22%-22>23 an( solid, ion conducting
electrolytes, including silver halides, rare earth
fluorides, and alkali silicate and alumino-silicate
glasses.31:32:%3745 Al| of these materials contain
ionic or ionizable groups within the membranes
which are capable of transport under diffusive or
electric field forces. In addition, these materials
possess the properties of porosity. Polyelectrolytes
tend to swell rapidly by osmotic pressure driven
uptake of solvent. Liquid ion exchangers are

surprisingly slow to take up water, while the
inorganic salts have no tendency to hydrate. Glass
membranes are complicated by simultaneous
hydrolysis of the polyelectrolyte during uptake of
water. The most recent papers in this continuing
arca of research are by Wikby and Karlberg?6-*7
and Sandifer and Buck.*®

Depending on  the dielectric constant and
solvent penetration, sites are potentially, partially,
or even completely ionized. A characteristic of
clectrolyte membranes is the presence of charged
sites.2® If ionic groups are fixed in a membrane as
-S03 7 and -COO~ attached to cation exchange
resins, the membrane is considered to possess fixed
sites, even if protons or metal ions are covalently
bonded to the sites. In glasses, the fixed sites are
-8i0~ and -A107 groups, while in anion exchange
resin membranes these are -N'-. Fixed sites do not
contribute to the passage of either transient or
steady state ionic current through the membrane.
On the other hand, liquid fon exchangers which
are water immiscible, such as diesters of phos-
phoric acid, can be viewed as mobile site mem-
branes. The acid is trapped in the organic phase,
and while protons (or other cations) can transfer
into and out of the membrane, the phosphonate
cannot. The uninegative groups are considered to
be mobile sites which contribute to transient but
not steady state current. When dissolved in a
hydrophobic solvent, solid and liquid quaternary
amines such as Aliquat 336 (methyl tricapryl
ammonium salt) are examples of positive mobile
sites. Membranes without ionizable groups contain
no charge sites. It is important to know that
cellulose triacetate, which is initially site free, soon
develops negative sites by hydrolysis and oxidation
on exposure to aqueous solutions.

The question of membrane charge deserves
some comment. Membrane systems consisting of
the membrane and outer phases must be overall
electrically neutral when one includes adjacent
regions of electrolyte bathing solutions (or
metallic contacts) on either side.*® The total
region contains nonelectroneutral (space charge)
sections as double layers at the interfaces and
within the membrane. These space charge regions
protrude outward into the outer phases and
inward into the membrane. The actual width of
the space charge regions is variable, but for
electrolytes, the mean thickness (Debye thickness)
depends inversely on the square root of electrolyte
concentration. Consequently, a positive probe
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brought from infinity will experience space charge
and dipolar fields as it is pushed from one outer
phase through the membrane to the other outer
phase. The existence of space charge and potential
curvature are synonymous general features of
membrane systems. The electrostatic character of
membranes can often be legitimately ignored for
the well-known reason that measurable membrane
potentials are independent of space charge for the
usual thick membranes, i.e., those which contain
some region of electroneutrality in their bulk.
However, it must be recognized that a membrane
will generally be electrostatically charged unless
the outer phases fortuitously create flat band
potentials at both interfaces and the internal
region is also electroneutral. Any charge in the
membrane tends to reside at the interfaces. This
point will be discussed in a later section.

The frequent use of “charged” and “un-
charged” in the membrane literature is usually
unsound electrostatically, but does provide an
intuitive chemical description. For example,
“charged” membranes usually refer to electrolyte
membranes such as solid and liquid ion exchangers
where the fixed and mobile sites are the “charges.”
Actually, these membranes are quasi-electroneutral
in their bulk when the thickness is large compared
with the Debye thicknesses at each interface.
Quasi-electroneutrality means that in any volume
element large compared with the distance between
jons, the sum of ionic charges }ilzifli = 0. In the

literature, “uncharged” membranes are those, like
cellophane, with no fixed charges. This frequently
used literature definition provides no place for
lipid bilayer membranes, which are electro-
statically neutral only in the absence of charge
carriers and in the absence of bathing solutions
whose salts possess preferential solubility of anion
over cation or vice versa, but are usually electro-
statically charged by an excess of ions of one sign
in normal operation. Thick hydrocarbon
membranes and membranes of diphenyl ether (or
derivatives), phthalate, and sebacate esters are
generally neutral in the presence of most bathing
electrolytes, but may be charged electrostatically,
depending on thickness, in the presence of
neutral-carrier species which preferentially solu-
bilize ions of one sign. The use of “charged” and
“uncharged” to describe electrolyte or nonelectro-
lyte membranes should be discouraged unless the
precise electrostatic connotation is involved.

330 CRC Critical Reviews in Analytical Chemistry

The notion of homogeneous vs. heterogencous
membranes proves to be an important distinction
from the point of view of mass transport. In the
dilute solution limit, the friction coefficients for
mass transport by diffusion or migration are
interconvertible by Onsager reciprocal relations,
and both can be related to jump distances and
frequencies according to random walk models. As
long as there are no preferred regions of low
friction in the membrane, it is isotropic on a
molecular level and is considered to be homo-
geneous. Uniformity of mesh on a molecular scale
is another view of homogeneity. Channel free solid
and liquid membranes are usually homogeneous,
and two-phase membranes such as solid crystallites
imbedded in a nonionic resin are clearly hetero-
geneous. The distinction, however, is not always
essential. For example, heterogeneous membranes
containing inert solid and large, random areas of
immobilized solvent may be simply diluted
versions of the membrane without the inert solid.
If transport occurs mainly through solvent regions,
potentiometric responses may not be altered by
the heterogeneities. The current-voltage and
conductance characteristics would be modified.
Ion exchange resin membranes containing
different amounts of water as a function of
cross-linking may be considered heterogeneous;
yet, the transport properties described in terms of
empirical transport parameters obey essentially
homogeneous laws, and so the distinction is not
important. .

Characterization of membranes in terms of their
permeabilities to solvents, solutes, and individual
ions is fundamentally important from the very
definition of “membrane.” Quantitative expres-
sion of permeability follows later. Two general
descriptions apply, however. Semipermeability is a:
measure of preferential solvent transport by a
membrane. The reflection coefficient (or rejection
coefficient) for solutes, o is defined according to:
l1-a )

s = tS/xS

where t_is the transport number (volume fraction)
of solute in the liquid passing through the
membrane in a permeation experiment where x is
the volume fraction of solute in the bathing
solution on one side (x, = O on the other). When
o, = 1, only solvent permeates the membrane
(solute is reflected), and the membrane is con-
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sidered ideally semipermecable. When the mem-
brane is equally permeable to solute and solvent,
o, =0. Permselectivity is a measure of the current
carrying ability of ions in a membrane. Ideal
cation permselectivity occurs when the cation
transference number t 1, i.e, all current is
carried through the membrane by cationsand t_ =
0. The converse definition applies to ideal anion
permselectivity. This property is indispensable for
the generation of membrane potentials at zero or
finite current, and occurs in quasi-thermodynamic
relations between potential and external ion acti-
vities.

Electrolyte membranes (liquid and solid ion
exchangers) containing trapped, fixed, or mobile
sites of one sign define a counter-ion and a co-ion.
The former is an ion of opposite sign to the site.
The co-ion is an jon in the bathing solution with
the same sign as the site. At high site density,
counter-ion concentration in the membrane is
nearly equal to but slightly greater than the site
concentration. The slight excess is compensated by
co-ions which encroach from electrolyte solutions.
Co-ions are excluded more effectively with
increasing site concentrations. This effect, Donnan
Exclusion, is a manifestation of the equality of
electrochemical potential for each ion in equili-
brium across an interface.

B. Comparison of Electroanalytical and Membrane
Electrochemical Experiments

While contemporary electrodics focuses
attention on single interfaces and processes
occurring in their vicinities, membrane electro-
chemistry considers systems with at least two
interfaces with processes occurring in the region
between, as well as outside of the interfaces. The
reasons are twofold: comparable magnitudes of
parameters govern equilibria and kinetic properties
at each interface, and the three-electrode tech-
niques requiring a reversible electrode implanted
within a membrane have, so far, not been found
applicable. Thus, membrane electrochemistry
basically involves two-electrode studies with all of
the well-known implied limitations. Experimental
techniques of the past 20 years using three
electrodes, which allowed isolation and study of
single metal/electrolyte interfaces by control of
local relative potentials or currents, generally
cannot be used.

Since this review includes membranes of ion
conducting solids, mixed electronic ionic con-
ducting solids, and thin electrolyte solutions, it

must be allowed that three- and four-electrode
experiments are frequently used. Four-electrode
experiments, where two outer electrodes pass
current and two inner probe electrodes sense
potential drops between them, are important
means for removing interfacial potential drops
from bulk resistance measurements. Applicability
requires that the probe pair be either in ionic or
electronic equilibrium with the substrate.
Reversible electrodes used as probes at zero
current (or nearly zero current) meet the require-
ment. .

Consider the similarity between an ideally
cation permselective electrolyte membrane cell (an
oil containing a liquid cation exchanger) between
aqueous electrolyte bathing solutions (Figure 1)
and the corresponding thin-layer electrochemical
cell (dilute aqueous silver nitrate between silver
electrodes), for example. Both systems possess
interfaces across which ions of one sign, the
cations, “are permeable, while anions are con-
strained to remain in the membrane. Both systems
can develop sloping (tilted) concentration profiles
(concentration polarization) under application of
current and voltage. Both systems may exhibit
slow rates of ion transfer at the interfaces (electro-
chemical irreversibility and activation over-
potential if the ion transfer rate is interfacial
potential dependent). The membrane cell system
possesses additional degrees of freedom in the
sense that the exterior electrolyte solutions, as

Reference
electrode

Membrane
phase
pinsolutionatx <o n{o), plo} pinsolutionatx>d
n(d}, pld} [
e
o d
x—»

FIGURE 1. Schematic sketch of a liquid fon exchange
membrane separating two aqueous solutions. The mem-
brane of thickness d is hydrophobic and contains water-
insoluble (trapped) anions n. Cations p are free to
transport across and through the membrane. Low resist-
ance reference probes reversible to anions in a junctionless
configuration, or reversible to jons of either sign when
used with a salt bridge, are used to measure or apply the
cell potential V, = Ayp, . (From Buck, R. P,, J. Electro-
anal. Chem., 46, 1 (1973). With permission.)
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well as the membrane interior, may become
concentration polarized. When the mobilities of
ions in a membrane exceed those in the bathing
solutions or when the latter solutions are very
dilute, film diffusion (ordinary Nernst boundary
layer mass transport control, or external concen-
tration polarization) limitations can occur. This
condition arises when uC. (external) < uC
(internal) for the permeable ions. A further mode
of current transport in membranes is possible
when co-ions (anions in the example above) from
the electrolyte are not excluded from the mem-
brane (low anion exchanger content or high
electrolyte solubility in the membrane). The cor-
responding, but unlikely electrochemical process is
oxidation of an anion concurrently with a metal to
give internal currents carried by ions of both signs.
A further parallel situation corresponds to the
membrane bi-ionic potential which occurs when
the solution on either side of the membrane in
Figure 1 contains different permeable cations. One
has an analogous situation in Figure 2 when the
internal electrolyte is a silver nitrate, cupric nitrate
mixture, while the electrode materials are Ag on
one side and Cu on the other, for example.

The kinds of electrochemical experiments at
constant temperature and pressure which are
applicable to membrane cells are the same as those
which are suitable for thin-layer cells:! ¢+ 7

1. Controlled, applied constant current
excitation — measure cell or membrane potential
vs. time (response). This method includes normal
potentiometry.

2. Controlled applied constant voltage
(excitation) — measure cell current vs. time (res-
ponse). These experiments may be step pulses, in
which voltage or current is stepped from one value
to a new constant value. They may also be square
pulses (or other arbitrary forms) or true impulses
of minimal duration. In both, the applied signal
jumps to a new value and then returns to the
original value. The latter mode is a charging
experiment which can include charge injections of
controlled magnitudes.

3. Time dependent voltage or current signals
(excitations) — measure the resulting response as a
function of time. These methods include ramp
voltages analogous to single sweep voltammetry,
repetitious ramps (sawtooth and triangular wave
excitations), and square wave and sine wave
sequences in time.

332 CRC Critical Reviews in Analytical Chemistry

4. Periodic signals applied on a dc bias.
When a small amplitude (20-mV peak-to-peak) ac
voltage is applied across a membrane cell biased to
zero dc current, a classical impedance measure-
ment is performed. Less commonly performed is
the application of an ac signal to a membrane cell
under a dc bias such that a steady current is
flowing. Various combinations of perturbations
such as charge injection can be combined and
superimposed on dc polarized cells.

In common with conventional electro-
chemistry, membrane electrochemistry considers
current, voltage, and time responses as functions
of activities of electrolytes, nonelectrolytes, and
solvents which can be varied on one or both sides
of a membrane. Not only is systematic variation of
concentrations important for deducing membrane
responses and processes, but step changes in
concentration can also be achieved by rapid
mixing stop flow experiments. A step concen-
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FIGURE 2. Twin parallel electrode cell with electrode
spacing d. A single electrolyte contains cations p and
anions n. Electrodes of metal M are reversible to cations
p- Cell potentials V. = App,, measured or applicd, have
signs determined by the inner potentials of the phasesat x
=0 and x = d. (From Buck, R. P.,J. Electroanal. Clem.,
46, 1 (1973). With permission.) '
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tration on one side of a membrane is equivalent to
a step voltage across one interface. This experi-
ment is the nearest equivalent to the potentiostatic
step pulse method found useful in metal/electro-
lyte interfacial kinetic measurements.

The temperature and pressure dependences of
response functions must also be determined. In
contrast with thin-layer cell studies, variation of
hydrostatic pressure across a membrane cell is an
additional technique, in conjunction with current
or flux measurements, for deducing the occurrence
and prevalence of solvent transport through a
membrane.

About 10 years ago, it became apparent that
many details of electrochemical processes could
not be interpreted or elucidated solely by electrical
response measurements. This limitation became
particularly acute in efforts to determine adsorbed
species on electrode surfaces and intermediates in
electrochemical reactions that cannot, by virtue of
their short lifetimes or low concentrations, be
isolated for chemical analysis. Over 100 years ago,
a similar limitation on the separate identification
of current carrying species in an electrolyte was
recognized. Determination of transference
numbers by chemical analysis of anode and
cathode compartments was a solution to this
problem. Similarly, radiotracer measurement of
fluxes of individual species is a contemporary
solution to the transference number problem in
many phases, including membranes. Here, the use
of tracers permits the analysis of accumulated
species at much lower levels of concentration than
allowed by conventional titrimetry. Atomic
absorption and other spectroscopic methods are
available for determining metallic species.

Spectrophotometric procedures®®»*!  using
absorption spectroscopy in the visible and ultra-
violet regions permit identification of species in
membranes. For example, picrate is a favorite
“pilot” jon for monitoring the extent of cation
extractions by carriers in low dielectric mem-
branes. In the past 5 years, techniques for sensitive
absorption measurements involving changes of
107° absorption units have been developed, and
the instruments are now commercially available.
This progress, in part, is due to the applications of
signal averaging techniques with the aid of a
computer. Signal processing to-improve signal/
noise amounts to amplification which permits the
sensing and quantitative measurement of small
numbers of molecules present in the vicinity of

interfaces or in membranes. Other methods of
great sensitivity®>! include ellipsometry, where a
beam of polarized light is reflected from a surface.
The variation in polarization direction (rotation) is
a sensitive function of the optical parameters of
materials at the reflecting surface. Totally atten-
uated internal reflectance measurements give en-
hanced signals for materials near surfaces.

At a higher level of sophistication, many of the
popular, even faddish, tools of the chemical
physicist have been considered or have been used
to study membrane surface or bulk properties. As
a rule, these techniques®® — nmr line broadening,
esr of spin labeled molecules, stimulated and
resonance raman scattering, time resolved or
normal fluorescence emission, and surface tech-
niques such as Auger spectroscopy and ESCA —
are sensitive to the local dynamic environment of
probe molecules at membrane surfaces or in the
bulk. Although interesting correlations with
chemical and electrochemical properties may
appear, the importance of physical measurements
lies in their support of models of membranes and
membrane transport suggested by electrochemical
measurements. After all, in biological systems, the
primary consideration for a useful, viable mem-
brane is its delicate electrical and electrochemical
balance. The pressing problem is the reduction of
membrane systems of different compositions to a
set of processes with parameters such as rate
constants, equilibrium constants, and transport
coefficients or with equivalent electrical circuit
elements whose values are directly related to the
parameters. Correlations of measured parameters
in terms of local forces, descriptions in terms of
central force models between atoms, pair distri-
bution functions, and other statistical mechanical
descriptions are ultimately important only in
clarifying and unifying our accumulated know-
ledge of membranes.

Electrochemistry operates at a phenomeno-
logical level and relies strongly on the electro-
chemical equivalent of electrical network theory.
Electrochemical systems are believed to have some
characteristic functions associated with them, like
an equation of state in thermodynamics, which
describe their macroscopic behavior under various
perturbing forces. In electronics, these transfer or
system functions relate responses to excitations.
The impedance is a typical example, although
other transfer functions exist. Whereas electronic
systems involve three variables, ie., current, vol-
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tage, and time (charge and field are implicitly
included), electrochemical systems involve current,
voltage, concentration, and time for systems
normally encountered at constant temperature and
pressure. The electrochemist seeks to determine
these functions, or at least some of them, by direct
experiments in which one of the variables is
controlled and the others are observed as described
above. Implicit in the relationships are the charac-
teristic parameters: rate constants, equilibrium
constants, mobilities, and activity coefficients, to
name the more important.

The singular problem in designing electro-
chemical experiments on membrane systems is the
limitation imposed by the use of external pertur-
bation: currents, concentration steps of external
bathing solutions, coulostatic charges, and Ay (or

AE) across the membrane. The responses are also
measured externally. Even when the excitations
are small so that linear response theory may be
applied, the resulting system functions do not
allow thorough diagnosis of the electrochemical
condition of a membrane. One must assume a
priori that the system can be, and generally will
be, nonlinear, with the further assumption that
additional information, such as species concen-
tration profiles and voltage or field profiles, must
be acquired before exact modeling can be done.
This is a serious limitation in principle and requires
that electrochemistry of membranes be supple-
mented with other techniques which allow a fuller
knowledge of conditions, both chemical and
electrochemical, which are occurring within the
membrane region.

II. QUALITATIVE AND QUANTITATIVE ELECTROSTATIC FEATURES OF
INTERFACES BETWEEN HOMOGENEOUS PHASES

A. Single Interface Systems

When two structureless fluids, such as
immiscible liquids, containing dissolved electro-
lytes are contacted, the energy levels of extract-
able ions are most likely unequal in the two
phases.’? The following arguments which apply to
electrolyte/metal interfaces are inferred to hold
for other immiscible material phases capable of
sustaining charge. Possible charge density, field,
and potential profiles at zero current and constant
temperature and pressure are shown in Figure 3.
Phases I and H are electroneutral at large distances
from the interface; for illustration, the dielectric
constants differ ; <e;.

Quantitative descriptions of these profiles, at
the simplest level of approximation, make the
assumptions that charged species are points subject
to central electrical (Coulomb’s Law) force and
that Poisson’s equation and Gauss’ Law are
corollaries. Further, the charges are in thermal
equilibrium and so obey a distribution function.
The classical Boltzmann distribution follows from
Poisson’s equation and the Nernst-Planck
equations of motion applied to blocked situations
(neither ionic species can pass the interface). The
latter equations of motion at nonzero current
predict a perturbed Boltzmann distribution which
reduces to the usual distribution when current is
zero.53 The distribution of charged species is
considered “diffuse”. Charge densities at zero
current obey:
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) _ 4RTk? h
C)~C.(x)= p(x) =7 zlf < [cosc}:)s(mf:;()— 1

where x is the distance perpendicular to the
interface and is taken to be positive in either
direction from an interface and k, the reciprocal
Debye thickness (the place where field, voltage, or
charge decrease to 1/e of their surface values in the
linearized version), is given by:

222 Fycy, \ '/
0y 3
k=| ——— QA).

In Equation 2, X cannot be zero and must be
greater than the radius of an ion. This equation
applies to single, symmetric electrolytes of charge
z and concentration Cy in the bulk of either phase.
The resulting fields and potential profiles are

E(x) =t 21:‘;“ cosech (kX); @)
and
¢ - 9, =7 22 In [coth (ex/2)) ©)

where ¢ is the flat potential in either electro-
neutral phase. Near the potential of zero charge

[#(0) - ¢, ] << RT/zF volts 6)
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FIGURE 3. Schematic interfacial electrostatic characteristics for immiscible
liquid/liquid electrolyte interfaces. The interface is located at x = 0. Electro-
neutrality holds in the bulk of each phase. Case A: Phase I is positively charged;
Case B: nearly zero charge corresponding to nearly a flat band potential; Case C:
Phase [ is negatively charged. p = Space charge density; D = electric displacement;

¢ = local potential.

the linearized version of the Gouy-Chapman
theory gives the internally consistent, but not
particularly useful simplifications:

p(X)=7 iEzIF—Kl exp (-xx) )]
E(x)=+ ‘%?f exp (-kXx) (8)

09 =9 = ¥ 2L exp (-xx) ©

The quantities may be formulated in terms of total
charge, surface density of charge, or in terms of
each other.!?#:%1>53 The apparent capacitance
per unit cross=section C, ; (d.l. = double layer) of
these doubly diffuse interfaces is a voltage depen-
dent, series combination:®?

CiCi
C4y = — (10)
dl - crrey
where
C; = kyeq cosh {zF[¢(0) ~ ¢} ]/2RT} (1n

and
Cyy = #qpeqg cosh {zF[¢(0) - ¢fl1/2RT} (12)

but in the linear region [¢(0) - "9b] < 2RT/zF

KIEIXTICTE
= 13
Cd.l. K1€r ¥ 3TE T (13)

The state of affairs at a static, equilibrated
membrane interface is considerably more complex
than this simple model because of at least four
factors:!2»54757

1. Ions are not point charges and cannot pile
up at the surfaces to create space charge densities
greater than that allowed by their finite sizes or by
their salt solubilities and ion pairing constants.

2. Dipolar materials such as water solvent
and oil soluble dipolar molecules in the membrane
will become oriented at the two sides of the
interface. Precise direction of orientation is a
matter of conjecture. One intuitive approach is to
assume that polar ends align with their end of sign
opposite to the external phase charge nearest the
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interface. These orientable molecules compete
with ions for space near an interface. Rejection of
ions from the first few angstroms defines the
distance of closest approach of diffuse-layer ions,
the Outer Helmholtz Plane (OHP).

3. Some ions in either phase may compete
with oriented solvent or other dipolar molecules at
the interface and become specifically adsorbed.
These ions’ centers are somewhat closer to the
interface than those nonadsorbed ions. The
specifically adsorbed plane of ion centers defines
the Inner Helmholtz Plane (IHP).

4. In addition to (a) the presence of dipolar
species in solutions and membranes and (b) the
presence of electrolytes which are restricted to one
phase or the other, there are many ionizable
species, such as membrane soluble salts of organic
acids and bases, whose cation and anion partition
coefficients are not equal. Due to the preferential
solubility of a cation or anion in one phase or the
other, a double layer of charge is created from a
single material. This process leads to electrostatic
charging of each phase until a balance is achieved
between the generated electric field and the
chemical forces causing the preferential solubility
of ions of one sign. The difference between surface
charging in this case and that described in Item 1
or 3 above is the origin of the species composing
the space charge. An example of this behavior is
the lipid bilayer composed of the ionizable lipid,
phosphatidylserine. The charged ends of the lipid
presumably ‘align at the interface while water
soluble counter ions form a diffuse compensating
charge layer. Another situation with similar
consequences is the well-known interface of an ion
exchanger upon contact with water. Water soluble
counter ions will leave the ion exchanger phase to
produce a double layer of counter ion space charge
in water and the remaining fixed or mobile sites of
opposite charge in the membrane phase.

The presence of dipolar layers adjacent to an
interface leads to modifications of the profiles of
diffuse charge, field, and potential as shown
schematically in Figure 3. The potential drops
through the dipolar regions are linear except at the
edges of the layer where the fractional charges
presumably reside. For a single dipolar layer, the
classical potential (an example of a surface poten-
tial) drop through the layer is ideally

Ap=nple, (14)
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where n = number of dipoles/cm2 and p is the
dipole moment in coulomb-cm. Since the dipole
atoms occupy a finite space, their fractional charge
cannof be uniformly smeared out. This results in
some curvature of potential to smooth out the
sharp corners (shown schematically in Figure 4).
This dipolar layer rejects soluble, nonspecifically
adsorbed ions from the immediate vicinity of the
surface and forms a region of space with a
characteristic capacitance. This capacitor is
unusual in that it is an electret possessing its own
potential difference in the absence of space charge.
Thus, at a condition of zero charge (from bulk
solution to bulk electroneutral membrane), a
residual potential difference exists through the
oriented dipolar layers in each phase on either side

~of an interface. Since the absolute potential of

zero charge cannot be directly measured (only a

HP
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FIGURE 4. A refined schematic of interfacial
clectrostatic characteristics for immiscible
liquid/liquid electrolyte interfaces. The
additional feature illustrated, compared with
Figure 3, is a region of solvent dipoles at the
interface. Space charge of nonadsorbed ions
approach the interface only to the OHP (Outer
Helmholtz Plane) shown as dashed lines. p =
space charge density; E = electric field magni-
tude; ¢ = local potential.
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finite cell potential corresponding to zero charge
can be observed), the presence of this persistent
surface potential cannot be readily detected; only
changes in its value have been measured, from
which its sign may be deduced.5®

To account for the adsorbed dipolar layer, and
to account in part for the finite size of ions,
equations for diffuse space charge density, field,
and potential can be modified by introducing the
distance from the interface to the OHP. Thus, the
equations above give proper dependence on
distance beyond the OHP when the distarice
variable x is replaced by x + x; where

L= Intcoth {ZF/ART[¢(OHP) - o, ]H-ragyp  (15)

Introduction of Xp» the Levich thickness, allows
calculation of quantities in terms of the potential
difference between the OHP and the bulk.53
Calculations have meaning only for x > XO}{P
Within the dlpolar region, known as the “com-
pact” part of the double layer, the charge is zero,
the field is constant, and the potential profile
varies linearly with a net value given by Equation
14. The capacitance is still a series combination:

LS NP W S (16)
Car. ¢1 S Ca Cen

where C; and C,; are capacitances of the diffuse
layers given above and C_; and C_ are the
“compact” layer contributions. When electrolyte
concentrations in both phases are large, e. g,
greater than about 0.1 Af, the diffuse layer
capacitance contributions are so large that only
the compact layer values appear as determining
factors in the overall value of C, . For those
systems of blocked and nearly blocked electrodes
(electrolyte/Hg, electrolyte/Pt, electrolyte/glass,
and electrolyte/AgCl), it is found that the compact
layer capacitances are also voltage dependent. This
result has not been fully interpreted; however,
electrostriction leading to change in the effective
thickness of the dipolar layer, lowering of the
effective dielectric constant, and possible specific
adsorption have been invoked in the explanations.

Examples of the complexities introduced by
the presence of specifically adsorbed ions are
illustrated in Figure 5. Diffuse space charge regions
still obey the modified equations above. However,
the compact layers now contain charges and are no

longer represented as simple capacitors in series.
The relations for development of potential and
field profiles are known in principle and have been
verified within limitations due to the voltage and
field dependences of some of the parameters,
particularly the local dielectric constant. In the
absence of a dipolar layer, adsorbed ions and their
equal and opposite space charge are believed to
create a potential profile as shown in Figure 6(b).
Since the ijons are not smeared out uniformly as
shown in Figure 6(a), the notion of discrete size
again allows a potential drop between x =0 and
Xpyp and between Xy p and X5y p. When solvent
dipoles are included, the profiles may be similar to
Figure 6(d). Figure 6(c) shows the profile for
dipoles in the absence of specific adsorption. It is
clear from consideration of the plots that the
measured potential of a blocked electrode can
depend on the extent of specific adsorption (the
Esin-Markov Effect). There is a dependence of the
measured p.z.c. (potential of zero charge) on the
exact distribution of space charge between the
diffuse layer and that which is specifically ad-
sorbed. Serious problems remain in calculating the
potential profile between OHP and interface and
interpreting the measured inner layer capacitance
values. One fundamental question regards the
validity of the simple, smeared-out physical model
of capacitors in series, in part because of discrete-
ness of charge and secondly because of induced
imaging by virtue of the closeness of adsorbed
jons to the surface.5%762 It is probable that lines
of force from the interface charge terminate on
both adsorbed and diffuse ions. Different models
are considered by Delahay,'? Shiffrin,®® and most
recently by Reeves.®” Interfaces through which
net current or net fluxes at zero current flow are
not blocked, and the usual theories based on the
Poisson-Boltzmann equations do not apply be-
cause the spatial distribution of ions, fields, and
potential is perturbed by the flux.®® At low
currents and fluxes, the static results can be
applied as an approximation.

The reasons for the primary importance of the
electrostatic features of the membrane interface
are threefold. Rates of slow ion transfers (analo-
gous to the well-known irreversible electron trans-
fer) may depend upon the actual concentration of
transferring species at the OHP or the IHP. These
values are not the same as bulk values and must be
accounted for in surface kinetics (the static psi
effect). Secondly, ion transfer rate constants may
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FIGURE 5.

o ;

Schematic illustration of the clectrostatic characteristics of immiscible liquid/

liquid interfaces including specific adsorption of ions at the position of closest approach, the
IHP (Inner Helmholtz Plane). Case A: specifically adsorbed anions in the left phase with
compensating diffuse space charge of cations in the same phase. Case B: specifically adsorbed
anions (and diffuse negative space charge) compensated by diffuse positive space charge in the
second phase. Case C: specifically adsorbed cations in the right phase. p = Space charge density;
E = Electric field magnitude; ¢ = Local potential.

be potential dependent, and it is necessary to
know the local potential at the position of an ion
transfer in order to describe the rate accurately.
The combination of these factors leads to the
so-called Frumkin correction in electrode kinetics.
Thirdly, the transport rate of ions is modified in
the space charge region by the high fields (so
called dynamic psi effect). For excitable biological
membranes, ion flux and current responses are
sensitive functions of the membrane potential.
Readjustments of space charge profiles may be
crucial steps in the interpretation of the time
course of ion fluxes. For reversible interfaces,
where some ions are not impeded by slow surface
rates but can traverse rapidly between phases, the
net potential across an interface is presumably
fixed on thermodynamic grounds (see below). In
such cases, adsorbed ions and space charge den-
sities adjust in such a way as to permit the net
potential to be obeyed by a Nernst-type depend-
ence on ionic bulk activities in the two phases.
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In addition to specific adsorption of charged
species, field and potential profiles at interfaces
are affected by adsorption of uncharged mole-
cules. The effect is primarily a change in the local
dielectric constant of the compact layer. However,
interpretation of nonionic adsorption as a function
of species activities (adsorption isotherm) and
interfacial potential or charge can be difficult.’?>
$5°57 The adsorption isotherm is frequently
potential dependent even though the adsorbed
material has no net charge.

B. Qualitative Electrostatic Features of Two-
Interface Systems — Membranes

The electrostatic situation in and around
membranes which are bathed in electrolytes is
essentially a compounding (but not a simple
superposition) of the effects already described for
single interfaces. Eliminating the complications
from dipolar layers and specific adsorption of
charged and uncharged species, there are three
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FIGURE 6. Schematic illustration of potential vs. distance profiles for the

region between an interfacial surface and the OHP (a) Smeared out charge sheets
at the IHP and OHP (negative ion adsorption) (b) Discreet charges in a sheet at
the IHP and OHP (negative ion adsorption) (c) Adsorbed dipoles at an electrode
on the negative potential side of the p.z.c. (potential of zero charge) (d) Adsorbed
dipoles and specific anion adsorption. Interfacial surface is at the left of each
drawing. Dipole partial charges are shown as 6,, 6 _and are slightly displaced from

XIHP and Xgyp for clarity.

primary static cases to be described. These are
shown in Figure 7.

1. Case A — A Permselective Membrane with a
Region of Electroneutrality Inside

This situation prevails in a majority of the
passive membranes considered as model systems
for solid crystalline transport and liquid and solid
ion exchange transport. For example, positive jons
in a cation exchanging membrane are the perm-

selective counter ions which are free to exchange
with solution ions, while the negative ions are
trapped in the membrane. Negative ion sites may
consist of vacancies, fixed and mobile ion ex-
changer anions, and some extracted anions from
the solutions. Although surface anionic sites
(surface states), adsorbed anions, and nonuniform
fixed sites near surfaces will complicate the pic-
ture, most anions are believed to adjust their
concentrations according to some model such as
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FIGURE 7. Schematic illustrations of expected electrostatic characteristics for site-free
membranes. Case A: a membrane with preferential solubility of cations over anions, but
non-zero values of extraction coefficients, such that electroneutrality prevails in the membrane
interior. Case B: a membrane with preferential solubility of cations over anions and very small
anion extraction coefficient so that electroneutrality does not prevail in the membrane interior.
Case C: Membrane with exclusive solubility of cations. Anion extraction coefficient is zero.

the idealized, static, or flux modified Gouy-

Chapman profiles indicated schematically in
Figure 7. The illustrated arrangement of negative
ions is probably most nearly appropriate for liquid
ion exchanger membranes. Rejection of anions
from the inner surfaces of membranes that prefer
cations is believed to be a general phenomenon as
deduced from the electrochemical potential
concept.

At the left of Figure 7, a cation permselective
membrane is bathed in two different activities of
electrolyte which, after a rapid charging process
which is described later, has come to a zero
current steady state or equilibrium condition*.
Concentration profiles of the space charge regions
are governed by individual ion extraction coef-
ficients. In the illustration, cations are favored.
The space charge density p = (C, - C)zF is
exactly balanced at each interface, but there is no
reason to expect that the total space charge will be
identical for both interfaces except when bulk
concentrations are identical. Note that the

clectrical fields are not constant except in the
regions of electroneutrality where they will be
nearly zero. Of course, this drawing is not to scale,
and the illustrated space charge regions are larger
than usual for clarity of presentation. A constant
field in a membrane at zero current is an unusual
situation and only occurs when a specific combina-
tion of permselective ion activities inside and
outside exist for a given set of single ion extraction
coefficients. The potential is simply the negative
integral of the field along the positive-going
distance parameter. The result is potential curva-
ture in the space charge regions and slowly varying
(nearly constant) potential in the electroneutral
region. A net potential difference exists for
unequal bathing activities of the permselective ion.
This potential profile is a “barrier” to current
flow. However, the profile is a function of current.
Consequently, exact derivation of current vs.
membrane potential relations gives results which
differ from a pure activation, Eyring-type calcula.
tion, although in more nearly exact treatments,®>

*Equilibrium is a proper description at constant P and T only for equal permselective ion activities on both sides.
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the membrane potential does appear as an
exponential (but also as a multiplying factor) as it
would in the absolute rate theory treatment.

2. Case B and Case C — Permselective Membranes
Without Regions of Electroneutrality

The intermediate Case B shows a membrane
which deviates from electroneutrality by an
imbalance of positive over negative ions. No
examples of this behavior are well-known. How-
ever, digital simulation of liquid ion exchange
membrane electrostatics clearly allows this possi-
bility merely by adjustment of relative single ion
extraction parameters to favor cations and
partially exclude anions from the membrane.
Finally, Case C represents the limit of a fully
charged membrane containing only cations. This
situation has been exactly treated by DeLevie and
Moriera®4>¢% to provide quite an accurate model
of site free lipid bilayer membranes in contact
with oil soluble ions of one sign or the other. In
these schematic drawings, roughly the same
concentrations of permselective ions have been
imagined in each case. Consequently, the ficlds
become steeper and the potential barrier more
pronounced (less flat-top) as one reads across from
Case A to C. If we had chosen more dilute
solutions, the fields could be made more nearly
constant simply by adjusting the space charge to
provide a desired maximum allowable curvature.
Recent detailed analysis of dipolar arrangement
and local potentials can be found in a book by
Friedenberg.5¢ Other books which deal with
membrane surfaces are edited by Blank,®”
Brown,®® and Hair.6°

Theoretical treatments of the electrical pro-
perties of homogeneous membranes under finite
flux conditions proceed via solution of transport
equations with application of reversible (equili-
brium) or irreversible (kinetic) boundary con-
ditions. Electrostatic effects manifest themselves
under non equilibrium (finite flux) conditions
through modifications of local potential, concen-
tration, and rate constants. We will also discuss
later the proposed effect of spatially dependent

*b.r. = Bulk solution on the right side of a membrane.
b.l. = Bulk solution on the left side of a membrane.

mobilities and standard chemical potentials. At
zero flux (equilibrium), the reversible boundary
conditions can usually be applied even for systems
that would show kinetic limitations under finite
flux. Calculation of a static membrane potential
for asymmetric bathing solutions surrounding a
permsclective membrane can be done by either
method (even with flux) provided the components
of the potential are accounted for correctly.
Although these points are taken up in more detail
later, suffice it to say that the membrane
potential,

Ap, = ¢(br) - ¢(bll) (17)*

can be calculated in segments in a number of ways.
Two are most important: (I) for membranes with a
region of interior electroneutrality and (II) for
membranes without electroneutrality.

M) Apg, = [ebr) -vp 1+ (18)*

Al e B #p.1.]
or

an By = [‘pb.r. - "_Ds.r.] +

["_’s.r. - Gs.l.] + [Gs.l._ V"b.l.l (19)*

Subdivision of the total membrane potential
into segments, a concept of basic importance, was
introduced into membrane electrochemistry by
Teorell®®® and by Meyer and Sievers®® in
connection with their theory of concentration
potentials, so-called TMS Theory. In the first case
(illustrated in Figure 8), potentials just inside the
membrane surface beyond the space charge layers
are used since these values can be computed for
reversible interfaces using the electrochemical
potential concept. On the other hand, if no point
in the membrane is electroneutral, or if one knows
the precise space charge distributions arising from
fixed and partitioned charges, then the second
equation can be used. The latter has been used for

m.r. = Inside the right interface of 2 membrane beyond the space charge region.
m.L = Inside the left interface of a membrane beyond the space charge region.
s.r. = Inside the right interface of a membrane at the inner surface.

s.l. = Inside the left interface of a membrane at the inner surface.
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simple, lipid bilayer membranes which are charged *
by virtue of the preferential solubility of an ion of
one sign.5*®5 At the same time, lipid bilayer
membranes with neutral carriers which enforce
preferential solubility of alkali cations have been
treated by these procedures.??»30:70°72

In asymmetric electrolytes, some carrier
mediated systems have shown deviations from
expected reversible bi-ionic potential behavior.”! ™74
The discovery of the dependence of mem-
brane potential at zero current on fluxes of
species is of great theoretical significance. The
interpretation is similar to that of the potential
dependent irreversible rates at metal electrodes.
Although discussed later, the treatment uses
Equation 19 with allowance for surface charge
(absorbed and fixed) potentials and space
dependence of standard chemical potentials.
MacDonald and Bangham,”® Ohki,’¢*?7 and
Ehrenfest and Gilbert”® have also invoked blocked
electrode surface charge electrostatics to inteipret
measured membrane potentials. Massey and
McColloch”? treated surface charge in equilibrium
with bulk on the basis of a Langmuir adsorption
isotherm. The latter, while simple, rarely holds in
electrode kinetics, and more complex isotherms
are needed to express ion adsorption.'? At this
time, it appears that coupling of surface charge-
surface rate limitations and transport must be
simultaneously considered in nonequilibrium
systems.”*

TI1. IONIC PROCESSES AT INTERFACES

BETWEEN HOMOGENEOUS PHASES

A. Interfacial Processes in the Equilibrium Domain

Interfacial transfer of material, single ions,
neutral salts, and neutral molecules falls into two
main classes of behavior depending on the rates of
forward and backward transfer processes across
interfaces. In the first category, reversible be-
havior, local thermodynamic equilibrium prevails
and activity ratios of species (inside to outside the
membrane) can be calculated from the equality of
the species’ electrochemical potential in each
phase. The electrochemical potential at constant
temperature and uniform pressure is

#;= %+ RTIna; + zFp (20)

For neutral species, z = 0, and the usual chemical
potential equality holds. For membranes per-
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meable to solvent, the osmotic pressure p may also
have to be considered. Then,

Ei =% + RT Ina; + pv; + Z;Fp (¥3))

Reversible interfacial “local” equilibrium means
that the flux of material through the interface
does not perturb local equilibrium activity ratios
However, the local “surface” activities will not, in
general, be bulk values. “Surface™ activities are
determined through flux balance by whatever slow
transport processes occur in the membrane and in
the external solutions near the surfaces. For
example, Figure 9 shows a membrane cell with
current_flow. The exterior solution will be concen-
tration polarized (depleted on the entering side
and raised above bulk values on the exiting side of
the membrane). Similarly, inside the membrane,
species’ profiles under current flow will, in general,
be higher than average on the inside of the
entering surface and lowered at the inner side of
the exiting surface.

Application of equilibrivm calculations across
an interface requires use of these bulk transport
determined “‘surface” activities. They can be
found from flux balance in terms of bulk values in

the steady state: 22)

C ~ C(0) N oy
umnmﬁ@0=n[5” ];D[“”dcmj
6’

Ccd)-C
=D s, d
—

// | —>

VM (o) 7

L v, (d)

V(o)
Vi{d)

ALMMY

X —>

FIGURE 8. Segmented potential distribution. The
conventional subdivision of the cell potential into two
interfacial potentials and one internal diffusion potential
is shown for negative V, = Ay . Space charge effects are
omitted. Positive current flows when positive carriers
move in the +x direction. V(0) and V(d) are computed
values which can be considered extrapolations of the real
bulk values through the space charge regions to x = 0,d.
Interfacial potential slopes have no physical significance
in the approximation. (From Buck, R. P., J. Electroanal.
Chem., 46, 1 (1973). With permission.)
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FIGURE 9. Concentration profiles of cations during transport across a liquid
ion exchange membrane under applications of a positive current. As in Figure 1,
anions n are restricted to the membrane, while anions x are restricted to the
bathing solutions. Broken lines in “Film” indicate ideal diffusion with rapid
surface equilibrium and rapid external stirring. A,B,X,Y indicate the respective
boundaries: bulk solution — film, film — membranes interface at x = 0, membrane
— film at x =d, and film — bulk solution. Space charge perturbations are omitted.
At zero flux, the dashed internal profile is flat. §' and 8" are Nernst diffusion
layer thicknesses. This drawing also applies in the absence of current to
spontaneous flow profiles of neutral molecules and salts which have preferential
solubilities in the membrane phase, moving from high (left side) concentration to

low (right side).

Csurface teft = C(0) = Cs,o -15°/D (23)

C =C(d) = C, 4 +35"/D 4

surface right
These equations apply for neutral species and for
charged species moving in the presence of inert
electrolyte. For single salt situations, D is replaced
by D/(1 - t), where t is the transport number of the
permeable ion. When a permeable cation species is
required to obey electroneutrality in the mem-
brane because of confined mobile sites, then

C(0) + C(a) = 2C 25)
and

C(0)=C+Jd/2D (26)
C(d)=C- 1d/2D : @n

Nernst diffusion layer thicknesses, 8’ and &",
depend upon the stirring rate w, i.e.,

§aw/? (28)

for rotating disk geometry in the steady state.
For other geometries, the exponent of  will be
near -%. Prior to steady state during the transient,
5% ~ Dt. Of course, at zero flux of each species,
bulk and ‘‘surface” concentrations are the same.
However, absence of current does not insure
equilibrium since zero current bi-ionic diffusion
(two different permeable ions diffusing in opposite
directions through a membrane) is also accom-
panied by tipping of concentration profiles inside
and outside the membrane. Analysis of film
diffusion for several permeable ions, including
different charges, can be worked out with some
algebraic difficulty.

There is an apparent paradox in the use of
“surface” concentration of ionic species. The
concentrations derived from fluxes are not literally
at the surface, but are extrapolated values that
would occur in the absence of space charge. This
distinction is nonexistent for neutral species. The
“surface” concentration for a single uni-univalent
salt is 4/C,C _ evaluated at x = 0. Alternatively, if
the profile of salt concentration from bulk to
surface is not steep (cases of low current densities
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so that film diffusion limitation is avoided; see
below), then the “surface”™ concentration is
approximately the value just outside the diffuse
double layer region. Use of the latter “surface”
value is justified because mass transport controls
the “surface” concentration by continuity of flux,
and depletion regions occur over a 107*- to
1073-cm distance, while the space charge region is
only about 107°- to 10 %-cm thick.

The local equilibrium condition for neutral
species at constant temperature and pressure is
simply equality of chemical potential at the
interface

o= 29)

with the usual result that the extraction coefficient
K, is defined

¢
Kext = a5/ag =exp[(u® - B°)/RT] (30)

For species i of charge z, equality of electro-
chemical potential is presumed to hold locally near
the interface but outside the space charge region
during passage of flux or current, for rapidly
exchanging, reversible species,

] (31)

and the single ion extraction coefficient is defined
with the same form, viz.

Kext,i = (35fag) exp [2F(pg = o) [RT] G2)

=exp [(4;,° - 1,°)/RT]

This equation is exactly true at equilibrium, zero
flux conditions where ’Es, a, GS, and N become
bulk values a, a,, 9, , and ¢, . In the absence of
flux, this equation is not limited to activities in the
electroneutral region, but also applies in the space
charge region. Quite generally,

Koyt i = [3(X0/a()] exp {ZF[¢(X) - ¢(x)]/RT} (33)

It is thus valid to formulate extraction in terms of
activities at an interface where the local potential

has a common value (in the absence of dipolar
layers). Thus,

Kext,i = 2(0)/a(0) = exp[(x° - EO)/RT] 34)

This result follows from the general zero flux
condition outside a membrane:

RT In (";")) = 2F[p}, - #(X)] (35)
b .

and a corresponding expression for points within a
membrane. For electroneutral salt extraction of
ions of equal absolute charge from Equation 32 it
follows that,

_3.?1‘__ e a 7.\
Kext,+ Kext,- =557 =KD"= Kp{ 5= (36a)
= exp[(u® + p° )/RT - (n% + p° )/RT| (36b)

where K' is the thermodynamic salt extraction
coefficient and K, is the “concentration” coef-
ficient.* -

An important feature of this formulation is the
fact that the interfacial potential must be satisfied
by each equilibrated species according to:

K a,
—- RT ext “s
. = 37a
P~ Ps zF ln( ES ) ( )
K a, +a_
SRUjpfextt 2 © (37b)
zF n*+Kex‘,_ a_

This equation applies at all points across the
interface when ¢’s and a’s are understood to be
functions of position. The unusual feature of
Equation 37b is that it bears a resemblance to the
Goldman equation, although the former applies to
interfaces and the latter applies to overall
membrane potentials. When electroneutrality
occurs on both sides of the interface, beyond the
space charge regions, substitution of Equation 36
into 37b leads to a concentration-independent
result as described below.

All of the results of charge equilibria across
interfaces (Donnan Equilibria) follow from

* have adopted the notation of Morrison, G. H. and Freiser, H., Solvent Extraction in Analytical Chemistry, John Wiley &

Sons, New York, 1957, 9.
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Equations 37a,b as applied to each charged
species, with the condition of Planck or quasi-
electroneutrality at points beyond a few Debye
thicknesses of the interface. In dealing with
regions of electroneutrality, all charged species are
included in the charge balance, not just those
involved in the interfacial transfers. Thus, for ion
exchangers with confined sites at concentration X
charge @,

2zCitwx =0 (38)
1

From this equality and Equations 37a, b, Donnan
exclusion is readily derived.?! A stronger second
condition is Poisson’s equation and Gauss’ law
rather than quasi-electroneutrality. Only in cases
of very thin membranes (lipid bilayers) where
quasi-electroneutrality clearly fails must Poisson’s
equation be used to calculate species distributions
and local potentials and fields. Nevertheless, the
equality of electrochemical potential still applies.

These boundary conditions based on Equation
20 are frequently used in membrane electro-
chemistry, although they are limited to dilute
solutions where osmotic pressures can be assumed
to be small or constant across an interface. A
proper general formulation expresses concentra-
tions as mole fractions and accounts for local
osmotic pressure. At an equilibrium interface from
Equation 21,

B+ pv;= 5 + BV, 39

Local osmotic pressures are functions of ionic
strength, and therefore of distance, at least in the
double layer region. Integration of flux equations
then becomes especially difficult, and some
compromise — such as assigning a fixed but
different osmotic pressure in each phase — is an
alternative; the potential difference is

K a
- RT —_ .
P v o '"< = > +(pv - POl 40)
S

K a
=i{—T_ ln(—c’i—t—s> + Apv/zF
zF ag

The well-known ion exchange equilibrivm con-
stant- for ions of charge z follows directly for the
reaction

aj+5i:=ai+?{j 41
a3 (42)
Kiexc = 2 a

K R
- <ﬁ_:> exp[B(¥; - /RT - p(v; - v)/RT]
which can be generalized for ions of different
charge.

When a membrane interface is in equilibrium
with both cations and anions and quasi-
electroneutrality also holds in the bulk of each
phase, the interfacial potential is constant for a
single salt and is a slowly varying function of
concentration for two salts. Writing Equation 37a
for two salts i*x - and j'y - with the conditions:

i+ =D+ D) “3)
(Y+GH=GH+G) @4
and

e RT In Kext,i ai/;i + Kext,j 3j/'7j l/1(4_5)
S s S =~ =

I Kext,x BTyt Kext,y ay/7y
This equation can be generalized for complex
formation. For a single salt,

Kext,i 7i,7i

= 46)

v - 9. = const —RTln
s s 3 ext,x YVl Tx

When membranes contain fixed sites at concentra-
tion X, and charge @, ions from the solution
equilibrate by ion exchange across the interface.
For a single 1:1 electrolyte equilibrating with
fixed sites, both anions and cations will exist in
the membrane unless X is very large such that

2a,

Q= == — <<1 47)
wX v, exp(& pv/2RT)

Single ion distributions for both ions obey Equa-.
tion 37a. Beyond the space charge region, thick
membranes reach electroneutrality, expressed by
Equation 38. The general distributions are

X7 Lo
3;=lw| Y F_+(1+Qz)l/1 (48)

2 lwl
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and
_ X [5G P
s 72 [m+(l+Q’)' ] “9

For electroneutral membranes with sites exposed
to 1:1 electrolytes (ignoring Apv terms), the
interfacial potential can be expressed in terms of
cation activities and cation extraction coefficient,

_ v ( &%7. [[@xn): 6O
P \Ps="Tln - —+
2 Kexe 25 2 Kext 35
7,2 1/2
+——
2
Kext 72

For high negative site concentrations, Equation 50
simplifies to

— -RT, Kext 25 1)
Rt |55

and anions are excluded. This equation is a
restatement of Equation 37. An illustration of the
interfacial potentials with and without current is
shown in Figure 10. Equation 50 can also be cast
in terms of anion activities and anion extraction
coefficients.

The general procedure for reversible boundary
conditions, applicable to charged and electro-
neutral membranes, makes use of both the electro-
chemical potential concept and charge balance
through Gauss’ law. Without regard to electro-
neutrality, in a membrane of thickness d at zero
current, in the steady state, and ignoring osmotic
pressure effects, for a two-ion problem, i*, x .

(52)

Kext,i 2

— . RT
0) - ¢, at each interface = —— In —
¢(0) - ¢g T 2(0)

RT | %©

— In
F Kext,x ax

but in addition, surface displacement magnitudes
are equal. Thus,

e E(0) = € E(0) (53)
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e E(d) = ¢ E@) (54)
or
-q [sol'n side (0)] -q [sol'n side (d)] = qn (55)

Equations 53 to 55 follow from application of
Gauss’ law. In addition, Gouy-Chapman theory
permits relations between q and concentrations to
be stated according to:

q [soP'n (0)] = 4RT cie)'ﬁ sinh [5%1: ($(0)—¢.,)] :

(56)
= (RT&)* /2 [T (0) - ;0]

c,o\'/* [co\ '/
=RTe) /2 | 222 Y
I:(Kext,x> <cht,i

and an equivalent expression for q(solution at d).
The total membrane charge is specified by

d
A, =F [ ([CGm-C,m] dx (57)

[¢]

and the continuity of potential at each interface is
¥(0) = ¢(0); ¢(d) = ¢(d) (58)

in the absence of a dipolar potential drop. At this
point there are three independent equations (52
for each ion and 55) and four unknown surface
concentrations at each interface. Cj(x) and C,(x)
are uniquely defined in terms of the field and
partial currents, and a general differential equation
for the field exists based on: Poisson’s equation.
These will be stated later since they are derived
from the Nernst-Planck flux equations. The final
necessary relation is one between partial (ionic)
currents and total current. The entire system is
fully specified, but it is by no means a trivial
problem to give analytical solutions. In addition
there is a basic error in the formulation, viz.,
application of Gouy-Chapman theory requires not
only zero current, but zero flux of each species. It
is likely that perturbation of the space charge
profiles by finite flux can be overlooked and the
static theory applied. However, it is also possible
to use the Nernst-Planck equations to correct
concentration profiles for flux. This procedure is
described below.
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FIGURE 10. Potential distributions at reversible homogeneous cation con-
ducting membranes. Curve A: Condition of zero current corresponding to ap(-L)
> aM(L) or aA(~L) <ap(l). Curve B: Condition of negative cursent flow in the
positive direction or positive current flow in the negative direction. Potential
increases positive downward. The membrane thickness in this drawing is 2L.
(From Buck, R. P., Anal. Chem., 40, 1432 (1968). With permission.)

INTERFACIAL PROCESSES IN
THE KINETIC DOMAIN

The second category of interfacial behavior
admits the possibility that transport of material
across an interface can be slow. Often considered
theoretically, this behavior is a very well-explored
topic in electrochemical kinetics. In fact, most
coupled ion and electron transfers at elecirolyte/

metal interfaces are measurably slow and give rise
to the phenomenon of overvoltage or overpoten-
tial when mass transport (via concentration
gradient or electric field) is imposed on an
electrochemical system. The most important single
feature of slow transport at interfaces is the
experimental fact that the overall rate constants
for charged species (relating flux to single ion
external “surface” activities} depend upon the
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interfacial potential difference and upon the local
potential at the particular site where an electron
transfers from metal to ion. In a classical way for a
redox process

Ox (charge z)+ ne™ = Red (charge z')

the current density is expressed as:

1=7-T=2Fg, - 2Flg.q 59
= 2K a0, (0) ~ Z'FK ag .4(0)
= zFT{ aox(“surface”) - z'FEaRed(“surface“) 60)

where 1 and 7.are forward and reverse current
densities, k' and k' are interfacial, potential
dependent rate constants in the forward and
reverse directions, and ag,(0) and ap.4(0) are
potential dependent species activities at the site
where transfer occurs (presumably the OHP or
between OHP and 1HP). The rate constants k and
% may be doubly potential dependent through
intrinsic dependence and the relation of a(0) to
activity a “surface.” Far single jon transfers,z =2,
and for neutral species, the flux equations alone
are used, with the zF coefficient omitted. Effects
of specific adsorption by the reactive species or by
foreign, blocking materials are not included in the
basic description.

Considering an ion in electroneutral solution at
the “surface™ (I), at the site of transfer (II), at the
final transfer site in the membrane (III) and at the

electroneutral membrane “surface” (1V), the
standard energies are

’II]O =u% + zF g :;”0 =pY +2F ¥2 61)
”‘1‘”10 =" +zF9,; H]VO =p°+ zl"$s (62)

Assume that the activation energies to react in the
transition state are referred to the “surface”
positions. Also introduce an activation barrier
which is assumed to be a fraction « of the energy
difference between states II and III. This latter
assumption is one of many choices, including
omission of this barrier. However, it has proved
successful in electrokinetics and so is used for
illustration here. The parameter « partitions the
energy affecting the rates of forward and back-
ward processes, The activation energies are
written:

A_du =G* - ;lo =G* - ;”0 + (u”u _ “Io) 63)
= AG (chemical) + a[:_;mo - ;Hole + [og° - ;l"]e
and
AG® = (64
A(G (chemical) + (& - l) [i]“o - Huole + [El“() - EIVOL
Subscript “e” means the electrical parts. Chemi-
cal parts are collected in the first term. The doubly

potential dependent rate constants after collecting
terms are

¥= x’% exp[-aC(chem)/RT] exp[-a zE(3, - ¢,)/RT] exp{-2 (o, ~ v )/RT] (65)
and
X= Kl—;—} cxp[—AE(chcm)/RT] exp[-a zF(y; - ¢,)/RT] exp[-zF (p, - vg)/RT]| (66)

- <
The equilibrium condition i =i gives:

~aG(chem) = -AG(chem) + £ (7,59 - ,*9) + In[5,59/a 4]

and allows the current to be written:
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-
1

i?(apparent)

- . zb ¥ A 2F
- i=i%exp [»% (0, -v,) - {{—T-v;,] exp[RT (¢ V,SN)] - exp [RT (. lps E] 68)
e ——— T T ———

- 13 . — [ P —
= zFk(eq) a5 exp [ﬁ? (pg - sps"q)] - zF K(eq) ag exp [}l{_T (o - ¢Seq):'

where i® (apparent) is the exchange current
density — that value which flows simul-
taneously in opposite directions at zero current.
This is the experimental value affected by inert
10 =

kT -
9= ks (3,4 3ey)

Other relations follow:

RO (eq) = KO (cq) = k,, = i° (app)/zF (10)
at unit activity wherca=a=1

and at other activities:

R(eq) = i°Gapp)/zFa = k,(a/a)' /* an
and

K(ca) = i®(app)/2a = k o (a/ D' /2 (72)

The rate constants depend explicitly (and impli-
citly) upon potential according to:

i®(app) = xkh-I 2F exp[—Af‘;(chem)/RT +2F wse‘llRT] Beq X f(p,,92)

T = — —
= Kl—;T zF exp[-AG(chem)/RT + 289 “I/RT| 2

= cxp(;leq/RT + constant) = cxp(ﬁweq/RT + constant)

Substituting into Equation 68 and expanding
exponentials, net flux is given by:

T3 rr=La(E
J e “lV)/RT R A(T) (76)

which is the form predicated by irreversible thermo-
dynamics. L is an Onsager coefficient. One can
therefore conclude that the usual statement of
equilibrium for charged species across an interface
isindeed

~

=1, a7

and it is possible to show that as i® = eo, the

eq X 102, ¥2)

salts and, although not shown, includes
activity coefficients for the transition state, By
rearranging into a symmetrical form, i® may

be written:

/2 exp[~(aG + AG) (chem)/2RT] exp[zF(p Y + 7°4/2RT] (69)

¥ =TK(eq) exp[zl(ypg - @ S9)/RT| (3)
and
% =%(eq) exp[zF (g, - p"9)/RT] a4

A number of points concerning the exchange
current density are clear from this derivation.
Constant interfacial potential admits many values
of a and a as long as their ratio remains constant
However, i® depends directly on (aa)l 2. The
apparent exchange current density can also be
written:

e (%)

eq

potential difference across the interface
approaches the equilibrium value.

The primary consequence of slow surface trans-
port is the creation of a surface resistance which is
different from an ordinary resistance in that it can
be voltage dependent. However, for (9 - ¢ °1) <
RT/zF, linearization gives the surface resistance R
surf. as:

Jd:

dp,
<.T_5_ =Ry = —— (18)
i/Ji—o 2 i%Capp)

In usual electrode kinetic measurements, one can

control A&,DS at an interface and measure R_ .. In
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membrane electrochemistry, the whole membrane
potential is controlled, with the result that

bA‘pm
3. B = Rsurf: + Rsurf 2 + Rbulk 9
i i—+0

By varying the membrane thickness (Ry .. ), the
surface resistance sum can be found by extra-
polation.?®

To use kinetic-domain boundary conditions in
membrane systems, one must speculate, based on
experience from metal/electrolyte interfaces, that
the overpotentials are additive.
In the linear regime (lil < i°), the interfacial
potential of each interface includes the activation
overpotential (first term) and the usual activity
ratio term. Thus for the side ““d” interface

_ RTIl , RT 2;(d)
- )|~ ———t—— | In |
de ¥( )l JFiO@)  tF I l}i(d)xext

| a(d)
" 23(d)Kexy I

Now J.0 = i°/zF = k°[a,(d)3;(d)] /2 for a sym-
metrical barrier. If the current is small enough that
the membrane interior activity profilé is not
perturbed, then the total membrane potential is
given by

(80)
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It also seems possible that the zero current
potential can be perturbed in asymmetric bathing
solutions where equal and opposite fluxes of
different ions are . passing over barriers. For
symmetrical barriers a transient, non-Nernstian
response might be expected. Apparently this effect
has been observed.”#:742

IV. THEORETICAL DESCRIPTIONS
OF MEMBRANE TRANSPORT

A characteristic property of chemically inert
membranes is their ability to affect the transport
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of material from one side to another. Con-
sequently, the thrust of theoretical descriptions is
interpretation or explanation of transport pro-
cesses and the measured effects resulting from
transport: pressure differences, temperature dif-
ferences, activity differences, and potential dif-
ferences developed across membranes and currents
through membranes.

A. Irreversible Thermodynamic Approach

At the most general and abstract level, without
regard to the structure or chemical features of a
membrane, the flux of matter and energy can be
found in terms of the “forces” due to a pressure,
temperature, activity, or potential difference
across thin (or differential) membranes. When the
gross thermodynamic ““forces” are written as:

Xy = ~TA(u/T); X, = -a(/T) @Y

the material flux for each species i = 1 through k is

=2 Ly X + L X, (83)
k

and the flux of energy is

Ju = Ek Lukxk + Luuxu (84)

The proportionality factors between each partial
flux contribution and the forces are the set of
Onsager coefficients, which are equivalent to
system response functions and:

Lig = Ly Ljy = Ly; (85)

ut

For a symmetric set of n equations with n forces,
there are only %n(n+1) independent coefficients,
rather than n®. These forces are not arbitrarily
defined but are deduced from the general expres-
sion for entropy production (rate of change of the
system entropy) as the system approaches equili-
brium from an initial state not far from equili-
brium. The theory of fluctuations underlies this
approach, known as irreversible thermodynamics,
and provides proof that the coefficients form a
symmetric matrix. For membranes of finite thick-
ness, those that contain continuously varying or
distributed activities, fields, pressures, etc., the
same type of analysis applies by replacing A’s by
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grads. The result of the treatment gives in principle
no new information about membrane phenomena.
However, the Onsager reciprocal relations provide
rigorous connections between the friction co-
efficients and between system responses under
reciprocal (conjugate) conditions, i.e., Saxen rela-
tions such as the pressure differences arising from
current flow, the current arising from a pressure
difference, etc. But more important, this analysis
demands recognition of interactions among fluxes.
A startling result is the indirect dependence of
membrane potential on uncharged solvent flux.

As a rule, the Onsager coefficients, or quantities
related to them, are known for single forces:
pressure, temperature, concentration, or potential
differences. However, to obtain the symmetric
form above, linear combinations or transforma-
tions of simpler fluxes are invariably needed. The
new Onsager coefficients then become combina-
tions of simpler coefficients. The power of
irreversible thermodynamics is the ability to inter-
pret the Onsager coefficients relating forces and
fluxes in complex systems to the simpler friction
coefficients. Some basic sources on the principles
of transport in the context of irreversible thermo-
dynamics are by DeGroot,®! Katchalsky and
Curran,®? and Caplan and Mikulecky.®? Newer
volumes by Lakshminarayanaiah®? and the edited
volume by Hanley®® cover key papers by major
contributors in this field: K. S. Spiegler, A.
Katchalsky, A. J. Staverman, D. C. Mikulecky, J.
G. Kirkwood, K. A. Kraus and J. S. Johnson, U.
Mertens, P. Meares, O. Kedem, A. Schmid, R. P.
Rastogi, P. Mazur, J. Overbeek, and others. Of
more recent interest are papers by Smit and
Staverman®® and Staverman®® which justify
irreversible thermodynamic analysis of membrane
processes and relate friction coefficients to extrac-
tion parameters and Onsager coefficients. Vink®’
has reviewed the foundations, while Bennion and
Rhee,®® and Singh and Shukla®® give theory for
salt-water transport in semipermeable and com-
pletely nonselective membranes, respectively. Fur-
ther theoretical examinations of the flow of solute
and solvent through membranes are by Srivastava
and Paul,’® Simons,®>! and Mikulecky.??
Friedman’s®3 generalization of the Nernst-Planck
equations to include interactions between
oppositely charged ions uses the irreversible
thermodynamic approach, as does a new analysis
of osmosis and electrokinetic effects®*+*S and the
relation between Staverman’s reflection coeffi-
cient, o, and solute permeability.® ¢

A most comprehensive experimental and
theoretical treatment of transport across mem-
branes using the irreversible: thermodynamic
analysis is that by Meares, Thain, and Dawson.®”
The outstanding quality of their work, which is
essentially a review, is the systematic presentation
of forms for the flux equations, choices of forces
and fluxes in regard to ease in relating measured
responses to Onsager coefficients, and relations of
relative friction and Onsager coefficients. This
work is emphasized here because it is written in
the context of electrochemistry by specifically
considering transport of ionic species through
membrances containing fixed sites. Their analysis
can be simplified to cover perhaps better known
studies of nonionic transport through ordinary
membranes without sites.

They advocate the procedure of reversion of
the phenomenological equations in the form

Xy = SRy J; (862)
i
which is closely related to the usual experi-
mentally accessible friction coefficient models

where

Xp = ¥ fi.(Ve - V) (86b)
k £k kiv'k i
=, /C) = f .- ¥ J.f ./C.

KPR e K g TR

The relative friction coefﬁcients fki and fik are
related by C,f, = Cf;; . v's are velocities in the
center of mass reference frame and fik/Ck and
fki/Ci are forces between 1 mol of i and 1 mol of k
at unit velocity difference. The second part of
Equation 86b follows from the definition of a flux
of a single species as a product of a local
concentration and velocity.

At constant temperature, experimental values
of zero current fluxes of salt and solvent are
determined for unsymmetric bathing solutions.
Electrodsmotic flux of solvent is determined as are
tracer diffusion coefficients. There are possibly
eight items of data:

(1) electrical conductance

(2) ionic transport number

(3) electroosmotic flux

(4) salt diffusion flux

(5) volume or solvent osmotic flux

(6) counter ion tracer diffusion coefficient
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(7) co-ion tracer diffusion coefficient
(8) volume flow under hydrostatic pressure
difference

From experimental fluxes of species under a given
single gross thermodynamic force, velocity terms
are computed. The resulting matrix of unknown f
values are solved using reciprocal relations and
assumptions such as zero friction coefficient for
tracer motion among ions of its own kind, zero
friction coefficient for permselective ions inter-
acting with matrix sites, or Spiegler’s assumption
that friction between cations and anions in a
permselective ion exchanger membrane is zero.
R,; values are computed from f values using
Equation 86b and L, values followed by matrix
manipulations. Finally, expressions for con-

- ductivity and other measurable quantities can be

expressed in terms of R’s and L’s.

Interpretation of L; in terms of local
molecular processes is not direct. Even inter-
pretation of L, is difficult because a single gross
thermodynamic force X producing a flux J
simultaneously affects all other J’s. Presumably
these indirect interactions can be unravelled by
assuming that friction coefficients represent only
interactions between a pair of flows.

There are two other major contributions of
irreversible thermodynamics to membrane trans-
port and all other systems involving diffusion and
migration, viz., explicit recognition that material
transport by diffusion-migration involves processes
which operate with respect to the center of mass
coordinate system and not to the laboratory or
membrane coordinates. This fact means that, in
general, there are not enough flux equations to
specify the time course of a system and that some
other assumption, such as an equation of state or
Gibbs-Duhem equation, is also required. Almost as
a corollary, transport of solvent cannot be ignored
except in those cases where momentum transfer
from charged particles moving in opposite
directions happens to cancel the net force on the
solvent. Generally,' the existence of a field or
pressure ‘pradient within a membrane causes
motion of solvent or membrane components, and
this transport should be considered experimentally
and theoretically. In the dilute solution limit,
where the application of Fick’s Laws is per-
missible, it is often assumed that the center of
mass and laboratory coordinate systems coincide,
and therefore the solvent can be considered to be
fixed in space.
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Even in model systems, the basic considerations
of system transport can lead to complicated
mathematical descriptions. The diversity in the
theoretical forms for transport phenomena, which
results from simplifications made by various
authors, is a particular hazard to workers in this
field.

The forms of the linear phenomenological
equations can be derived from basic nonequili-
brium statistical mechanics beginning with the
equations of molecular dynamics. Bearman and
Kirkwood®® derived, quite generally, the
important macroscopic hydrodynamic equations
including steady state flux equations of species
and time dependences (continuity equations) from
averages over molecular distribution functions.
Furthermore, they were able to express transport
parameters in terms of molecular variables. The
latter follow from calculation of perturbations in
the distribution functions arising from departures
from equilibrium. When the perturbations are
assumed to be linear functions of temperature
gradient and diffusion velocities, the equations of
motion become identical with the linearized
equations of irreversible thermodynamics.

B. Chemical Engineering Approach

Closely related methods used by theoretical
chemical engineers to describe membrane transport
are based on turning the Nernst-Planck equations
of motion inside out. These equations, known as
Stefan-Maxwell equations, account for the motion
of the center of mass of the membrane system and
remove a source of concentration dependence that
measured diffusion coefficients will otherwise
show when measured in a laboratory coordinate
system. For each of n mobile species in one-
dimensional flow,

dlIna,
—_ i, % (.- 1cydR 87
-RT ix ziFdx ;- 1C) i 87)

n
= Z RTID %) G-V
J:

n
= ¥ (RT/D
i=1

€O - X0
J:

iji

where X is mole fraction, Ci is conc_iantrati_(zn,in
mol/cm3, \Z is partial molar volume, v and v. are
observable species velocities, J’s are usual fluxes in
laboratory coordinates, and D’s are Stefan-
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Maxwell diffusion coefficients. These equations
apply to closed systems, i.e., total mass of a
system including bathing solutions and membrane
remains constant. Considering a fixed membrane
with sites designated as species 4, a simplification
isfound. 8y = 11=4;68;4 =0i#4.

-RT d In a;/dx - ;FF dg/dx + (3;, /C; - v dp/dx (88)

4o

= ¥ (RT/D )

en) (iji - xiJ
=1

ij>i i

Recent examples of this approach are reported in
papers by Lightfoot®® and Cussler.!®® A
characteristic feature of this method, as with the
entirely consistent irreversible thermodynamic
approach, is the large number of transport para-
meters which take into account interactions
among moving and static components.

C. “Activation Barrier” Kinetic Approach

A third type of theory treats transport pro-
cesses as barrier controlled kinetic events occurring
sequentially in space within the membrane. Thus,
for a species at concentration_)Ci to cross one
barrier, among many, of height AG, and width A,,
the forward flux is expressed as a rate:

-

T =k Gy mol/em? sec 89)

T -
k= K exp(-aGy/RT) (90)

and the reverse process flux is similarly:

T=kb—éi+] }\i‘fl (91)
kT 5
ky, = x—h—exp(—AGi/RT) 92)

For a simple case where k¢ = ky and A = A4 the
next flux is

1=T-T=ke oy A? €4y - G/ ~ D 8T/0x 93)

For a series of barriers across which a continuous
flux occurs, relations can be derived to express
flux in terms of concentrations just inside the
membrane surfaces. For n barriers of equal height
and spacing,

Ak = =
1 = (C, -Cp 94
Since
A%k = D and nA = d (membrane thickness) (95)

one obtains the trivial result:
(€, -CY=P(, -C (96)

where P’ is the internal permeability. Considering
the surface processes to be determined by rate
constants k and E, which must be assumed to be
nonzero with their ratio, TE/‘E = cht, the
extraction coefficient (without regard for possible
potential dependence), then in the steady state:

1=¥c, -kC, =%XC,-¥cC, 97)
and
pf X
J = =e~—unC, -C)) 98)
d(‘E+ 21)/() "

The apparent overall permeability (in terms of
external bathing concentrations) varies according
to:

D 1 2D\ ™!
== -+ 2 99
P35 (Kext +d1€>

For a given Kext, there are an infinite number
of rate constant combinations. Writing from
Equation 97 for one interface:

c, c,
J=K - (100)
! c,®4 ¢,

It is clear that large values of ¥ and k, consistent
with K, demand that the interfacial concen-
trations be nearly at equilibrium, even though flux
is passing. This point has already been made above.
In this model as well, when

J<FCceu=% e o1

the perturbation of interfacial equilibrium by flux
can be ignored. The result is the usual reversible
interface permeability:
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p:% Koyt (102)

On the other hand, when X and k are very small
compared with D/d, but still consistent with Kext:

P=%/2 (103)

The interesting feature of this analysis, which was
later improved and generalized to include flux
limitation by external concentration polagi-
zation,2? is that the unloading rate constant, k,
does not affect permeability. A small k at constant
K simply means that the extraction equilibrium
favors the membrane. It is easy to show that the
surface fluxes are compatible with very small k
since kC will be of comparable magnitude with kC
because C >> C.

The advantage of the so-called “kinetic”
analysis of membrane transport is that it provides
an overview without the introduction of specific
models for forces and system functions. On the
other hand, new paraineters are introduced which
must be related to other better known quantities.

D. Phenomenological Equation -of Motion
Approach

The fourth, and most widely applied transport
theory is based on the Nernst-Planck (N-P) flux
equation.!®>'5:22:101 1p its most general form, it
is consistent with irreversible thermodynamic flux

where

<

ﬂw ~ dw <:’F X g—f - g—g) 107
is the solvent transport velocity for a membrane
containing sites. )

An alternate derivation of the ionic flux,
including water transport, in the laboratory coor-
dinate system. follows from Bearman and
Kirkwood®® and Vaidhyanathan and Perkins.'©3
This derivation was given by Conti and Ciani.'®?

For each ion, including mobile sites,
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oC; = ;
- _ - i aln')‘ | J—
%= iv“'_Di|W+CiW+Zi_—l{’rC'

equations and accounts for motion of pore liquid
(solvent) as well as ions. Models are introduced
into the N-P equation in the sense that the
coefficients relating forces and fluxes are specified
in conventional terms. Irreversible thermodynamic
interactions (cross-terms) are omitted by assuming,
for a membrane containing dissolved neutral and
charged species, that the independent motion of
each species occurs under local diffusive, electric
field, and pressure gradient forces. Flux for each
species of charge z; is specified as the product of
concentration and velocity, where the latter is
proportional to the local force. Thus, at constant
temperature,

P = Ci fi ¥ forces (104)

{4

5 =G

<

is the flux with respect to the center of mass; f; is
a friction (proportionality) coefficient, and C; isa
local concentratiop. Relations with other transport
coefficients are

i = U; RT = D; = u* RT/Flz| (105)

_

RT

where D; = cm? fsec; u;* = cm/sec/V/em; and u; =
em? /sec J/mol. The forces are grad y; and v grad p.
By Schidgl’s method'®? for transport in one
direction in the laboratory coordinate system, a
single ion flux may be written out as:

- C M, = (106)
LA S B KT
ax  RT \'F M, "W/ ax

where f;, are the relative friction coefficients and
w stands for water. The condition for water flux
being zero is

d —II\V

n —
&t 5 e Tk= (109)

The electrochemical potential does not include
local pressure, but the latter is included through
the equation of state (isothermal Gibbs-Duhem
equation):

_ _ n _ _
Codiiy* ¥ Gd-dp=0 (110)
i=

From the electroneutrality condition, they deduce
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that the pressure is independent of distance. By
disregarding all terms not multiplied by C
because (Ci/Cw) < 1, the results are found:

w»

d g I
- fiwCy 7 =0 (111)
G
and
_d u (sites) =0 . (112)
dx
Writing
W RT=D; = —— (13)
fiw ‘\\
and
_ X
A\

the usual dilute solution form of the N-P equation
is found:

o
xR

S |
il
1
cl
=
!
QI

(115)

[
<
tad

To use this equation for the transport of each
species in developing equations for total flux,
current, and membrane potentials, simplifications
are usually made:

1. Activity coefficients are assumed to be
either constant or simple functions of concentra-
tion, ie., v = C*~L, so that integration becomes
possible.

2. Transport of solvent is ignored, as are
pressure effects on the transport of other species.

Thus, the simplified N-P equation for a single
ion is

J=_p - _, bE .a_f (116)

This form is the usual starting place for calculation
of concentration, field, and potential profiles

within a membrane. Current densities in the
absence of interactions between species, viz., ion
pairing, etc. are given by:

-
[=FyzT-e2? 17

Time dependences follow from the continuity
condition:

Q

9

i Ii
at

ax

(118)

The second term Equation 117 is a form of
Poisson’s equation,

o
el
AR

-=2F(C,-C.) (119)

c.

X

which accounts for space charge build-up at the
surface due to current flow. Recent papers by
Macdonald'®57''0 stress the importance of the
latter term in accounting for short-time charging
processes. Use of the N-P equations in steady state
uniform (constant composition) electrolytes leads
to all of the classical transport relations. These are
summarized in Table 2.

Immediately after the original publications of

"Planck and Nernst, application of the Nernst-

Planck equation was taken up by a few workers in
membrane and electrolyte theory. These early
results of Behn and Pleijel®®+%? are generalizations
of the Planck constrained junction integration
which give species fluxes in terms of interior
diffusion potential difference and interior surface
concentrations. The significance and limitations of
the Nernst-Planck equations have only been widely
recognized after many systems had been described
and experimentally tested. The results of Behn and
Pleijel apply not only to liquid junctions but also
to site-free membranes which transport ions of
both signs. However, their results do not neces-
sarily give complete solutions for total membrane
potentials since the interfacial component must be
added.

Several milestones in the application of the
standard form of the N-P equation and in the
interpretation and modification of the N-P equa-
tion must be mentioned. The first is an integration
to give membrane potentials in terms of external
ionic activities, the historic Teorell-Meyer-Sievers
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TABLE 2

Derived Quantities in Uniform Electrolyte Solutions of a Singte Salt*

Sait M Iz, Ixzc at concentration Cg (mol/cm?®)

lonic concentrations

C. = Iz,)Cq mol/cm?
C_=z,g molfem®
Equivalent concentrations
C.' =z.lz,ICg equiv./em®

C.' = Iz, 1z Cg equiv.fem?

Steady currents and specific conductivity a(ohm cm) ™!

_F? dy
= ﬁ[D,,ZC’C,\+ D_z,*C | i
- dy
1=F[unz 2 Ctu.z,’C] e
= dy
I=Flu*zCi+u*z,C ]

Conductance: gA/d

Conductance for 1 egfliter (C,' =C .’ = z,12 Cg = 10~ mol/em®)

g a F?

T10°c, 10°C. 10°RT

'
()

[ Dyz.+ D._ lz,1] (ohm cm cq/liter) -t

Equivalent conductance A for a cell spacing 1 cm, area 1000 cm?

~2
A=10000" = A+ A_ = 1= [Dizg + D _lz,] (ohm eq./liter)

= AC, = AC = A°Cy = A°C "y._

Transference numbers

D, z.* C. D,z

:A+

t = =

D,z 2Co+ D z,’C. Dize+ DIyl A

D-2,C. D _tz51

t_:

D+zc2 C, + D,za’C- D,z + D_lz;1

A
A

*In some literature a salt is described as M, X,x Where v, and v,
are dimensionless numbers. However, since v, =z, and v = [z,!, the
extra nomenclature has been deleted. z_ 5,9 7, should be considered

dimensionless in the definition of C, and C ..

Equation (69a-f), which describes the membrane
potential for an ion exchanger membrane bathed
in uni-univalent electrolyte of different activities.
Their result includes the site concentration specifi-
cally and allows for co-ion transport. It covers the
range from high site density, permselective mem-
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branes to site-free membranes. No account is taken
of possible solvent transport. Subsequently,
Scatchard!'®? derived an expression for the mem-
brane potential, again for uni-univalent electro-
lytes, which included an integral involving trans-
port of solvent.
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The most extensive study of techniques, based
on Pleijel’s procedure, for integration of the
standard Nernst-Planck equation system applicable
to liquid junctions and ion exchange membranes is
by Schlogl.!'°® His integration procedure gives
the diffusion potential in terms of fluxes and
interior surface concentrations, and it gives fluxes
in terms of interior diffusion potential and interior
surface concentrations, without consideration of
solvent transport. The method, while complicated,
is quite general and applicable to systems involving
ions of various charges. Simplifications are possible
when ions fall into monogroups, all ions have the
same absolute charge. His subsequent papers are
concerned with solutions for species flux, dif-
fusion potentials, and current-voltage curves when
solvent transport is included in the modified
Nernst-Planck equations.! 1 ¢~8

1. Strategy in Using Nernst-Planck Equations of
Motion

The classical strategy in using these transport
equations in membrane systems where the electro-
lyte concentration is not uniformly distributed is
based on a few principles:

1. Problems are subdivided in advance
according to the time domain, transient or steady
state; according to flux conditions, zero species
flux, finite species flux but zero total flux (zero
current), or nonzero current cases; and according
to ihe number of neutral and charge carrying
species present in the membrane.

2. Flux equations for species in a membrane
are integrated to express individual or total flux
and current in terms of concentrations or activities
just inside the space charge regions or at the inside
surfaces — depending on the assumptions of
quasi-electroneutrality or Poisson’s equation for
coupling the individual fluxes. In the steady state
for ions of the same absolute charge, quasi-electro-
neutrality leads to the conclusion that the sum of
cation concentrations (and the equal sum of anion
concentrations) is linearly distributed in space for
site-free membranes. For high site concentrations
(permselectivity), the sum of counter ion concen-
trations equals site concentration. Sites, if mobile,
are also linearly distributed. On the other hand,
use of Poisson’s equation leads to virtually intract-
able mathematical problems unless, as is fre-
quently done, the electric field is taken to be
constant.

3. Flux equations for species in the bathing
solutions are similarly solved (usually for semi-
-infinite boundary conditions) in terms of bulk
activities and activities at or near the surface of the
membrane on the solution side of the interface.

4. Potential differences are calculated across
each phase in terms of flux or current and the
surface activities. Boundary conditions may be
reversible (equilibrium domain), and interfacial
potentials may be computed provided the calcula-
tion is done by equating the electrochemical
potentials of those ions which actually equilibrate
across the interface. For irreversible or slow
interfacial kinetic cases (kinetic domain), inter-
facial potentials may be computed according to
the methods above or the more recent barrier
models.”® Total membrane potentials as functions
of bulk activities in the bathing solutions, flux, or
current are found by summing the potentials from
known points as described in Equation 18 or 19.

5. Time dependent problems including
responses of membranes to changes in external or
internal activities, applied voltages, pressure steps,
etc. are occasionally solvable analytically
depending on the linearity of the problem. Mem-
brane transport problems involving a multiplicity
of cations and anions (without considering inter-
actions) are already intrinsically nonlinear simply
because of the occurrence of terms in which C; is
multiplied by the local electric field (or pressure
gradient), which is itself concentration dependent
through Poisson’s equation. Even steady state
problems, including Poisson’s equation, are not
generally solvable because of cubed field
terms.® 3111 Note that the steady state single ion
problem is solvable because the field equation can
be converted to a known form.5*

Linearization becomes possible when individual
fluxes are small enough that the forces are
themselves linear in the Onsager sense. This is a
more restrictive condition than requiring a small
net flux or current. Thus, problems involving
minimal concentration profile changes, i.e.,
systems not far from steady state profiles (equiv-
alent to interior potential changes less than RT/z;F
V), can be solved for all times. Problems involving
major readjustments of concentration profiles with
time are not usually solvable analytically. How-
ever, certain calculations, including determination
of impedance frequency spectra (responses to
small, sinusoidal voltages), can be accomplished
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for various dc profiles corresponding to dc voltage
biases."'2>' '3 When the dc solution is known or
approximated, superposition of the ac response on
the dc response in the form '

v = ¢pe (X) +y (x) exp (jwt) (120)

is useful for finding the impedance, after ignoring
higher order terms (harmonics). Solutions are
applicable at all frequencies greater than the
relaxation time for the dc processes.

Linearized problems with minimal species pro-
fite reorganization over all times can also be
handled by imposing a net constant flux (current)
from which membrane potentials can be calculated
as functions of time via Equation 18 or 19. By
ordinary Laplace transformation and the opera-
tional definition of impedance, i.e., a general
Fourier transform, the frequency response of
voltage and the impedance can be found. Working
backwards, time responses of current for various
applied voltage wave forms can be computed.

6. Coupling of homogeneous diffusion and
chemical reaction is a process frequently en-
countered in electrodiffusion systems in solvents
of low dielectric constant. These problems are
handled by grouping the flux equations according
to the coupling and using the chemical equilibrium
constants as remaining conditions on the systems.
Thus, for a cation i* and an anion x7, a neutral
carrier complexing agent “s” forms the species is’
and isx with equilibrium constants

( (®) . ()
T a21)

G (BHE

Individual flux equations are grouped''*

Ji* =‘]i-"‘lis*'f‘]isx (122)

J¥ =i iyt
Jx* = Jx + Jisx

The time dependences follow from continuity
equations which now include local sources and
sinks. For example:

ac; Y
- =- —+kB G - KL T, (123)

Tza_‘

358 CRC Critical Reviews in Analytical Chemistry

aC; a7,
1S _ 1S f =7/ b &
S0 -5 T Kis GG — K Gy (124)
f @ b 6
+EISX IzISX is X

One has a similar equation for the rate of change
of ;.. Note that the divergence of the grouped
fluxes leads to cancellation of the chemical rate
terms. On this basis, carrier mediated transport is
most readily analyzed.?2:7°-114-119 This proce-
dure is generally used for problems involving
transport with chemical reactions.!2%'2¢ For
example, in dealing with liquid ion exchanger
membranes containing trapped anion sites x 7, and
permeable cations it and j*, both of which form
neutral ion pairs ix and jx, grouping of fluxes gives

Br =g+ 3 (1252)
Jj*=Jj+ij (125b)
Jx*=Jx+Jix+J’-x (125¢)

At any time, the current is carried internally by i*,
j" and x~ so that

1= B + 3= 1) = FU* + 3% - 1% (1262)

However, at the surfaces, J * must be zero since
species containing x do not pass the interface,
although none of the flux components of J_* need
be zero. This result means that externally mea-
sured current is determined by fluxes of both
cations and neutral species through the surfaces.
This statement is not true inside the membrane
until the steady state is reached when J_* is zero
everywhere and

I=F(U;* + Jj*) (126b)

This result is similar to the polarographic case for
reduction of labile complexes. Current is carried
by all species containing the reducible ion, regard-
less of the charge on the species.

2. Observations on the Solutions of Steady State
Nernst-Planck Flux FEquations and the
Specification of System Variables

In the steady state, assuming activity coeffi-
cients and standard chemical potentials to be
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independent of distance and ignoring osmotic
effects, the general transport problem is specified
by:

1. N-P flux equations for each ion

2. Poisson’s equation

3. Charge balance g(soln 1) + q(soln 2) +q_,
=0

4. Boundary conditions relating internal sur-
face activities to external and/or bulk solution
activities (Equations 37a, 40, 45, and 50 for
reversible cases)

5.1 = sum over partial currents for each
contributing mobile cation, anion and complex

X

N i
C+(7‘) = ekp{% [‘F(O) - *P(X) ]} C}(O) - f BTl: €\p {—
0

and
2l -
C.=exp - o= [¢l0) - ¢(¥)] C.(+ f HE ©P
0

since

_ _do
E = _ a_; (1293)
D, =u,RT (129b)
and

_=u.RT (129¢)

At zero current, i, = i_, C,(x) and C_(x) are
correlated by eliminating i, from each equation.
Furthermore, when i, = i_ = 0, as in a blocked
electrode situation, the general solution for cations
of charge z_ and anions of charge z, is

[C. (0] '/‘CI(‘_ (x)] 1/1z4l = constant (130)

In general, from Equations 127 and 128 for the
problem at hand,

C, (x) C_ (x) = constant + {(i,, i_, ¢(0) — ¢(A)) (131)

where the latter term is zero when i, =i_ = 0.
Solutions to the N-P equation always admit space

R

according to appropriate equations such as 117 or
126b.

For a typical problem invalving two species, i*?
and x7%, the system becomes entirely specified
when given electroneutral bathing solutions where
E (x— #e°) = 0 (no current) or constant (with
current). Nevertheless, the problem is not easily
solved for the field and membrane potential
because of mathematical difficulties arising from
the nonlinear field equations. Direct integration of
an N-P equation, regardless of the field profile, and
applicable at all times gives:

127)

zl

2 e - ¢(9)] d\}

(128)

;ffT [#(0) - ¢() } a

charge. In fact, the N-P equation for zero partial
currents is a version of the Poisson-Boltzmann
equation from which the Gouy-Chapman theory is
derived.

The steady state flux or current for any species
is expressed in surface concentrations by rear-
ranging and writing:

£=ep {% [o(d) - ¢<0)1} (132)
or
A7 =t In (133)
" €0/ - C,()
= (134)
D, zl

e Cexp d- 2L 16 - ol Lax
Of RT

i- C.d-c.(0¢f

D_zl d o (135)
3 Of exp {R—T l¢(0)—«p(x)l} dx

By combining Poisson’s equation with the N-P

March 1976 359



16: 39 17 January 2011

Downl oaded At:

equations to eliminate concentrations, the general

field equation for two ionsi'” and x 2 is
4 e 42E + (zF)%¢ E? (136)
dx JE g* 2 (RT)?

zF is i_ (i* i")l
22— i —+ — )= b =
RT ( D, D_)x R T A Gl

When only one ion exists in the membrane,i_=0
and C_= 0, and the derivation leads to a simpler
equation:

d*E  zFe _ dE _ i+ _
ax? RT Ex * D, 137

€

which integrates to:

dE zF _, 1
— - 2+ = 138
i " 2RT . constant (138)

and is the starting point for Delevie and
Moriera.8* Equation 136 transforms into a
Painleve transcendent which can be given asymp-
totic solutions®3:!!'! but cannot be solved in
general; one such asymptotic solution for low
fields and finite currents is found by setting the
last two terms in Equation 136 equal to a
constant. Integration gives a potential ¢ (x) which
is logarithmic in distance. The solution for JAYC I
contains a constant of integration as well as terms
in i, and i_. Solutions must be consistent with
those determined from i, + i_ = 0 using Equations
127, 128, 134, and 135. This procedure has not
led (and probably cannot lead) to useful results
except for limiting cases.

Barry and Diamond!'2?? have presented an
analysis of site free membranes for two permeable
jons of opposite charge which takes into account
all of the principles laid down above. Their
treatment, however, is limited to symmetric
bathing solutions in which the flux of each species
is zero. Thus, instead of solving the general
Equation 136, they have only the first two terms
for determination of the static field. The solution
is, of course, the two-sided Gouy-Chapman
solution known since at least 1954.1272 Their
results are interesting and are illustrated in Figures
11 to 14 for charged membranes which prefer
cations but do not exclude anions.

360  CRC Critical Reviews in Analytical Chemistry

The approximation usually made in dealing
with Equation 136 assumes a constant field within
a site free membrane. This assumption is valid
when no net charge resides in the membrane.
However, that condition can be approximated at
zero current either :

1. by equal local concentrations of cations
and anions, but varying total salt concentrations
across the interior of a membrane for salts with
equal mobility jons of both signs and same
absolute charges; )

2. by equal total concentration of unequal
mobility ions of both signs and same absolute
charges across the interior of a membrane. This
case differs from Item 1 in that different ions may
exist on the two sides and their individual profiles
are varying, but the total salt concentrations are
constant throughout;

3. or by single-ion containing membranes
(or unequal concentrations of oppositely charged
jons) at sufficient dilution that the membrane
thickness is small compared with the Debye
thickness.2 51287136

Ordinarily, thick, site free membranes will contain
equal concentrations of ions in the bulk as in Item
1, but may not show overall constant fields
because of space charge which accumulates at the
surfaces due to unequal ion extraction coeffi-
cients. This point is discussed in more detail later.
For membranes with fixed and mobile sites,
electroneutrality will be obeyed in the bulk but
the field will be only approximately constant.
Again, field curvature occurs at the surfaces where
space charge exists.

Constancy of field is a stronger electro-
neutrality condition than quasi-electroneutrality
because solutions for the potential-distance profile
found by inserting quasi-electroneutrality into the
transport equations are logarithmic functions of
distance. Calculation of fields shows they are not
constant and that space charge density is nonzero
but very small. This paradox of quasi-electroneu-
tality is well known in electrochemical litera-
ture.'#>!'°! Although the general problem of mass
transport of charged species through site free
membranes (covering the entire composition range
from pure space charge to electroneutral in the
bulk) is difficult, a number of workers have made
important contributions. In addition to References
53, 64, 111, and 127 to 136, papers by
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FIGURE 11. ~ Calculated potential profile (dashed line) and concentration profiles (dotted
lines) in a thin membrane charged with unequal amounts of cations and anions, as a function of
X, the distance in angstroms from the center of the membrane. The membrane thickness d is 80
A, so that absolute distances greater than 40 A correspond to the bathing solutions. The cation
extraction coefficient K, +is 1 X 10-3; the anion extraction coefficient Koyt -is2X 104,
Bathing solution concentration of extracting salt is 100 mAf, the temperature is 20°C and the
dielectric constants of water and membrane are taken to be 80 and 3 times the permittivity of
free space. The calculated Debye thickness is 76.1 A in the membrane and 9.6 A in aqueous
solution. The figure has been condensed by interrupting the concentration axis between 0.12
and 99.85 miM. No boundary potential due to dipoles has been included so that the
electrostatic part of the interfacial potentials is attributable to space charge. Total membrane
charge is compensated within 5% by the external charge. (From Barry, P. H. and Diamond, J.

M., J. Membrane Biol., 4, 295 (1971). With permission.)

Tredgold'®” and Buysman and Koide'38 are

significant.

Solutions for interior membrane potentials of
permselective membranes with regions of internal
electroneutrality take a special block logarithmic
form, i.e., potential is a log ratio of the sums of
the concentrations of fons just inside the space
charge regions. The sums contain multiplication
factors (permeabilities) for each of the membrane
concentrations and the denominator contains con-
centrations for the opposite side. This fact has

great importance in finding complete solutions for
the total membrane potential and distinguishes
Goldman-type solutions from Conti-Eisenman
solutions. In the former, the charge balance at
each interface must be used to obtain interfacial
potentials. In the latter, interfacial potentials from
Equation 37a can be added via Equations 18 and
19 without knowledge of the space charge. Thus,
for permselective membranes, the total membrane
potential is independent of the space charge on the
two sides.
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FIGURE 12. Potential profiles in a thin membrane asa
function of bulk bathing solution concentration. Mem-
brane thickrtess and extraction coefficients are the same
as used in Figure 11. Symmetric bulk bathing solution
concentrations are 1, 10, and 100 mAf. The Debye
thicknesses inside are 761.3, 240.7, and 75.1; outside
values are 96.3, 30.5, and 9.6 A for the scquence of con-
centrations listed. (From Barry, P. H. and Diamond,
I. M., J. Membrane Biol., 4,296 (1971). With permission.)

V. REFERENCE CATALOGUE OF
STEADY STATE SOLUTIONS TO
NERNST-PLANCK EQUATIONS

Steady state, time independent solutions of the
N-P equations can best be organized according to
three types of membranes: Class I — site free
membranes, Class II — fixed sited membranes, and
Class Il — mobile site membranes. These
categories with ‘major subdivisions and examples
are given in Table 3. This organization is a natural
consequence of the number of ions involved in the
transport and the site characteristics.

A. Electrical Properties of Class I — Site Free

Membranes
Homogeneous membranes containing no
carriers belong to the iusulator family. Conducting
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FIGURE 13. Potential profiles in a thin membrane asa
function of single ion extraction coefficients. The mem-
brane thickness is the same as in Figures 11 and 12.
Bathing solution concentration of extractable ions is 100
mM. Cation extraction coefficients K,y + = 1 X 10,1
X 1074, and 1 X 10% and the anion extraction

coefficients arc 0'2Kext" (From Barry, P. H. and

Diamond, J. M., J. Membrane Biol., 4, 295 (1971). With
permission.)

species normally do not exist in the membranes,
and interfacial equilibrium is generaily not
possible. The wusual conducting species are
electrons and holes which can be brought into the
material from external solution by redox surface
reactions, by thermal generation, and by electro-
magnetic generation. Potential dependent surface
rate parameters are usually used, and frequently
only the field term in the N-P equations is
considered to be the driving force. The best
reference source is the book by Lampert and
Mark.>® A recent paper by Silver'*° investigates
the effect of diffusion on the migration of charge
in insulators (i.e., considers the whole N-P
equation).

Liquid insulator membrane transport has
received a great deal of attention because of the
availability of lipid bilayer membranes.!*!>!4?
These membranes permit transport of oil soluble
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FIGURE 14. Potential profiles in a thin membrane for
four thicknesses: 20,000, 2,000, 200, and 80 A in the
top, upper-middle, lower-middle, and lower curves. Cation
cxtraction coefficient is 2 X 107 and the anion
coefficient is 1 X 10~*. The bathing solution concentra-
tion of salt is 150 mal. The calculated Dcbye thickness
inside is 124.3 A and outside is 7.9 A in all cases. (From
Barry, P. H. and Diamond, J. M., J. Membrane Biol.,
4, 295 (1971). With permission.)

ions which may be cations, anions, or both. For
equilibrium extractable ions of one kind, DeLevie
and co-workers®* provide the most comprehensive
treatment. N-P equations, with Poisson’s equation,
are solved directly for the internal field, then for
potential, and finally for concentration profiles.
By adding reversible interfacial potentials, the
entire membrane potential has been computed.
The zero current membrane potential is Nernstian,
ie.,

RT Seft
A ==
Ym = o ln[“right] (139)

They have also given exact solutions for steady
state current-voltage characteritics,®® concen-
tration, and field profiles as functions of current.
Reduced dimensionless parameters are used for
generality, and the results prove to involve Bessel
functions “J”* and “I”’ of order 2/3, 1/3,-1/3 and
-2/3. Three cases occur for (is + A) = 0 because
the differential equation

dE | E?

d_s+?=IS+A (140)

(E(s) = field, i = current, s = distance — all are
reduced parameters) admits different mathe-
matical forms depending on the sign of this
quantity. “A” is an integration constant which is
ultimately known in terms of external jon
activities and current. For small deviations in
applied potential around the potential of zero
current, the current response is linear, i.e., the
membrane conductance is constant. For large
applied potentials, Ap > RT/z.F, the current-
voltage curve remains nearly linear (constant
conductance) for identical bathing solutions
but are nonlinear for asymmetric external
concentrations of a given permeable ion. For
low concentrations such that the membrane
thickness is small compared with the Debye
thickness, the field is constant and approximations
using constant field are applicable. Computed zero
current results are illustrated in Figures 15 to 18.
Finally, DeLevie and Seidah'#® have completed
the N-P analysis by including film diffusion
(external concentration polarization) and surface
kinetics. The concentration polarization calcula-
tions were done first with the classical, quasi-
electroneutral assumption and were then modified
to include the increased (or decreased) surface
concentrations due to natural space charge arising
from fixed surface charge. Surface kinetics were
treated assuming potential independent surface
rate constants and an overall potential dependent
rate due to the space charge perturbed surface
concentrations. The fact that overall conductance
is affected by external surface ionic concentra-
tions, which are different from the bulk values,
was specifically studied by McLaughlin, Eisenman,
et al.?2>1445145 and Neumcke.'*

Previously, Laiiger and co-workers, who favor
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TABLE 3

Passive Ion Conducting Membrane Classification

Class I — Site free membranes
A. Nonporous homogeneous solids

Organic crystals, insulators, polymer films, uncharged lipid bilayers, bilayers containing neutral carriers,

B. Nonporous heterogeneous solids

Polyviny! chloride and other films containing organic solvents and solvents with neutral carriers

C. Nonporous liquids

Low dielectric organic liquids, organic liquids with ion solubilizing ncutral carriers such as valinomyecin, actins,

etc.
D. Porous homogeneous solids

Cellophane, dialysis membranes, Teflon®, and polyvinyl chloride films

E. Porous homogeneous liquids
Constrained liquid junctions
Class II ~ Fixed site membranes
A. Nonporous homogeneous solids

Glass membrancs, doped inorganic crystal membranes, such as AgX, LaF,, such that only interstitials or
vacancies carry current, highly cross-linked ion exchange resins, hydrophobic or oil impregnated ion exchangers

B. Nonporous heterogeneous solids

Binders (PVC, silicone rubber, etc.), supported particles of glass, AgX crystallites, ion exchange resin beads, etc.

C. Porous homogeneous solids
Loosely cross-linked ion exchange resins
D. Porous heterogeneous solids

Glass and mineral particles compacted, ion exchange resin beads

Class Il — Mobile site membranes
A. Homogeneous nonporous liquids

Liquid ion exchangers, hydrophobic cation or anion containing salts dissolved in organic liquids, including
solvents that permit dissociation as well as jon pairing in the membrane
B. Homogenous nonporous solids, such as pore AgX, in which both vacancies and interstitial ions may carry current

activation models of transport,!462 considered
N-P equations for lipid bilayer transport in con-
nection with calculations of the potential bar-
rier'*7>148 and derivation of current-voltage
curves and conductances.'®?>'*® These workers
were among the first to take into account the
possibility of slow interfacial kinetics at finite flux
and the possible, but not easily distinguishable”*
dissociation due to high fields near a membrane
surface.!5' Markin, Kristalik, et al.'5? and
Markin, Pastushenko, et al.'53 solved the N-P
equations for the neutral carrier mediated case and
introduced surface kinetic considerations. Laiger
and Stark!®* also introduced surface kinetics into
an Eyring formalism. Since high currents can be
passed by lipid bilayers, account of external
electrolyte concentration polarization is a
necessity. Neumcke'® and LeBlanc'*%>'57 have
included this process in their theoretical work,
while Haydon and Hladky'$® comment on this
topic in their review. Transport through nonelec-
troneutral membranes has also been treated by
Schlogl,'s® Vaidhyanathan,'®® Simons and
Talone,!®! and Levich, the distinguished Russian
electrochemist, and his colleagues.!©2>'63
Solution of N-P equations for transport of

364 CRC Critical Reviews in Analytical Chemistry

single ions through membranes containing oil
soluble neutral carriers is a more complicated
problem. Solutions must be consistent with the
trapping of carriers in the membrane or with an
equilibrium distribution of carrier at the surface.
Prior to 1971, the presence of carrier in the
bathing solutions was discounted by the large
partition coefficient, so equilibria between carriers
and carrier containing species in an aqueous phase
do not appear in one theory.'®® However,
trinactin complexes have been detected in aqueous
solutions.'®*

The first treatment using rapid, reversible inter-
facial conditions’® has been extensively
elaborated into an elegant, comprehensive theory
which treats zero current and nonzero current
transport in terms of conductance, using both
““equilibrium’ and “‘kinetic’’ boundary
conditions.”*>"*®* Two mechanisms invoking
potential independent rate constants are con-
sidered as shown schematically in Figure 19.

Kt
K* (aq) + s (carrier) §— Ks' (141)
kP
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FIGURE 19. Schematic diagram of the processes by
which neutral carriers mediate transport of ions through a
membrane. The membrane is indicated to be interposed
between two aqueous bathing solutions (') and (') with
thickness d. Reactions are designated at the left. Py
refers to the partition process of the neutral carrier; (R;)
refers to the interfacial reaction process which involves
the reaction at the interface between an ion in the
aqueous phase and a carrier molecule already present in
the membrane; (P;,) refers to the partition process of the
complex which involves the transfer of an already formed
complex from the aqueous phase into the membrane.
Formal rate constants for transport across the membrane
Ag and B; arc discussed in the text. (From Ciani, S,
Laprade, R., Eisenman, G., and Szabo, G., J. Membrane
Biol., 11,255 (1973). With permission.)

VWithin the membrane, local standard chemical
potentials and local electric potential are allowed
to vary with position. Together, these parameters
define a local energy and provide a distinctive
barrier. Classically minded readers may infer that
the barrier is constructed from a legitimate elec-
trical barrier and a spatially varying activity
coefficient equivalent which also bars ions from
accumulating. This very interesting perspective
allows solutions of the N-P equations which
resemble those from the Eyring barrier models and
are also formally equivalent to the classical surface
rate model derived earlier. Integration of the N-P
equations leads approximately to the forms below,
where A_ and B, are formally potential dependent
rate constants. Further works needs to be done to
relate the two modelsin a precise way. The flux of
carrier is written:

1= A, [C,0) - Ty(d)] (143)

while the flux of ion-carrier complex is written

Jis = B [Cj0) - Ci(d)] (144)

and Comparison of these equations with integrated N-P
K f equations suggests a correspondence between A,
S 53 . .
K (1) === K& (142) B, and transport and electrochemical potentials
b according to
kig
F D - d _
—= = exp [FW,O/RT] [ exp [F W/RT] dx (145)
Ag 0
¥ Dy _ d —
_% < exp [7,°(0)/RT] f exp [IF W (x)/RT] dx (146)
Bis 0
where
W(x) = BO(x)/F © (147 Hall, Mead, and Szabo!®® have developed an
inversion method for extracting a barrier form
d from experimental I-A¢ curves and have computed
an expected I-A¢ curves from given barrier shapes.
Triangular barriers of height ¢ V centered in the
Wi (0 = 1 )1 + (%) (148) membrane give the expressions
o2 _ —
I= __2R'T dD 7exp(-F¢/RT) [Cp gy exp(FAP/2RT) ~ Cpjopyy exp(-FAp/2RT)) (149)
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and

F? — - = = .
I= —D ¢ exp(-F ¢/RT) (Cleftcright)l/z sinh [

RT d 2RT

for nonsymmetric bathing solution concentrations
and

_2F'D — - ; ApF
I= T d ¢ exp(~F ¢/RT) sinh I}ﬁ] (151)

for symmetric bathing solution. The equation is

(Ap - Awe“)FJ (150)

continuous through the origin and gives a constant
conductivity at [ = 0.

For trapezoidal barriers as shown in Figure 20,
the current is given approximately (for positive
and negative applied voltages separately) for
symmetric bathing solutions by:

o
1=2E D‘”;‘;(d FOIRT) fexp[nFAg/RT] - exp[-(1 - n)FAg/RT]} (152)
Ap >0

or
2 1T B3
=2 D¢:‘T"(§ FOIRT)  {exp[(1 - n)FAQ/RT] - exp[-nFAg/RT]} (153)
Ap <0

These functions, which are not symmetric about
zero current except when n = 1/2, offer an
explanation of the results reported by Szabo et
al.'®7 The nonactin-K* system seems to be in the
equilibrium domain with n ~ 0.28. The cyclic
polyether-alkali metal carrier complexes are also
rapid and reversible for low salt activities.! 8 Data
are complicated by a high order (second and third
power) dependence of conductivity on polyether
concentrations and by complex formation in the
aqueous phase.

Interpretations of [-A¢ curves for carrier
systems have also been made by Laiiger’s
group,!367138,154,169-1723 Their chief success
has been in diagnosing the K'-valinomycin system
as belonging to the kinetic domain. The interfacial
surface entrance and exit rates defined by

Rate in =k (K")(s); (1542)
Rate out = ky(Ks") (154b)
and transport rate constants

b DKs’

kg=— and kg = (155)

d2
have been evaluated experimentally.! 7? Benz and
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Stark have also determined rates and partition
coefficients for four macrotetrolide (monactin-
trinactin) bilayer systems.! 722

In a field which has already uncovered electro-
chemical effects at membrane interfaces which are
comparable to those known at metal/electrolyte
interfaces, at least one new result has been found
in membrane electrochemistry which has no classi-
cal counterpart. This effect of ion transport
through channels has been suggested before, but
only recently has firm experimental evidence been
accumulated. The apparent “gelling” or local
organization of carriers into channels (for pre-
ferential paths) for ionic motion has beerr sug-
gested experimentally in important papers by
Eisenberg, Hall, and Mead,’ 7® Cherry,! 7* Haydon
et al.,' 75>17¢ and Goodall et al.' 775! 78 Interpre-
tation is based on stepwise current-time and
current-voltage responses (rather than continuous
responses) which imply discrete current flow.! 762
Previously, theoretical analyses of channel con-
trolled fluxes had been provided by Bamberg and
Laiiger' 7 and Gordon.'3%:18! A review by
Cherry!®2 summarizes earlier work.

Theoretical electrochemists of the Levich tradi-
tion, referred to in References 115,116, 152, 153
and 162, are making contributions to the theory
of channel transport as well. Chizmadzhev et
al.'®22 consider cylindrical channels lined with
polar groups and inner hydration sheath. Trans-
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FIGURE 20. (a) A trapczoidal barrier with equal concentrations on both sides
and a negative voltage applied (right side negative and left side positive). The
membrane of thickness d is centered on x = 0. Net current indicated as flux is
shown as the sum of forward and backward components, indicated by arrows.
The barrier to flow of ions from left to right is ¢-nu while the barrier to reverse
tlow is ¢ + (1 - n) u, u is the absolute value of the applied voltage. (b) A
trapezoidal barricr with asymmetric bathing solution concentrations (C, > C,).
u,, is the zero current membrane potential which is given by - In(C,/C,).(c)A
trapezoidal barrier with asymmetric concentrations as in Figure 20b, but with u
lying between zero and u,. The net current from right to left is still determined
by the right side barrier and so the current-potential characteristic is expected to
depend exponentially on ¢ + (1 - n)u. (d) A trapezoidal barrier with asymmetric
concentrations as in Figure 20b with a positive voltage applied. The larger current
component is again from right to left. However, the highest part of the barrier is
now the right-hand corner. The authors assert that the current should now be
determined by an exponential involving y-nu. (I'rom Hall, J. E., Mead, C. A.,

and Szabo, G., J. Membrane Biol., 11, 75 (1973). With permission.) ,

port of sodium is modeled with the concept of
successive displacement of H, O molecules from
the sheath. The energy profile is found from a
series of barriers of different heights and widths as
in Section IVC. above. A second paper restricts the
system to three barriers.!®2® Smejtek! #2¢ also
has explored the barrier model for cylindrical
channels in which the potential energy is con-
sidered the difference between polarization
energies of an ion in the channel and in the
bathing solution. These authors find current-
voltage characteristics with discrete conducting
states.

Sign Convention: x is positive from 0 to d
through a membrane of thickness d. A positive
current is positive ions moving in a positive x
direction.

1. Electrical Response Functions for Exceedingly
Dilute  Membranes Containing Ions of One

Sigll" 83,184

Condition 1.

1/2
Debye thickness=1/k = [ - _ Y " 5q4 (156
2 P EC
1

Condition 2. 7; # f(x)

Condition 3. 7°, # f(x)

Condition 4. u, # f(x)

Condition 5. All ions of the same charge, z
Condition 6. 1=0
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The internal diffusion potential is approxi-
mately

_ wr [TEGOT
i

This equation should be examined by DeLevie’s
method to determine limits of validity with
respect to Poisson’s equation. Since this equation
is in the block logarithmic form, interfacial poten-
tials can be added directly without calculating
surface concentrations via charge balance; result
(for ions “i” on left, “k” on right) is

K, a
A«,am ~£I‘ In 1—1 ext,i “i .l_ (158)
Yy upKext,k 2/

2. Electrical Response Functions for Exceedingly
Dilute Membranes Which Contain Ions of Both
Signs But Which Are Not Electroneutral and an
Approximation for Higher Concentration
Electroneutral Membranes (Excluding Space
Charge Confined to Surface Regions)??183:183

— + — — R
RT T uiKext,i 23/7 i+ } UkKext,k? K/ k
Ap_  ~— In

m~ F = PR — e
T UkRext,k 3 K/ * T UiKexe,i 2 /7

This equation can be an exact solution for the case
in which the total ionic strength of the salt ions on
each side of the membrane is the same. It is, in
fact, a degenerate case of a Planck constrained
junction, when the total inner ion concentrations
C(0) and C(d) are the same even though they are
comprised of different jons. When the interfacial
single-ion extraction coefficients happen to be the
same for each cation and another constant value

An exact solution for electroneutral membranes
with equal total salts of same absolute ion charge:

Conditions 1 through 6 apply

Condition 7. All ions have the same absolute
charge

Condition 8. Nearly constant field given by:

4F oy =
o L@ ¢(M}/d (159)
LG 0+ 2 4G ()
Bp ey~ X in | — L (160)
2k EUG@ + 2670
1

“Nearly constant field” means that there is nearly
no space charge in the membrane. Similarly, there
can be nearly no space charge outside the mem-
brane at each interface. Thus ¢(0) - ¢o and ¢(d) -
¢4 are both zero. Any potential drops through the
compact layers are assumed to be the same on
both sides and therefore canceling. Conse-
quently,' 86 for ion “i” on the left and “k” on the

right,

(161)

for all anions, the interfacial potential contribu-
tions are the same (Equation 45) and Equation
161 becomes exact.

Frankenhacuser'®7 inserted the interfacial
potentials, which are assumed to be the same on
each side, to give an equation which is not very
useful because the interfacial potentials are not
known in terms of solution activities without a
more complete charge-balance calculation:

- 2zF - + - — R
gr . | T Uiextiexp (‘R—T‘(%"‘P))a iV T UkKexe k2 kT k
App, ~ = In - (162)
. - 2zF — + =+ - - -
T upKext,k €XP (‘ RT®™ */’)) Skt F UKext,i 27
The corresponding single ion flux (current) for
nearly constant field is
. GFApy, [T@E-TO)] | GRT ( e\ _
i=- L [ — == (&= 1) [Ty(@) £ - §;(0)] (163)
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for cations, and

yRT Ink

3 E—:;) [Ci(@) £~ C;(0)) (164)

for anions. If both bathing solutions are identical,

. URTKeyt Z1ne \ {2id F _
(), {‘;j; °"P[Tﬁ (va-v(d))] -

and similarly for i_. If the bathing solutions are
not identical, the relation between A¢_ and A, m
is specified by Equation 56 but is not readily
known. Consequently, the general current-voltage
curves for these systems, I =i, +1i_ vs. Aqu, are
not known in closed form. This indeterminacy is
only apparent due to the mathematical difficulty.
The system is, in fact, determined by the prin-
ciples given in an earlier section of this review.
Interfacial potentials could, in principle, be found
from the charge balance, which is not used in the
derivation of any of the above equations. Note
that when the field is constant, the concentration
profiles of individual ions are curved.

A number of ad hoc equations have been
proposed'®5:188  for single-ion currents to
account empirically for the interfacial and internal
diffusion potential components. If n is the fraction
of the total membrane potential A¢, in the
interfacial part, then according to Mullins' 88

u,RTK a;
fo~g do ext [_.,d exp (;(1 - n)FAwm/RT)

] J d Yid

a.
UL (-zjnFA¢m/RT)] (166)
7i,0

For the symmetrical case n = 1/2, the current
obeys a sinh function of Aqu. Forn=1 or 0, the
current reaches limiting values at one voltage
extreme or the other.

Another ad hoc hypothesis assumes (incor-
rectly) that a Boltzmann distribution of concentra-
tion applies with current flow! 33

Ej(O) =Cj(d) exp [zj4% m F/RT] (167)

and that the interfacial potentials are equal
(possibly valid for symmetrical bathing solutions);
for potential independent rates:

one can substitute for C. using Equation 37a
where $0) - ¢o = @(d) - ¢4 and Aam = Ag .
Except in the limit of zero space charge where
&(0) - ¢y, etc. are zero, one is left with indeter-
minate expressions:

3,0 F _

=2 —_— ~-2(0

Tg OO R (‘Po o ))] (165)
i;=zF [TEj Cj0- ;G0 (168)

=zF [‘Ej G -%;C; 4]

which can be written using Equation 167 as

U Cj,d exp(zjdme/RT) - Cj,O
i 173 1+ exp(szgme/RT)

(169)

This equation gives limiting currents for both large
positive and negative A¢_. Patlak’ *® shows that
this equation gives Ay for zero current of the
same form as Equation 160, with k; replacing each
mobility u;.

In addition to lipid bilayers and organic mem-
branes containing neutral carriers,®® a number of
thick neutral membrane systems show potential
development in membrane cell configuration.
These include organic phosphates,!®®124 poly-
vinylchloride (PVC) plasticized with phenols,
amides, and aromatic esters,!®® nitrocymene with
valinomyecin held in cellulose acetate,?®¢"*%® and
PVC plasticized with o-nitrophenyloctylether con-
taining neutral carriers.!®®»2°® Transport of
uranyl nitrate through PVC plasticized with
various organophosphates has been measured by
Vofsi et al.2°!

The growing literature in the field of neutral
carrier transport has been reviewed recently by
Buck.*4+*5 In these reviews are found references
to studies involving naturally occurring macro-
cyclic compounds and synthetic cyclic ether com-
pounds. A new example of carrier transport by
polyethers has recently appeared®®'? and the use
of optically active, neutral, lipophilic cartiers for
selective transport of enantiomers has been de-
scribed by Newcomb, Helgeson, and Cram.2°'®
3. Electrical Response Functions for High Concen-
trations of lons of Both Signs such that Electro-
neutrality Exists in the Membrane Bulk

For membranes of high dielectric constant
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and those which take up water, such as cellophane,
one has an exact analog of the classical constrained
junction?? which was treated years ago by Planck.
He showed that the concentration profile of total
univalent ions was linear through the membrane in
the steady state, while the field was not constant:

RT In¢[T(d) — C(0)]

EUg- Uy 1n [T)/C(O)] - Ing _ EC(@) - T(O) a7

VTV, i [C@REO] T | T@ -t D

C’s are total concentrations, while U = EClu and
V= EC u are evaluated at the surfaces just msxde
any space charge The sum Zz, C 0 taken over all
ions. For cations x of charge zZ, and anions of

E@=-5 {[T(d) - T(0)1 x + C(0)d} In[T(d)[T(©O)] charge z,, Johnson gave a so]ution similar to
: Equation 171 (see Lakshminarayanaiah®?).
(170) Current carried by a single cation is rlgorously
given by:
L TURT [E(d)—é(o)] l:ln (C(d)g/c(o))] T @ - O] a1
! d | Tt -T) | | In(C@/Coy | !

This form of equation applies to quasi-electro-
neutral membranes in which the surface salt
concentrations remain constant. This situation
would prevail when the interfacial exchange cur-
rent is large (rapid, reversible interfacial transport).
The net interfacial potential from electroneutral
solution bulk to electroneutral membrane bulk is
virtually constant (see Equation 45). The result
means that the two space charge regions at each
interface contain equal and opposite charges and
that the net interfacial potentials are about equal
on each side. Then,

Ay = Agp, (173)

m m

and the entire 1-A¢_ curve could be constructed
by summing over partial ion currents. One curious
feature emerges: the individual ion flux equations
for this salt system (Equation 172) and for
electrostatically charged membranes (Equation
163) are in the same form when a single salt is
involved at equal activities on the two sides of a
membrane.

A subsequent generalization of the N-P
equation integration for ions of arbitrary valence
was made by Henderson.>? He asserted that each
ion concentration fraction profile was linear. While
this assumption is incorrect, the errors introduced
are small for systems with ions of the same
absolute charge. Membrane potentials can be
evaluated in closed form by this method. A
detailed comparison of integration of the N-P
At zero current, Ad, is computed from (RT/F)/
ng, where £ obeys the equation:
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equations in the steady state by Henderson and by
Planck has been given by Bonciocat.2?!'¢ A
catalog of cases giving the same result from both
methods was provided.

B. Electrical Properties of Class II-Fixed Site
Membranes

1. Electrical Response Functions for Membranes
of High Fixed Site Density to Assure Perm-
selectivity (Co-ion Exclusion)

Analysis of ion exchange membrane transport is
most admirably presented by Helfferich.2® In
Chapter 8, the theoretical and experimental back-
ground known to 1962 is fully explained, and the
essential modern studies of Scatchard, Kressman,
Y. Kobatake, Meares, Schiogl, Spiegler, and G.
Schmid are referenced. Classical early work done
prior to 1950 by the pioneers Sollner, Teorell,
Meyer, Marshall, and others is, of course, included.
The majority of published solutions to transport
problems ignore solvent transport and use the
assumptions:

Conditions 1—3 above, apply.

Condition 4. w,RT = D,

Condition 5.1=0

Condition 6. Inside space charge regions
ZzC, + ®X=0

The bi-ionic potential (species A, charge z, at

concentration Ca on left; species B, charge 2y at

concentration Cy on right) is
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with the ion exchange constant defined as:

Py ‘b ay 23
a
Kiexc = 3, <I_b> (175)

For z, =z, =1,
D, a, 7
RT b
Akﬂm = 2F lnl::u_— (Kiexc)lll] (176)
a

Because the interior surface concentrations of A
and B are fixed by the site concentration X
regardless of the values of C, and C, (except
zero), fluxes are constant in the steady state, and
the concentration profiles can be nonlinear:

21, =-z] = BT 1n§; for D, # Dy (177a)
or

- PC9%) oD, =Dy =D (177b)
C, = (1782)

or

==X [1-x/a] forB, =D, (178b)

~-C (179)

For the multi-ionic case (i cations of charge z
on the left, and k cations of charge z on the right),
assuming reversible interfacial ion exchange,

Iy~ 2, X 1 a

‘ c 731/23
n—+— iIn—+In

2,2, C, zZy, <y ./zb
b

(174)

RT ED; Koyr,i 2l

Atpm == In -V (180)
21 ¥ Dk Kext,k 2K/ 7k

The interior membrane potential is an integral of
an exact derivative so that the potential depends
only on interior surface concentrations,

.\;Bi Ci(0)
87 =S| as1)
m T ZF | 5B, O

and is independent of time, i.e., independent of
the adjustment of concentration profiles with
time. The membrane potential-time response
depends only on the time required to charge the
surfaces and to establish ion exchange equilibrium.

One ion is frequently specified as “dominant,”
ie., its K, , exceeds all others; then dividing
through numerator and denominator of Equation
180 by the coefficients of the “dominant” activities
iand k, one has

. Pot
ai + _L KU aj

RT i
A‘pm =—Z—F- In ——-—Tot-— (182)
apt ¥ Kee 2
+ RT In D; vk Kext,i
¥ Dy 7j Kext,k
where
K .D. 7. D.~.
kPot - exbti 71 i ino (K; y/z it (183)
ij K D. 5. iexc B. 7.
ext,i i 7j i7j

Values are the coefficient of other activities. Super
“Pot’ signifies “Potentiometric Selectivity
Coefficient.”* Concentration profiles can be ex-
pressed and are generally nonlinear functions of
distance. Fluxes can also be expressed; for
example:

*According to an IUPAC report #43 January 1975 on nomenclature for ion selective electrodes, the potentiometric
selectivity coefficient should be designated kop in the future. However, the present literature wuses the

nomenclature above almost exclusively.
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- _Di COR) (aj 0By — 2 gBp = AyB;

A = n (184)
! z7;d (AgB; - A;B)) A;By

where

A= 2): aj/§j onleft A, = iak/'—’k on right (185)

Bj = ‘;_‘ _j ajlrfj onleft By = E [_)k ak/;k onright (186)

Conti and Eisenman®°?>2°3 have given the
most complete derivation and analysis of Equation
182 for permeable ions of the same sign through
membranes containing a distribution of fixed sites,
including the usual uniform distribution. The
membrane potential at zero current is independent
of site distribution. Conditions 2 through 4 hold,
but condition 1 is expanded to include the case ';i
= C;n — 1, The uninegative site distribution X(x)
always occurs in the form

d

dx
Of X(x) ui(x) ( )

which is d/Xu; for the uniform distribution. The
steady state fluxes for two cations are

= _ nRT C,(0) Ci@ Inak
IR ""'—S'T' [X(O) - at X | T=ot (188)
and
- _ U gr7 | C:(0) G| jnag
BT TS [m) " T | Tt O
where
;,(0) _ 1 _ ;C_z(O) (190)
X(0) 3,0 AR ,0 X(0)

1+ (K;exc a ) T

K 320 vm ?l,o
( iexc 31,0) 71’0

v+ (x 3,0 )I/n 7),0
( 1eXC ax,o ;2 R
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The total current for the case where n = 1, with
extraction and ion exchange constants of the same
value on each side for a given ion, is

Pot
_ RT| 21,0 * Ki2 32, 1-¢
——ZF?[ ] = Inat (191)

21,0 + Kiexc 32,0 £
% u, C,(0) +u,C,(0
o= [E' {0 1, G )] (192)
X(0) { u, C,(d) +u,C,(d)

P . ’ = -
RETN Kl?lt 23,0 || %,d* Kigxc32,d 71,0/72,d
ayd+ Krgtaz,d 81,0 Y Kiexc 92,0 T K I »0

This equation, illustrated in Figure 21, predicts a
straight line I - A¢ curve for symmetric electrolyte
concentrations, but curves in the region of [ =0
for nonsymmetric electrolyte concentrations. At
high voltage, |A ¢ |> RT/zF straight line seg-
ments are again predicted even for asymmetric
concentrations. Conductances can be easily
derived.

A general expression for A ¢, at zero current,
using y; = Cih -~ 1 js

aiI/I'l + %: (Kii;ot aj)l/ﬂ

Ap o =—— 1 193
fm = 5F ak|/n + ? (K'l:(l)t al)l/n (193)

and flux and current can be readily generalized to
include n different from 1. This equation and
Equation 182 have been used to interpret the
responses of synthetic ion exchanger resin and
glass membranes.®'3? More recently,
Buck?%472%¢ has given a solution for the zero
current membrane potential for solid state ion
exchanger membranes with limited numbers of
mobile species and more than one type of ex-
changer site:

Ay, = const (side “d” activities) (194)

m

R

*13‘ In {fa; + Kij(Kiexcaiaj)'/’] [1+Kiexcaj/ai]l/1}
where Kij is formally a mobility and activity
coefficient ratio, as in Equation 183, but also
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FIGURE 21.

Current-voltage relationships fof mobile and fixed site membranes.

The reduced current is plotted as a function of reduced voltage for the values of
the parameters r = 30, X," = 0.5, X, "’ = 0.98 for ion exchange membranes with
mobile sites (continuous line) and with fixed sites uniformly distributed (dashed
line). The two curves are not distinguishable, for these values of the parameters in
the region =3 < (zF/RT)V* < 1. In general, the separation of the curves is small
in the region ~lna < (zF/RT)V* < 0, and they are always tangent at ~lna =
(zF/RT)V*. Parameter r is u,/u,, X,’, and X," are concentration ratios of
permeable counter ion 1 to sites at the left and right interior surfaces of a mem-
brane. V* is the applied voltage relative to the voltage of zero current. o was
defined in Equation 192. (From Conti, F. and Eisenman, G., Biophys. J,, 6, 227

(1966). With permission.)

includes the ratio of dissociation constants of the
two ions i and j from a given type of site in the
membrane phase.

General flux equations for two ion and water
transport through a fixed site membrane have been
written out in terms of Onsager coefficients by
Ciani and Gliozzi.2°%? These equations contain all
of the possible interaction terms among ions of
different valence and solvent. Except for the
assumption of a constant site concentration, the
derived expression for the membrane potential is
quite general and reduces to the results of Conti
and Eisenman for the case of ions of the same
charge and neglect of interaction cross terms.

2. Electrical Respanse Functions for Membranes
with Low Fixed Site Densities

When fixed site density is not high enough to
exclude co-ons, their transport becomes possible
and must be considered in deriving potential and
current responses. A steady state solution can be

derived by the same methods used for the Planck
constrained junction. This procedure is described
by Lakshminarayanaiah?? and the results are
given. Potentials and currents reduce to the Planck
situation when X = 0. An approximate solution
can also be found by using a Henderson integra-
tion. Interfacial potentials are added into the sum
(Equation 18) using the complete Donnan form
(Equation 50). This procedure leads to the classi-
cal Teorell and Meyer solution.???2

Fixed site membranes need not control the
current exclusively. If the membrane is thin, so
that the resistance is comparable with bathing
solution resistances, then the film diffusion limita-
tion must be included as discussed by
Helfferich.2® Spiegler®®”? has recently given a
solution to this problem in general terms. At high
applied voltages, current cannot continue to in-
crease but must become limited by external
concentration polarization. For a single-salt
bathing solution of equal concentration Cg on
each side and a cation permeable membrane,
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Apm =~ (Rg+ Rl (195)

141,

+[(B/A)+C-C] In [TTT/I_;T‘]
im

where Rg is the solution resistance (between
reference electrode_s), R, is the membrane
resistance, B = FD/(t, ~ t,),C=RT(t_- t,)/F,C =
RT (t_ - t)/F, A is the electrolyte equivalent
conductance, and l“m = BCS/6. Irl excess, non-
permeable supporting electrolyte, C is the only
significant multiplier of the log term. A new
experimental study of concentration polarization
limited membrane currents conforms well to
theoretical predictions.2%72

The extensive literature prior to 1962 on
membrane potentials, current-voltage curves, and
conductivities of fixed site synthetic ion exchanger
membranes was considered by Helfferich.20
Closely related tests of theory involve measure-
ments of individual ion fluxes under self-diffusion,
isotopic tracer conditions, and interdiffusion of
two different ions from external bathing solutions.
In addition, total salt diffusion, limited by trans-
port of co-ion, and solvent transport have been
extensively measured. Recent literature to-1972 is
summarized by Riando,'® Lakshminara-
yanaiah,!?>22>23 and Buck.4 4%

Specific studies of membrane potentials include
“concentration” potentials where a single salt is
present at different activities on either
side;?°37212 bi.ionic potentials where two differ-
ent salts are present, one salt on each side;2!37220
and multi-ionic potentials where more than one
salt is present on each side. Studies and applica-
tions of synthetic membrane electrodes have been
a continuing program by one group of Russian
researchers at Leningrad.2?'+*?? Considerable
interest in alternating stacks of cationic and
anionic membranes, with and without intentional
addition of water layers, has been generated
because of possible desalination applications. A
number of recent theoretical and experimental
studies, particularly on current-voltage behavior,
have appeared on these so-called bipolar sys-
tems,223722%2 a5 well as on two membrane
systems of the same kind but differing in perm-
selectivity.23°

Studies which are of importance to theo-
retical basis of fixed site membrane transport verify
the perturbation of internal ion concentration
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profiles by current;?3123!'% demonstrate the
validity of the Nernst-Einstein equation relating
diffusion coefficient and mobility (deduced from
conductance data®32:2323): verify the use of
transference numbers in the derivation of mem-
brane potential theory for single-salt transport by
comparison with directly determined transference

values:?33 and demonstrate the film diffusion
limitation of current via chronopotenti-
ometry.234235

Complete analysis of ion and water transport
using the Stefan-Maxwell equations has been
described by Lakshminarayanaiah and co-work-
ers.236°238 This analysis requires measurements
of water transport, conductance, self-diffusion
coefficients, hydrodynamic permeability, and ion
exchange constants. Likewise, Gardner and co-
workers?32:24°% have made measurements of the
self-diffusion coefficients of monovalent cations in
water swollen membranes. Their interpretation
relies on the Meares-Spiegler model outlined
above.2%! Certainly, when membranes contain
extensive amounts of solvent, transport through
aqueous pores is probable. In the limit of large
pores lined with fixed sites (or no sites), one is
dealing with a different kind of transport in which
hydrodynamic considerations must be in-
cluded.2?1"248 A particularly clear presentation
of the relations between diffusion in homogenous
bulk and in pores can be found in Chapters 6 and
7 of Helfferich’s book.?°

3. Electrical Response Functions for Solid,
Crystalline, and Pressed Pellet Membranes
Single-crystal Frenkel membranes, silver halides
and LaF;, for example, ordinarily behave like
fixed site membranes. At room temperature,
divalent anion impurities in AgX generate mobile
cation interstitials {counter ions) which can move
in the crystal from fixed anion to anion.?%®
Similarly, divalent metal impurities in AgX gener-
ate silver ion vacancies which are also mobile. The
anion lattice remains fixed. The reverse situation
occurs in LaF;, where fluoride ion interstitials and
vacancies are mobile in a fixed lattice of LaF,".
Schottky defect crystals with mobile cations and
anions are known at high temperatures. However,
for electrochemical membrane studies and applica-
tions in the ion selective electrode field at room
temperature, Frenkel defect systems (crystals and
pressed pellets) have received more experimental
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and theoretical consideration.®>!%,%3,250-253

Continuing the description using silver halides as
the model system, consider an AgX membrane
between two aqueous solutions saturated with
AgX. Except for space charge and adsorbed ions at
the membrane surfaces, crystals are electrically
neutral and contain a uniform concentration of
mobile species, even with current flow, assuming
that generating rates are large. With the exception
of intrinsic crystals, transport of either interstitials
or vacancies, but not both, must be considered in

deriving the internal diffusion potential. In gener-
al, it is zero even for metathetic cases where, for
example, an AgCl crystal surface is partially
converted to AgBr, Agl, etc. by exposure to
solutions of soluble metathetic anions; it is not
necessarily zero for metathetic cations such as
Hg (D).

The reversible interfacial potential follows from
Equations 31 and 35 and takes one of two
convenient forms depending on the ion added at
highest concentration in the solution:

— _RT — , 196
LA T In {2aAg+/(KEXl,Ag+ X 'YAg+ [CAg* +(C? Ag' + 4hsp/71)l /2 ])} ( a)
forC, . >K 2,
or

RT

o= %= In {5y e [Cy- +ay- (- +4K 222K

for CAg, <Kspl/2/'yi

When no added Ag® or X~ is present in a solution,
these equations give the potential for the
membrane in its own saturated solution since

Ay

2 2 |/z
RT l:aAg,»’o *Tagho (c Agto ? 4K5p/7,£) ]
m

v In 2 231 /2
Ap0td F Taghd (€ agha T 4K p/T)

where a5+ 0, Caog* o) 8pg* g and Cypge g are
quantities in the test electrolyte prior to inserting
the electrode, or prior to saturation with the
electrode material. This equation is illustrated in
Figures 22A and 22B using folded plots. Buck gave
this analysis some years ago®*® and included the
effects of metathetical reagents. His general solu-
tion has the form:

] Ksp (AgD) X"
a0 t Ko (AgX) 5. X0
sp \AEA) 7]

A =~
¢ 1/a

m - In

= (198)

Aghd

ext,Ag+ Ksp”

(196b)

CAg" the added concentration, is zero. Overall
membrane potentials are typically of the
form:

(197)

which is applicable when a, .+ is known and fixed
on one side (the “d” side) and the solution
contains 1™ and the ion X~ at the “O” side. Note
that the apparent selectivity coefficient,
K| - xPot, does not include the mobility ratio
of the anions since they are not involved in the
development of the diffusion potential:

Pot _ K¢p (Agi) 7;

i K, (AED 7, (199)

Early tests of this equation suffered from the
lack of consideration of film diffusion as noted by
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Koryta.2%! The two-point method yields errone-
ous results, while the method of mixtures?®® gives
reliable data provided it is realized that the
attacking anion displaces crystal anions, i.e., 1~
and Br~ replace CI”. In the mixture method,
sufficient Cl~ in solution must be used so that the
increment of Cl~ released from the surface is an
insignificant perturbation. Even with stirring, the
film diffusion of excess CI™ at the surface to the
bulk causes significant errors. The extensive
measurements of Pungor et al.2$%*35 have con-
firmed Equation 199. Morf, Kahr, and Simon?%¢
rederived, extended the theory, and provided
experimental tests. However, the analysis was
prompted by apparent deviations from the
Nernstian response which occurs in dilute sulfide
solutions using Ag, S membranes and in dilute
iodide solutions using Agl membranes. These
deviations are probably caused by quite different
processes from that which they assumed and,
while their equations are fortuitously correct, the
quantities in the equations must be understood
differently. Insoluble salts of soft, polarizable ions
are notoriously prone to adsorption of common
ion salts. Ag,S precipitated from excess Ag’
cofitains excess soluble silver salts, while precipita-
tion from excess sulfide leads to occluded soluble
sulfide salts. Electrodes made from Ag,S are very
sensitive to the method of preparation of the
membrane material?$62:256b:256¢ 4n4 responses
range from Nernstian to virtual insensitivity to
component ion activities. The best method for
formation of the sulfides used in ion selective
electrodes, Ag, S, CdS, CuS, and PbS, appears to
be precipitation from acidified solutions of a
soluble metal salt using H,S so that minimal
excess soluble silver salt remains and yet there is
no excess sulfide. Heat treatment is used to
volatilize residuals.

Soluble metal ion salts are slowly leached25¢9:
256 from the electrode membrane and produced
by air oxidation2561:2568 ,dsorbed at the
outer membrane  surface. Ordinarily, in
activities of potential-determining cations higher
than the leached surface values (and in high anion

activities such that the leached-adsorbed ions are

precipitated), the observed responses are
Nernstian. However, at extreme dilution of either
responsive anion or cation salt solutions, devia-
tions from Nernst are observed in a direction and
amount expected for excess leached cations. The
appearance of this effect has led some workers to

question the theory which predicts an ultimate
detection level determined by the intrinsic solubil-
ity of the membrane material. However, these
spurious experimental artifacts disappear when
buffered test solutions are used to maintain low
activities of ions via labile complex equilibria. The
sensitivity to stirring and electrode washing is also
consistent with leaching. If one identifies the
quantity « in the equations of Morf, Kahr, and
Simon with the leached cation activity (not defect
interstitial ions which belong to the membrane
rather than the solution phase), the theory is
adequate.

An application of this effect is the monitoring
of anion activities using Ag,S electrodes involving
anions which are normally weak complex
formers.2%¢™ Since the intrinsic solubility of silver
sulfide is very small, it is not possible on thermo-
dynamic ground that pure Ag, S membranes could
respond to anions whose residual equilibrium silver
ion activities are greater than that available from
the membrane dissolution. Responses are observed
which correspond to a relatively constant silver ion
activity prior to complexation. This effect can be
interpreted as leaching of silver ions from the
membrane or air oxidation and suggests that
purposeful addition of silver ions to solutions
under test might even improve the technique.

In the presence of soluble, strong complex
forming reagents, the interfacial potential is affect-
ed because one of the ionic component activities is
depressed upon complex formation so that the
solution is no longer saturated.?®” A variety of
situations can arise depending upon complex
formation constants, the sign of the complexing
agent, secondary equilibria with’ competing ions
such as H', rates of complexation, rates of removal
of component ions from the membrane interface,
and rates of mass transport of material to and
from the membrane interface. Many of the
possibilities have not been treated theoretically. A
typical situation of CN~ attacking an AgX
membrane to form X~ and Ag(CN),” in a rapid,
reversible way can be analyzed using flux balance
in the steady state. In the Nernst diffusion layer at
the membrane surface,

] N-+2]

c 0  (2002)

Ag(CN),” ~

Jy-tlon-t1

X c 0 (200b)

Ag(CN),” ~
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and the surface concentration of X~ is
approximately

DCN' ﬁx_
b, - 5CN'

CX-(O) ~ Cy-(bulk) + "

Cep-(bulk) (201

D=6y -
-_RT CN™°x
bpp == In [}X-,o * Dy by 7X'CCN] lax-a

and the potentiometric selectivity is apparent. In
stirred media, the Nernst thicknesses are nearly
constant for all ions. In static diffusion cases they
are proportional to the square'root of the respect-
ive diffusion coefficients. In either case, the
selectivity coefficient is close to 0.5.258
Koryta?3? has extended the treatment to account
for the pH effect when the complex forming anion
is the salt of a weak acid. Mascini presented
experimental tests.**® Irreversible attack by
complex forming or redox reagents was treated
approximately by Buck.2¢® The theory has also
been recently extended by Morf et al.25¢

Very little is known concerning the rate of ion
exchange of cations and anions at crystal/solution
interfaces. The problem is twofold because the
rate of dissolution and precipitation of the crystal
itself is involved as well as individual rates of ion
exchange at _equilibrium. However, these effects
are coupled because a crystal in an unsaturated or
supersaturated solution must show equal fluxes of
ions of both signs. Any transient space charge
which develops from unequal rates creates a
so-called crystallization potential which enforces
equality of ionic fluxes. Of the crystals used as ion
selective electrodes, LaF3 is known to possess a
slow precipitation rate presumably because La"
exchange is slow. Consequently LaFj; responds
reversibly to activities of fluoride ion, but is
virtually insensitive to varying activities of La">.
Sulfides of transition elements, such as NiS, do not
function as cation activity sensors and probably
fail to do so because of slow rates of ion exchange.
This interpretation is consistent with the known
slow rate of metal ion reductions which results
from the lack of lability of the hydrated ions.
Thus it seems unlikely that simple insoluble salts
containing nonhydrated ions will be found that
can function as sensors for transition metal ion
activities.
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for complex formation constants which are large
enough to allow the principal reaction to be

2CN™ + AgX — Ag(CN),” + X~ (202)

The electrode response is simply

(203)

C. Electrical Properties of Class Il — Liquid Ion
Exchanger Membranes

1. Electrical Response Functions for Permselective
Liquid Ion Exchanger Membranes

Condition 1.7; # {(x)

Condition 2. u; # f(x)

Condition 3. ﬁo # f(x)

Condition 4. w;RT = D

Condition 5. f7 X(x) dx X d (conﬁnement
of sites within a membrane)

The most rigorous and comprehensive of the
treatments of electroneutral, dissociated liquid ion
exchange electrical properties is by Conti and
Eisenman.2®! Unfortunately, their derivations are
cast in terms of the results deduced for dis-
tributed, fixed site membranes. They are, indeed,
closely related cases, and the zero current
membrane potential for permeable ions of charge z
is exactly the same as that in Equation 182.
However, Equation 182 applies at all times after
completion of surface ion exchange for fixed site
membranes, but only applies in the steady state
for liquid ion exchanger membranes. The reason
for this difference is that, in contrast with fixed
site membranes, the inner surface concentrations
of exchanging ions continue to vary in time as the
sites redistribute in space and time. Only in limited
cases will Equation 182 be exact at short times
compared with the time required to reach steady
state. The trivial case is a permselective membrane
bathed by a single salt of a permeable ion and
subjected to a step activity change on one side of
the membrane. Another case is that involving
mixtures of permeable ions, all of which have the
same mobility in the membrane. In both examples,
the profile of sites is flat at all times after initial
double layer charging.

At zero current, the distribution of mobile sites
in space is flat (zero slope) for asymmetric bathing
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solutions of a single electrolyte but is linear with
finite slope when different permeable ions with
different mobilities are present on either side. In
that case, the individual ion fluxes are nonzero and
can perturb the site profile. Passage of current in
the steady state also creates linearly tipped site
profiles. Site concentrations are higher than
average at the side where permeable ions enter and
lower at the exciting side. This feature is a result
of the condition that the sites, while free to move,
are constrained to the interior of the membrane.

For two permeable ions of charge z, sites of
charge z;,

24, w = [2,/2] 204)

one defines « as before (Equation 192) and notes
that X is now a function of distance and

C,0+C,(x) = ~wX(x) 205)

In the static situation with only one permeable
ion,

jexc 32,

C,(0)=C,(x)=C,(d) =-wX, (206)

where .)ZO is the flat site concentration. In general,

X(x) = (207)

2XO

1 +@yol-w 1-3 [1- @ @/t= )

Individual ion profiles, however, are nonlinear in
distance, except for the applied voltage cor-
responding to flat site distribution, = 1/a. These
results are illustrated in Figures 23 and 24.

The current-voltage characteristic resembles a
polarographic wave in that a limiting current
occurs at large positive and negative values
corresponding to a zero value of the site
concentration at one inner surface or the other.
The shape is easily compared with the fixed site
case in Figure 21.

< -Pot
I (l—w)Xo Ay ,0 +l\|,2 20 | 1-¢ -w
=-2zFRTu, a [8, K i tanh m Inak (208)

Limiting values are:

d

_-wX, | oa,a vk, g
I(Ap — ) = -2zFRTT,

a,d * Kigxc 22,d

and

_ (- W)XO 4 0 F Kr?zt 2.0
I{(Ap ~ -2) =22I'RTu,

d 41,0 ¥ Kjexe 22,0

Prior to the Conti-Eisenman treatment, a
number of ad hoc equations for cation fluxes and
zero current potentials were derived on the
constant field assumption. Soluble anions were
allowed to have +1, 0, -1, -2 charges, and no
account was taken of overall chemical equilibria in
the membrane, i.e., each ion combined with its
own anion “carrier.” In addition, kinetic boundary
conditions were used.'®3°18% Regardless of the
inexact character of these analyses, regions of

(209)

(210)

negative resistance (i.e., peak currents in the
I-A¢ curve) were computed which were roughly
comparable with experimental examples.?¢?

Subsequently, Sandblom et al.2%3 solved the
algebraically difficult problem of membrane
complexation for univalent permeable cations and
a univalent anion liquid exchanger. The total
steady state potential can be expressed as the usual
log term plus an integral:
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C,/C

0.5

0 T ] ] ]
0 0.25 0.5 0.75 x/d 1.0

FIGURE 23. Concentration profiles of sites. C,/C, in the original article which is X(x)/X,,
in this text, is plotted as a function of x/d for the indicated values of the reduced voltage
(zF/RT)V* for the case z = -2z, = 1 and for the values of the parameters r = 30, X, =05,
X," - 098, for which « = 9.88. Note that a uniform concentration profile occurs when ¢ =
1/a, i.e., when (zF/RT)V* = -2.29. Quantities and parameters are defined in Figure 21 legend.

(From Conti, F. and Eisenman, G., Biophys. J., 6, 227 (1966). With permission.)
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X F
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0o ZE vr- 469
R\s °
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FIGURE 24. Concentration profiles for counter-ions. X,, the mole fraction of species 1
is plotted for the case z = ~z, = 1 as a function of x/d for the values of the parameters r = 30,
X, =05,X,"” = 098 and for the indicated values of (zF/RT)V*. Quantities and parameters
are defined in Figure 21 legend. (From Conti, F. and Eiscnman, G., Biophys. J., 6,227 (1966).
Vith permission.) ’
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In this statement, n and m are ions in the left
bathing solution, and k and 1 are on the right.
Superbars have been omitted; u's are again
mobilities, and other quantities have been defined
earlier. When the membrane is fully dissociated,
K. =0, and only the first term remains.

For strong complexation, three cases must be
noted. If only one permselective ion is involved,
the response to variation in activity of this ion on
one side is normal, viz., the first term in Equation
211 remains. From potentiometry alone, one
cannot tell from the Nemstian response that the
permeable ion is strongly complexed or not
complexed at all. For a two permeable ion system,
of which one is complexed but the other is not,
the response again follows the logarithmic term.
However, the ion forming the ion paired species is
highly favored in the membrane and shows a large
potentiometric selectivity coefficient since KFO!is
directly proportional to the product of the ion
pairing formation constant and the single ion
extraction coefficient. When both permeable ions
are complexed strongly, Sandblom et al. evaluate
the integral by further rearrangement and
simplification. The responses are not necessarily
Nernstian except when the bathing solution
activities are widely different for the two ions.

In the second of the two papers, the current-
voltage characteristic was worked out for a liquid
membrane bathed in solutions of a single perme-
able ion with complexation in the membrane
included. Evaluation of the current and the voltage
are done parametrically in terms of a quantity
involving an integral over sites. Limiting currents
at large applied membrane voltages are readily
obtained. The current-voltage characteristic is
“spread out” along the usual applied voltage axis
and the current shows a longer region of linearity
centered on the potential of zero current. Limiting
currents are reached when both free and
complexed forms of the permeable ion are reduced

(212)

211)

to zero at the exiting side of the membrane,.
Relatively greater absolute applied voltages must
be used to force the necessary current through the
membrane to achieve limiting current concentra-
tion polarization.

Important derived quantities, including high
frequency resistance unperturbed by concentra-
tion polarization and dc resistance are included in
Table 4 together with quantities pertinent to fixed
site membranes.

Sandblom?®* has worked out nonzero current
1-A¢  characteristics for the more general liquid
membrane permeable to many ions of the same
valence with differing degrees of complexation in
the membrane. These results are sufficiently
complicated that the original work should be
consulted. More recently, Buck®® extended the
liquid membrane potential and I-A¢ theory to
include Poisson’s equation. Space charge as a
function of current could be specifically identified
and field and potential profiles computed, not just
in the electrolyte bulk, but up to the Outer
Helmholtz Planes of the inner membrane inter-
faces. He also showed the exact analog between a
permselective membrane and a thin-layer electro-
chemical cell in the steady state. Buck and Sandifer
treated the zero current liquid membrane potential
for mixed divalent, monovalent cations.?¢*

Testing of theory, primarily of the applicability
of Equation 193 (n = 1) to zero current potential-
activity relations, is summarized in a number of
reviews,!9:23,32,43745,251,266  The thrust of
experimental testing is the demonstration of
relations between selectivity coefficients and
independently measured ion exchange constants,
total extraction coefficients, ion pair formation
constants, ion mobilities, and concentration (load-
ing) of the trapped liquid exchanger.?6 77274 Both
Eisenman and Sandblom have tested their
respective theories of current-voltage curves for
dissociated®”® and associated?7¢-277 liquid ion
exchanger membranes. One cannot, however,
consider the theories completely tested since it is
difficult to obtain independent measurements of
the various species mobilities and complex
formation constants. Complex formation con-
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TABLE 4

Zero Current DC and Infinite Frequency AC Resistances for Fixed and Mobile
Site Liquid Ion Exchanger Membranes with Single Monovalent Counter-ions

DC resistance R,

Infinite frequency
AC resistance R,

Fixed uniform 5 d — - d —
site concentration X, FruiX, FruX,
Variable fixed site Tl .:_
: F*S F°s
concentration -
Mobile site (us * v XK;)d d
2 > 5 —
general case FRuugX + (up + ugu; X K F?(u; + u)X
Mobile site d d
—_ —_————
complete dissociation FruiXo . Fo(uy; + Us),)/(zu
Mobile site 4(Kjs) d(K;5)

strong association

X = free site concentration
X, = total average site concentration

stants obtained from ac conductivity measure-
ments over a range of site concentrations for single
permeable species systems are combined to calcu-
late potentiometric selectivities which are then
compared with directly determined values. The
most extensive testing of theory is by Fabiani,
Danesi, Scibona, and Scuppa.??7?

D. Permeabilities and Selectivities

For uncharged materials penetrating a mem-
brane barrier, simple flux equations can be written
in terms of net concentration or activity dif-
ferences, as in Equation 93 or 96. The quantity
relating flux and activity differences is a per-
meability coefficient which is expressible in terms
of a diffusion coefficient, extraction coefficient,
and membrane thickness. When the diffusion is
space and concentration independent (but not
necessarily free from film diffusion control), the
permeability is independent of bathing solution
activities. Similarly, for pressure gradient driven
transport, a concentration independent per-
meability, depending specifically on membrane
properties, can usually be observed.

On the contrary, ion permeabilities, expressed
as a proportionality with external activity dif-
ferences, in general are not independent of bathing
solution activities simply because the fluxes do not
obey a simple equation of the form of Equation
96. Moré nearly constant permeabilities would be
expected when they are defined for a site free
membrane as the coefficient

386 CRC Critical Reviews in Analytical Chemistry

F(y; + u)(X,) %

F? (u; + u)(Xg)”

p. - MU Kext,i @13)
i rd 7i

in the second expression forTi which follows from

RT u: [/ FAyp C. ,£-C.
- _ i m i,d i,0
5= +g < RT ) [ E-1 ] Cl4a)

when interfacial potentials aie considered,

_ RT U K..: /Fhp a; gE—-a;
. i “ext,i m i,d i0
X I-'d’—;i RT > [ o1 :I (214b)

As pointed out before, the analytical result of
Equation 214b applies rigorously only for identi-
cal bathing solutions, as in an experiment using
radiotracer labeling on one side, while Equation
214b also applies for mixtures of permeable ions
with the same absolute charges at the same total
concentration on each side. Inasmuch as the same
permeability coefficients appear in the Goldman
equation for zero current potentials, it is not
surprising that the permeabilities required to fit
experimental data are not generally constant but
depend on bathing solution compositions. Even
for the few cases where Equation 214a is rigorous,
the relation between (_,‘i and a; depends on inter-
facial potential and activity coefficients. Only in
the unusual situation where all cation extraction
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coefficients have a single value (and another
constant value for anions) will the interfacial
potentials be identical on the two sides. Then Ei o«
a; and Equation 214b becomes exact.

On the other hand, in electroneutral mem-
branes with sites, the permeability coefficients are
generally constant for ions of the same charge and
are proportional to ion mobility and extraction
coefficient,

Py U Koy i/ @13)

and Kg"t can be expressed as:

vot i _ Kexti%v _ Ui 7j 216
- L @19
ext,j Y Vi

1

In an elaborate and thorough analysis, Sand-
blom and FEisenman®’® demonstrate that per-
meability ratios for ions can be independent of
solution compositions when the temperature is
constant, no neutral species, ion pairs, or solvent
transport occur, ions of only one sign are trans-
ported, and the standard chemical potentials of
ions in each phase are constant. These conclusions
apply to fixed site membranes at all times and to
mobile site membranes in the steady state. In the
appendix, they have shown that the permeabilities
(coefficients of 3, A etc.) in Equation 161 are
true constants when the total ionic concentraions
are the same on the two sides of a site free
membrane (or constrained liquid junction) and
that the interfacial potentials are the same by
virtue of Equation 45, when the single ion extrac-
tion coefficients are identical for all cations and
have another identical value for anions.

Another general result for systems with con-
stant permeabilities is the relation between KP i;')t
and single-ion conductances:

N Kextihi 7 Q17)
)‘ -
Py KextjAy i

VI. TIME DEPENDENT BEHAVIOR
OF MEMBRANES

The time dependence of the electrical proper-
ties of membranes is the least well-understood
topic among the fundamental characteristics.

Already noted is the important distinction be-
tween linear and nonlinear perturbations. When a
membrane and its bathing solutions are initially in
a steady state or an equilibrium state, the system
can be perturbed by applied voltage, current, or
external activity change of a permeable ion
(usually on one side). These perturbations are
linear, when the applied voltage or resulting
voltage change is less than RT/zF V. For reversible
interfacial processes, a concentration step increase
or decrease of 50% of the initial value (or less) is
within a linear range. Total linearization implies
that steady state responses obey ordinary linear
differential equations (in distance), while time
dependent responses obey linear partial dif-
ferential equations. Linearization for calculation
of time responses leads to forms in which there isa
dc steady state solution plus time dependent
terms. It is possible to obtain “mixed” solutions in
which the time response is found by linearization,
but the solution may itself be the answer to a
nonlinear problem. To achieve this form, one
assumes a solution for current or voltage in the
form:

V=Vpet Vi, %1 cxp(—njwt) (218)

For ordinary sinusoidal excitations, only the n =1
term is retained.

Furthermore, linearized systems obey a quite
general form in transform space:

Ap(s) = Z2(9) I(s) 219)

where s = jw and w = 2af (f = frequency in Hz).
Given the system response function Z(s) and the
perturbation I(t) whose transform is I(s), the
membrane potential can be found by inverting the
transform. Conversely, a given applied voltage
perturbation of any transformable type (step,
pulse, sinusoid, etc.) divided by Z(s) allows current
vs. time to be computed.

An exact solution for the time dependent
properties of thin, site free membranes permeable
to a single-sign ion has been derived by Delevie et
al.' 13 under conditions of pure membrane control
{exterior film diffusion limitation is ignored). The
general problem of the time dependent behavior of
thick, site free membranes permeable to ions of
both signs has been discussed by Michaelis and
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Chaplain.''! The most extensive exact solutions
for thick and thin membranes containing two ions
of opposite charge and arbitrary mobilities,
valences, and surface rate constants are by
Macdonald.! ®37119 His general theory is an exten-
sion of the uni-univalent cases previously
treated.! 95717 The theory does not take into
account surface adsorption, nor does it allow for
generation of charge carriers from the lattice ions
or recombination of charge carriers (analogous in
liquid membranes to formation of ion pairs).
Furthermore, it is limited to the initial state of the
system without space charge at either interface
(so-called flat band potential or pzc). The results
are cast in the form of impedance functions Z(jw),
which are thoroughly investigated by plots of
parallel conductance and capacitance as functions
of frequency.

A. Time Constants of Membrane Processes in the
Linear Regime

In a general sense, based on accumulated theory
and experiment, one can conclude that membrane
systems can show at least five distinguishable time
constants, although this statement does not imply
that current-time response under a voltage step can
be resolved into five exponentials. Not all pro-
cesses occur in a given membrane situation, and
there may be fortuitous overlapping of time
constants. Furthermore, the slower processes
involving diffusion are not precisely represented
by a single time constant, but by a distribution
about a central value as a result of time depen-
dences on t /2 rather than exp(-kt).

The highest frequency or smallest anticipated
time constant(s) arises from the dispersion of the
dielectric constants of membranes and bathing
solutions causing a decrease in the dielectric
constant (with increasing frequency) of the Debye,
Cole-Cole, Cole-Davidson, or other types.?! The
latter two involve a distribution of time constants
about a central value. The next longer time
constant is that due to charging of the external
[and internal by Faradaic process) surface regions
coupled with the high-frequency resistance. This is
also known as the Planck charging process.2”? The
capacitance is geometric and is given by:

(220)

el3

The high frequency resistance for an electroneutral
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two-ion system of arbitrary charges and mobilities
is

d

o o
F? (z,* u,Cy + 2.2

(221

u.C.)

This time constant corresponds to the highest
frequency processes determined by transport of
charged species in a medium of constant dielectric.
Often reported as 7., it is the product Rng and
corresponds to no change in the internal ionic
concentration profiles. It is the usual high-
frequency, space charge relaxation time in
conducting systems.

The third time constant is the intermediate
value due to the coupling of surface rates and the
relaxed, doubly diffuse (or compact) capacitance
of each interface in series. When surface rate
processes are rapid and reversible, this time
constant does not appear. The effective resistance
at the equilibrium or steady state potential for
slow surface rate control is

2RT
Ry =L = — (222)
24i®  2? ¥k (3, a)'/?
for single cation transport, and
R, 2RT (223)

= F2 (z*z k0+(gfa')l/2 + z~: ko-(;— a-)l/ll

when ions of both signs transfer slowly with rate
constants k,* and k,~ at unit activities. The
appropriate relaxed capacitance Co p, (ignoring the
compact value) is related to the doubly diffuse
value given by the series combination in Equation
10, and proves to be given by

Cop=MC, (224)
where
m = d/2/« 225)

is the number of Debye lengths in half of the
membrane. The theory for blocked electrodes
contains the capacitance Co , - Cg in series with the
membrane resistance. For slow surface rates and
thick membranes such that Co p << Cg, the time
constant is RyCy . However, it should be noted
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that in the linearized theory, Co p is independent
of interfacial potential. Actually, this cannot be
true over a wide bathing solution concentration
range. Thus, Co p, is expected to vary (increase) at
all potentials away from the pzc, and to reach
limiting values given by the capacitance of the
compact layers. This point was discussed in an
earlier section.

The question of the appropriate value of Cq p
to use in kinetically controlled membrane systems
is not obvious. If the interfacial process is very
slow such that charge in the capacitance is scarcely
perturbed by current flow, then C,  is the static,
zero current (blocked) value given by the Gouy-
Chapman theory. If the membrane was bathed
symmetrically, one would reciprocally add the
doubly diffuse values from Equation 10 to obtain
the reciprocal Co p. If the bathing solutions were
symmetric, this value is half the value for either
interface. Equation 224 was derived for the case
that a membrane was metal coated so that exterior
charge was not diffuse. For typical large M values,
Equation 224 is virtually exact because the doubly
diffuse capacitance is expected to be dominated
by the interior membrane portions where the
dielectric constant is lower than in water and the
concentration of mobile ions is generally less than
in the bathing solutions.

In the low-frequency or finite Warburg region,
the membrane controlled time constant is that
required to adjust concentration profiles through-
out the membrane. If only cations are permeable,
the dc resistance R, is

d G. Z,
Rp=-——— = [1+—— |R,, (226)
¥? 2,2 6, Cs u.lz_i

for ions of charge z. and z_. The dc capacitance is
approximately

_dFTA o 2E )= a2
Couw =gy @& Gtz CI=MC @2n
for z, =z_ =z and potentials near the pzc, and the
time constant (defined as the reciprical frequency
at maximum imaginary impedance) is given by:

=1 ZZ- (v, +u.)?
To 73753 @tz T Co,rRo (228a)

or

M? I
Ty So—r forz,=z_,u,=u_ (228b)

T2.53 T
This definition coincides with that for any true
parallel network, even though the Warburg
equivalent network is not a simple parallel RC, but
a finite transmission line. Time constants 7_, and
7o, apply to membranes in which cations and
anions move within the membrane at high fre-
quencies, but only the cations or anions pass the
membrane surface and carry current at zero
frequency. When both cations and anions pass the
membrane surface at high and low frequencies,
resistances are nearly the same and the finite
Warburg region does not exist. Fixed site
membranes permselective to ions of a given charge
and lipid bilayers permeable to an ion of a single
charge should not show Warburg response. It is,
however, a moot point whether fixed site
membranes such as glasses behave as single charge
ion transporters or as two ion transporters:
vacancies and interstitials. Experimentally,
Warburg behavior has not been observed for glass
membranes or for lipid bilayers but the possibility
of some mechanism equivalent to two oppositely
charged species transport cannot be ruled out for
solid state systems. .

Numerous cases, such as the transition from
mobile anion liquid membranes to very low
(including zero) mobility anions, as in fixed site
membranes, are treated by Macdonald. Means are
given for separating out charge carrier concentra-
tions, charges, mobilities, and surface rate
constants. Other recent studies of the Warburg
region response of membranes have been done by
Sandifer and ‘Buck*® for glass and by
Sandblom®7? for fixed and mobile site mem-
branes.

Finally, when concentration polarization
(external film diffusion limitation) can occur in
the bathing electrolytes, another time constant
arises which is of the same form as above: §, the
Nernst thickness, replaces d, and the mobilities of
ions in solution replace those for the membrane in
the expression.

B. Membrane Impedance
A convenient way of expressing time dependent
behavior is the impedance plot of -Zg,,4 .

Z,.a1» With frequency as a parameter. This plot is

March 1976 389



16: 39 17 January 2011

Downl oaded At:

analogous to the better known Cole-Cole dielectric in Figures 25, 26, 27, and 28. Only the membrane

dispersion diagram. Macdonald’s theoretical ex- transport controlled responses are illustrated in
pectations®®° are best illustrated in this form, and these figures. The most general form with well-
some results showing the effects of rate constants, separated time constants for a membrane
mobility ratios, and membrane thickness are given containing two ions of arbitrary charges z, and z,

{ro iy, 7,3 0, M}

M>>1

~im (Zey)
‘I
:l

sz I

,QIM i
Pzn

45° Ino\.

0 Pan Ron
Re (Zyy)

FIGURE 25. Predicted “semicircle or arc” impedance plots according to
Macdonald?®? for membranes through which two ions of arbitrary charge and
mobility can mmsport In Macdonald’s terminology, this system is designated as
(fpy Tns Ty, 25 O, M). 1, and 1, are Chang-Jaffe rate constants for the inter-
facial ion transport processes which are related to more conventional rate con-
stants in Equations 229a and 229b. n,, = un/up; m, = zn/zp; M = reduced mem-
brane thickness defined in Equation 225. © is a normalized frequency given by
the actual frequency w X 7. The ordinate is the negative imaginary part of the
impedance divided by R.,. Similarly, the abscissa is the real part of the impedance
reduced by R_,. (From Macdonald, J. R., J. Chem, Phys., 61, 3977 (1974). With
permission.)

(tput) = l00) 10,0

Cﬂ
Cxo
e |
G, @\

-lm ‘ZTN)

Re (Zyy) Re (Zyy)
(a) {b)

FIGURE 26. Impedance plots for (a) a completely reversible membrane in the high fre-
quency regime (1, 1)) = (e, =) with the corresponding equivalent circuit. C_ is the geometric
capacitance and 8 = 1/R,, and (b) for a completely blocked membrane (r » 1) = (0, 0) with
the corresponding equlvalent circuit. C, , is the low frequency capacnance Relatlonshlps are
given in Table 5 while abscissa and ordinate are given in the Figure 25 legend. (From Macdonald,
J.R.,J. Chem. Phys., 61,3977 (1974). With permission.)
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c, Cyp (rp.ry) = (r 1}
z G.. Gy
N
E
/ |
0 1 [1+(2/r,)]
Re (Z;y)
(a)
c, (ry.r,) = (0.%)
=z G,
]
E
L
[ ._J
0 1 (1+2']

Re (Zyy)

FIGURE 27. [Impedance plots and equivalent circuits for membranes which
transport only two ions (a) in the kinetic regime with equal discharge rates r, and
(b) inthe equilibrium regime for the anjon, but completely blocking for the cation.
G,, is the kinetically determined resistance. Relationships are described in Table
5. Abscissa and ordinate are given in the Figure 25 legend. Y; is the finite Warburg
impedance. (From Macdonald, J. R., J. Chem. Phys., 61, 3977 (1974). With

permission.)

and mobilities up and u, is shown in Figure 25.
Special symbols used by Macdonald are given with
relationships in Table 5. Frequency increases
around each arc from right to left, from dc to

-“infinite” frequency. From right to left are the

finite Warburg (diffusion-migration) arc, the
kinetic arc, and the high-frequency (geometrical)
arc. In these figures, the Chang-Jaffe surface rate
constants, 1, and r,, are used. They are related to
the more conventional rate constants, ko and K,

by:

_ D, _ uy 2
k' @a)fe—a == (2292)
l‘p un + up

_ D u 2
k(@ a)/ = T 3- <~_—"—_—> (229b)
rn un + up

for a general case in which both ions undérgo slow
surface reaction rates. Depending on the choice of
data representation, equivalent, frequency de-
pendent, parallel capacitance and resistance can be
measured or computed from real and quadrature
impedances or from total impedance and phase
angle,

Wide-frequency range impedance measurement
devices are now available for frequencies from
0.001 Hz to approximately 100 MHz. Direct
reading analog pseudobridges®®! can be built
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{rp.r,) = (0r,)

<< VT+a,

“1m(Zepy)

r\/V\

Re(Z,,}

(a)

= [1+(2/e,r,)]

(rp.ra) =(0,r,)
r,>>1+a

-ImiZe )

~[(1+n]

Re (Z;y)
(b}

FIGURE 28. Impedance plots for membranes which transport only two ions
(a) for the case that cation transport is blocked at the surface, but anion trans-

- port is kinetically limiting and (b) for the case that the cation is blocked but

anion transport is limited by bulk transport rather than slow interfacial rate
control. The anion interfacial rate can be considered reversible. For the calcula-
tion in (a), r, << 1+ n, where m; >> 1, rp ~1landin (b)r, >> 1 +m , where
T~ 1,1, 2 10°. Relauonshlps are given in Table 5 while absmssa and ordinate
are given m the Figure 25 legend. (From Macdonald, J. R., J. Chem. Phys.,

61,3977 (1974). With permission.)

around commercial oscillators (i.e., Danalabs-
Exact) or the high-frequency Vector Volt Meter

(Hewlett-Packard). Also, impedances can be cal- -

culated digitally from computer connected fast
recorders such as the Tectronix Digital Oscillo-
scope system or the Biomation 8100 recorder with
the Hewlett-Packard Fourier Transform System.
Recent examples of impedance measurements on
membrane systems using impedance plots or
parallel R(w), C(w) representations of data

include those done by: Delevie et al.' '3 for lipid -

bilayers; Sandifer and Buck®® for glasses, using

392  CRC Critical Reviews in Analytical Chemistry

Macdonald’s interpretation; Lakshminarayanaiah
and Sidiqqi?®? for collodion-polystyrene sulfonic
acid membranes; Sandblom et al?®3 for HCI
solutions between electrodes; Fatuzzo and
Coppo?8® for AgCl between Ag or ionic contacts
(see criticism by Macdonald);*®* Armstrong,
Dickinson, and Willis>®¢ for Ag, Rbls membranes
between Pt (or C) and Ag electrodes; Yoshida et
al.287 for Millipore containing dioleyl phosphate;
and Blue?®® for bipolar semiconductors and many
one-active-electrode systems in aqueous electro-
lytes?®? and fused salts.?®°
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TABLE S

Expressions for Arc Points and Lengths for Various Values of I and rp,

Points Lengths
rp’ In PZN PIN )\IN
Tp=Tp=T, L+ (2fc,) 1+ (2fr,) ! 0
0, e 1 et 0 L
0,1, 1+ (2/eqry,) e, M+ Q) (eury) ™! !
. +2 n !
I 1 ( p 0 —m
, 0t 2¢, 1+ (rpl2en)
I, 14— R (e.1, +e r)! (R = Pong)
p’'n (en'n + Eprp) DN nn p'p DN 2N
up, up
€= te, = im, =ufu.
n un + Up P Un + Up m P

Modified from J. Chem. Phys., 61, 3977 (1974).

C. Time Responses Outside the Linear Regime

Time dependences of voltages and currents out
of the linear regime have often been measured
despite the difficulty in interpreting the results.
Rechnitz?®? used fast flow to create step activity
changes in the bathing solution on one side of a
membrane. The time constant for readjustment of
the membrane potential corresponds well with the
high-frequency, membrane controlled charging
process. Without special precautions involving fast
flow techniques, observed time constants from
“dipping experiments” will correspond to film
diffusion values since the stagnant film of initial
solution changes by diffusion-migration to the new
stepped value. Pungor et al. have measured the
time constants of several heterogeneous
membranes,?®2>2%* Karlberg has measured time
responses of glass membranes.2®5>29¢ Fleet, Ryan
and Brand®°7 and Reinsfelder and Schultz?®®
report the responses of liquid membranes, and
Blaede! and Dinwiddie?¢{ observed the slow
responses of a solid state electrode. In all of these,
the time constants apparently correspond to either
film diffusion on the solution side or slow surface
processes. The latter may actually be the time
constant for diffusion-migration through a surface
film on the membrane side of the interface.

For membranes that are permselective to ions
of a given sign, time responses to step changes in
solution activities depend upon the slowest of

three processes: surface ion exchange, bulk trans-
port through the stagnant film “Nernst diffusion
layer” outside the membrane, or bulk transport
through a stagnant film on (or in) the membrane
surface region. The latter may be a hydrolyzed
surface film of silica on glass membranes, a very
slowly encroaching water layer in the surface of
liquid ion exchange membranes, or an adsorbed or
occluded material surface layer on some other
membranes. These are the only identified slow
processes in the case of permselective membranes.
Slow adjustment of concentration profiles within
the bulk of a fixed site ion exchanger is not
usually considered because the membrane poten-
tial is only dependent on surface activities. How-
ever, ion exchange membranes with mobile sites,
neutral carrier membranes, and all ion exchanger
membranes exposed to ions of different valences
or subject to ion pairing can show very long time
constants because the steady state concentration
profiles through the entire membrane must be
achieved before a steady value of membrane
potential will be attained.

The simplest case is that in which an external
solution film controls the time response. Crystal
membranes, glasses, and liquid fon exchangers
without interior surface hydrated films correspond
to this case.2®?:3%0 Diffusion of fresh electrolyte
into the static Nernst layer determines the time
response. This time dependent problem is analo-
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gous to the finite Warburg case at long times where
concentration builds up exponentially according
(approximately but adequately) to:

3(0) - ,(0) = [3;(=) - 3;(0)] [1 - exp(-t/)] (230)
r~8%/2D 231

where a,(0) is the concentration in the stagnant
Nernst layer prior to the concentration step and
a,(°) is the new bulk value, which slowly equili-
brates by diffusion-migration throughout the
layer. D is the permselective, potential determining
ion diffusion coefficient in the presence of sup-
porting electrolyte. D is replaced by the salt
diffusion coefficient when a single binary electro-
lyte is used. The measured potential E(t) varies
monotonically (except possibly during the short-
time charging process) to the new equilibrium
value E(e) according to:

(0)
u(t)-g(w)=§§ lngl - [ -:_'(;3] exp(—t/r)% (232)
1

Even though one time constant appears, the
response to a step increase is more rapid than a
step to a more dilute solution. This curious effect
arises from the form the equation takes. As
expected, the time response depends on & and so is
sensitive to stirring.

The exponential form of Equation 230 is a
long-time solution to the filling of a region of
space by diffusion. At short time, the activity
build-up depends on t'/2. This fact has important
consequences when two diffusion barrers are
adjacent to one another. For example, filling of
the external electrolyte Nemst layer with ions,
some of which pass into a hydrated film on a glass
or liquid membrane, requires a flux balance
calculation at the surface. For high mobility ions
in aqueous electrolytes, with. much lower
mobilities in the membrane surface film, the outer
activities may be in the exponential regime, while
the inner film will fill as t*/2, Morf et 21300
have investigated this case as a model for neutral
carrier membrane responses, but it may also apply
to liquid ion exchange membranes whose sur-
faces contain a hydrated layer and relatively low
mobile site densities. In this case,
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3;(1) = ,(0) ~ [a;(=) - 3;(0)] [1 - /' :I (233)
tfr+1

and

RT 3i(°)] 1
E() - E()~SE ndi-|1-—— | — 2 {234
(=) F n% [ o) e (234)

This approximation has been tested for neutral
carrier electrodes and found acceptable. It is
observed?®? that time constants are larger for
liquid ion exchanger membranes subject to step
changes of two ions, where one ion at lower
concentration, is in fact preferred by the mem-
brane (KP°'>1). On the other hand, step changes
of a single ion (or a mixture where the second ion
is not preferred by the membrane) give shorter
time constants. This topic is currently under
investigation in several laboratories.

Nothing has been said here about nonmono-
tonically changing potential responses to step
changes in solution activities. These are nonequili-
brium effects which have not yet been sufficiently
well-characterized to lead to meaningful
theoretical treatment. In a study by Bagg and
Robert,?®! it was found that nonmonotonic
potential changes, in response to step activity
changes, are stirring sensitive and temperature
independent on the rising potential (shorter time
overshoot portion), but are stirring insensitive and
temperature dependent on the return swing. This
result is predicted for the short-time (charging)
time constant region where rapid surface ion
exchange leads to space charge of the preferred ion
during the overshoot. Slow membrane transport of
the sites to compensate this charge accounts for
the return to equilibrium and the temperature
dependence.

D. Digital Stimulation of Time Dependent
Responses

The time-course of internal, interfacial, and
total membrane potentials can be acquired by a
process known as digital simulation.>®? The mem-
brane and bathing solutions are hypothetically
divided into volumes by planes parallel to the
membrane surfaces. Each ion’s transport is
described by dimensionless, finite difference
Nernst-Planck equations obtained from Equation
116 using the nondimensionalizing factors:
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1%;=J;;d/u CoRT (2352)

x* =x/d (235b)
E*; = E@F/RT 235¢)
1 = 1dfusCoRT (2354)
u; = ufug (235¢)
C*ii=CifCo (2351)
¢* = ¢F/RT (2352)
t* = tu RT/d? (235h)
Thus,

J*ij = -u¥ AC*ij/Ax* + Zu%, C*ij E*j (236)

where i stands for an ion and j for the volume
element. The current equation from Equation 117
is

I* = 2 7;]%;+ K* & EXj/at* (237
1

where

K* = Ke RT/C,d* (238)

=2.35 X 107%° K/C, d* (at 25°C)

and K is the usual dimensionless dielectric con-
stant of the medium. Simulations for constant
current, including zero, begin with a prediction in
time of Ej* from a past value Ej*' according to:

I* + K* E*j + X zu*; ACYy
E*; = ! (239)

1 b3 g2k, OF
K+2i.ziuiCij

~and then, from a past value of concentration Cij*”

Cij* is found:

C*ij = C*'ij - (J*i, j+1 7~ J*i,j) (240)

This process is used in both the membrane and
adjacent bathing solutions with reversible or
irreversible boundary conditions. Furthermore, the
impedance can be directly calculated and
impedance plots prepared for comparison with
experimental results. There are limitations on the
magnitudes of reduced parameters used in explicit
finite difference simulations. Reduced mobilities
for multiple ion problems must be less than 0.50.
For reversible interfacial processes, the interfacial
potential component can be computed from Equa-
tion 37a and therefore the space charge region can
be ignored and K* taken to be zero in Equation
237. If, however, potentials are computed point-
by-point through the space regions by integration
of local fields, K* must be large enough to avoid
squeezing the space charge into too few volume
elements with consequent integration errors.
Digital simulation of non linear transport problems
is a powerful technique and procedures are not
limited to explicit formulations.

VII. MEMBRANE ELECTRODES

A. Formats for Membrane Electrodes

Applications of the membrane electrochemical
principles and theory described in the preceding
section are abundantly evident in the many elec-
trodes which have been made in the last 10 years.
A natural grouping of these is based on site and
phase characteristics of the materials of construc-
tion:

Homogeneous fixed site ion exchange
membranes

Homogeneous solid state, crystal, or pressed
pellet membranes

Homogeneous glass membranes

Homogeneous liquid ion exchange mem-
branes

Homogeneous site free membranes with or
without selectivity enforcing neutral carriers

Homogeneous semiconductor membranes

Heterogeneous membranes containing homo-
geneous components dispersed and imbedded in
hydrophobic binders

Compound electrodes using surface modifi-
cation or interposed chemical reactions

Examples of these membranes, their construction

features, and applications can be found in recent
reviews 22:23+32,44.45,251
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Membranes are used in electrodes in two
formats: ion contacts at each interface, or ion
contact at one interface and an electronic con-
ductor contacting the second interface. The organ-

ization of membrane cells for electrode purposes
is, in principle, the same as that of an ordinary

membrane cell for exploratory work, as in Figure
1.

Cu;  External reference Salt External; Membrane; Inner filling; AgCl; Ag; Cu
electrode: typically  bridge monitored reversible and  solution
Mercury-calomel or solution permselective  containing a
silver-silver chloride to cations fixed activity
in fixed activity C1°. of permselective
cations ion and
fixed C1™ activity
“Membrane” electrode [Cell 1]
or a typical anion sensing clectrode,
Cu;  External reference Salt External; Membrane; Inner filling; AgCl; Ag; Cu
electrode typically  bridge monitored reversibleand  solution
mercury-calomel or solution permselective  containing a

silver-silver chloride
in fixed activity C1-.

The commonly found organization illustrated here
corresponds to a classical junction cell. The semi-
colons are conventional indications of interfaces
involving solid-solid and solid-solution contact

Cu;  External Salt External Membrane;
reference  bridge monitored  electrode
solution
“Test solution”

The term “junction” arises because of the
frequently indeterminate potentials which occur at
the interfaces between contacting media con-
taining different electrolytes, e.g., the external
reference solution and the salt bridge solution, and
between salt bridge solutions and the external
monitored solution. Any diffusion potential with-
in the salt bridge itself contributes to the overall
sum of junction potentials. In these illustrations,
the salt bridge containing an electrolyte different
from that in the external reference electrode
thereby constitutes a “double junction.”

Cu; Ag; AgCl; External monitored;

“test” solution
containing fixed
activity of C1~
(or Ag")
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to anions

fixed activity of
permselective anion
and fixed Cl~ activity

“*Membrane” electrode [Cell IT]

equilibria. The vertical lines are conventional
indications of interfaces between liquids con-
taining electrolytes. In both instances some
potential difference can exist. The general form is

[Cell TH]

The reason for using junction cells is flexibility
in handling a variety of external monitored solu-
tions. Ordinarily a test solution will not contain
any ions reversible at (and common to) the
external reference electrode. If by plan or by
chance a series of test solutions happened to
contain a constant activity of CI7, then a
Cl -reversible external reference electrode could
be dipped into the test solution. The salt bridge
and fixed activity solution for the external refer-
ence electrode could be eliminated. Such a
junctionless cell is shown below:

Membrane electrode; Cu
selective to cations

C(Cell 1V]
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Membrane electrodes, patterned after glass
electrodes, consist of the membrane affixed to the
lower opening of a high resistance glass or plastic
barrel. The latter contains the inner filling solution
and a reversible internal reference electrode. The
entire barrel is sealed during normal operation.
Problems encountered in construction involve the
quality of the membrane seal and use of barrels
whose resistance to ion transport exceeds that of
the membrane. The latter problem is particularly

Apreasured = A¢y o (inner ref) — o (ext ref) + ¢y,

where Ay, is the membrane potential discussed at
length in the earlier sections of this review. p(inner
ref) and ¢(ext ref) are generally the interfacial
potentials calculated from the Nernst Equation for
the respective half cells in their bathing solutions
and v, is the junction potential. The junction
potential (or sum of junction potentials) is the
least well known .quantity in the equation and
chemical means for minimizing the effects of the

APmeasured ~ F

.+ x kFot 4.
RT a + f. Kij~" a; (external)
In -
a; (internal)

acute in fabricating miniature electrodes for bio-
logical application.?®® Low resistance pathways
(compared to the membrane) offer short circuit
paths and lowered membrane potential responses.
Low slopes of response curves are not ideal, but
they are not false responses either. Microelectrode
responses can be calibrated against standard
solutions to yield useful results.

Overall responses of membrane electrode cells
include several terms:

(241)

junction are discussed later in this section.
Frequently the junction potential is simply ignor-
ed when Ay oacured i calibrated against standard
solutions of prescribed activity; or the junction
potential can be avoided when A¢ jeasured is
found from cells without liquid junction. The
usual measured potential for cells in which a
saturated calomel external electrode and an Ag;
AgCl internal electrode are used, and has the form:

] +¢° AgCI/CL" - 5}1 In a - Gint)

- v(éitt 2ecfalomel> + Plun 242)

For mixtures of permeable ions of different
valences of the same sign, the approximation is
sometimes made in the numerator of the In term:

In [a; + ¥ K" a1 (243)

where a; has charge z; and other ions have charge
z;. The modified equation is not exact?¢5 and
Ki*.’°t will depend on concentration a; and a; as
well as site concentration.

Membrane electrodes which eliminate the inner
filling solution and replace it with a direct metal-
membrane contact are regarded as “all-solid-state”
devices because the most successful examples are
crystal membranes, typically silver salts, connected
internally to silver wires. An extensive analysis of
the interfacial potential, normally governed by
reversible electron exchange between crystal and
metal, was given by Buck and Shepard.?S3 Their
analysis makes use of the electrochemical potential

equality (Equation 31) for electrons in the two
phases. Results of this analysis show that the
membrane potential depends on the extent of
complete equilibrium between the contacting
metal and crystal,

RT l Agt
=0 + — ————
Ap, Ty ag/agttF In ;(Ag)‘] ‘ (244)

and the complete, measured response is

A9 measured = ¥7Ag/ag" (245)

RT 3Ag’
t— In |= - yp(ext ref) +
F [a(Ag)t plextrel) + oy,

for an AgX membrane with an internal Ag contact.
The AgX membrane rapidly saturates with Ag
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metal, and a(Ag)*, the activity of metal in the salt,
referred to pure metal, is unity. Consequently,
all-solid-state and ionic contact electrodes using
the same membrane material will, at equilibrium,

show the same response. However, various other -

cases, e.g., membranes with ion exchange at the
membrane/metal surface or membranes contacted
with dissimilar metals more reactive or less reactive
than the common metal, show different behavior.
A large body of experimental evidence has been
accumulated to demonstrate these cases and the
more usual situation of a common metal contact
with variable activity in the crystal where the
apparent ¢,

¢° (app) = SPOM/M’ ~ —};_,I In a(M)* (246)

can vary in response to purposeful variations in
a(M)*.

In all cells, the external and internal reference
electrodes (reference half cells) contribute part of
the overall measured potential as indicated in
Equations 241 and 242. Consider common refer-
ence electrodes of the second kind such as
mercury-calomel and silver-silver chloride, which
are reversible to anion activities. In a junctionless
membrane cell using cation selective membranes
for Ca®* or K' activity measurements, the cell
voltages depend upon both cation and halide
activities according to

_RT 2o, 2+ (test)
A¥measured 2F In [aCa"' (int ref) (247)

RT : acy- (test)
t—In| —F———
F l:aC, - (int ref)
or

_RT ag+ (test)
measured ~ l"l:aK+ (int ref) (248)

RT aCl~ (teSt)
+ — In|—u—
F acy- (int re_f)

Both terms occur here because variation in salt

activity not only affects the membrane potential .

(first term) but also the individual reference
electrode potentials. Junctionless cells therefore
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respond to the mean salt activity and not just to
the species which is membrane permeable. On the
other hand, in a junction cell using reference half
cells separated from the test and inner solution by
salt bridges, the anion activities in the reference
solutions, typically chloride, are constant. If the
reference electrodes for a junction cell happen to
be identical, then the right-hand terms (247) and
(248) are 0. At worst, the reference electrodes in a
junction cell contribute a constant value to the
measured cell voltage, which creates a constant
offset response.

In a junction cell the slope of cation activity
response is different compared to the junctionless
cells. For example, calcium chloride activity
measured in a junctionless cell plotted as milli-
volts vs. Acg2+ would show a slope of 3/2 X 59.14
mV/decade at 25°C and exhibit zero potential
when the test solution and inner solution contain
identical salt concentrations. In a junction cell,
the same experiment gives a slope of 1/2 X 59.14
mV and identical solutions would yield O V only if
the two references are identical. Note that a cell
composed of an AgCl membrane and Ag/AgCl
reference electrodes is independent of silver
activities.

The slope magnification effect for junctionless
cells is desirable, but is achievable only when strict
conditions are fulfilled: (1) the composition of test
solutions must be free from interfering ions which
affect the reference electrode potentials; (2)
reference electrodes must be reversible to ions of
charge opposite to those which are membrane per-
meable, and (3) the solution must contain only
salts in which the activities of the detected cations
and anions vary in a known way. For example, if
a series of unknown K* activities in KCI solutions
were to be measured, a potassium selective mem-
brane with Ag/AgCl external reference would suf-
fice. However, if independently variable levels of
NaCl, KI, or KNO; were present, the potential
response could not be interpreted. B

Junctionless cells can be composed of cation
instead of anion selective reference electrodes.
Whenever an anion responsive membrane cell is
used in junctionless configuration, the reference
clectrode must be cation reversible. Reference
eclectrodes reversible to a large number of anions
and cations than ever before are now available.
Any commercially available anion selective elec-
trode or conveniently fabricated equivalent elec-
trode can be suitable as a reference electrode.
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Most cation selective liquid membrane and glass
electrodes arc possible reference electrodes. For
example, if it is known that a series of fluoride
samples to be measured for fluoride activity are

buffered or contain either potassium jons at con-
stant activity, or contain equal fluoride and potas-
sium concentrations, then the following junction-
less cell is possible: o

Cu; K* selective; test; LaF, membrane; Inner AgCl; Ag; Cu
electrode or  solution solution
pH glass containing
clectrode F~andCl™ [Cell V]

For thermodynamic measurements, junctionless
cells are mandatory, but for practical analytical
work, junction cells are more generally useful and
preferred. While there is a loss in accuracy from un-
known junction potentials, the benefits more than
outweigh this limitation. In general, junction cells
allow measurements of species activities relatively
unaffected by diverse counter ions which may be
present. Minor problems introduced in addition to
the small usually unknown junction potentials are
diffusion of reference half cell components into
the test solution and clogging of the junction path-
way. The latter is especially prevalent when using

Hg; Hg, Cl, ; KCl(sat’d) Li*'Cl,C-COO ,

Na'NO,"

K*NO,", or test sol’'n
or
Ag: AgCl; NaCl(0.12D) Na*Cl0, *

or

other external reference other saltasa
half cell bridge

B. Junction Potential Magnitudes

In contrast with interfacial potentials at
membrane and reference electrode interfaces,
junction or diffusion potentials denoted as ¢;
arise whenever one or more phases containing elec-
trolytes are not at uniform activity. Junction
potentials arise spontaneously within a single
phase when nonuniform distributions of electro-
lytes seek to become uniform by diffusion from
regions of high activity to low. Junction poten-
tials introduce a time dependence to overall cell
potentials and an ultimate limit on the repro-
ducibility of zero current potentiometric measure-
ments. They also create an uncertainty in the in-
terpretation of single ion activities.

basic aqueous test solutions or nonaqueous solu-
tions. Many designs for the liquid junction in-
cluding sleeves, controlled cracks, and porous bar-
riers are available commercially or described in the
literature.* 35 Probably the best method is the
double junction configuration in which the test
solution is exposed to a compatible intermediate
electrolyte in a salt bridge. This type of junction
provides two diffusional barriers which is essential
for use with saturated calomel references when
measuring either Cl~ for K* with selective mem-
branes. The double junction is commercially avail-
able and can be designated as:

[Cell VI]

Diffusion potentials within phases have already
been considered in Section V.A.3. Integration pro-
cedures for the differential potential to give net
values of Pyun A€ found in Reference 304 where

PJun = Pright ~ ¥left (249)
right
t.
=- E / E(—'—) dlIn 8
F i\
left
If all ions in a junction situation have the same

mobility, ¢y, is always zero. The sign of the junc-
tion potential can be quickly found by noting

*Note that NaClO, as salt bridge cannot be used in contact with solutions containing potassium ions.
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which side has the higher ionic activity. Then, note
which ion is the most mobile. Cations and anions
attempt to diffuse separately from high to low
activities. The more mobile ion moves ahead at
short times until a field is created which drags the
slower moving species. The faster ion is slowed and
the slower speeded until the salts move in an elec-
troneutral way with an overall mean diffusion
coefficient. The salt diffusion coefficient D or
mobility u for a single salt is

D,D_(z.-z.)

Dsat = p—2 5 (250)
uu_(z4-z)

USalt =T (251

The faster ion carries its charge sign into the lower
activity side and so determines the sign of yun’
which is the integral of field over distance. At
short times, concentration profiles through the
junction are nonlinear, but in the steady state,
profiles are linear and this fact allows integration
of Equation 249.

In practical situations, liquid junctions may be
free flowing and often involve mixtures of electro-
lytes with no common ions. There are no equa-
tions for accurate calculation of these complicated
junctions and approximate methods such as Hen-
derson’s integration®®* must be used. There are
few experimental methods for independent verifi-
cation of the calculations. However, junction
potentials are believed to be small (less than 10
mV), unless protons or hydroxide ions are in-
volved, or the concentrations on two sides differ
by a factor of 100 or more. The junction potential
between ‘0.1 M HCl and 0.01 Af HCI is 40 mV
with the dilute side positive. For KCI at the same
concentrations, ¢y, is only 1.0 mV with the
dilute side negative since the mobility of Cl~ is
slightly greater than that of K. A more mechanis-

Cu; Pt; Hg; Hg,Cl,; KClI (sat’d) i

Test solution; LaF,;

tic view of junctions is given by Buck.>®® Tables
of liquid junction potentials are also given.
Elimination of liquid junction potentials is
never possible, but they can be minimized. The
principle of minimizing is one of “swamping” the
junction with two new junctions which provide
two-way diffusion from a high concentration
of electrolyte, usually KCl, with nearly equal
cation and anion mobilities. A given junction to
be minimized is separated in space with a column
of saturated KCl or LiCl;C,00 in a salt bridge.

. The bridge can be a tube with fritted glass or

porous carbon disks, or small holes such as cracks
or asbestos fibers at the ends. Commercial ref-
etence electrodes are built with one or more sur-
rounding salt bridges. A simple glass tube filled
with agar-gelled KCl and restricted openings
frequently has been used.

C. Complete Membrane Electrode Cell Response
Functions

The final source of overall cell emf is that of
the membrane itself. Since negligible current
flows in a potentiometric measurement, there is
no iR drop in the solutions on either side of the
membrane. The inner potentials of the solution
phases bathing the membrane are constant
provided the concentrations of salts are uniform
as a result of stirring. The membrane potential
is found by summing the two interfacial potentials
with the internal membrane diffusion potential,
if any exists, according to the general segmented
potential model in Equation 19. The components
have already been derived and discussed in earlier
sections. When all of the potential contributions
in a typical cell configuration are identified, the
measured cell potential often can be expressed
simply for normal reversible steady state and
equilibrium conditions of Nernstian response.
For example, the lanthanum fluoride membrane
electrode used with a saturated calomel external
reference electrode can be written

ti -
Junctions ag membrane 0.1 M NaCl [Cell VI]
A?measured at 25°C = - 0.242 (saturated calomel half cell contribution) (252)
+PJun (double junction diffusion potential contribution)
-0.0591 Iog( F ) (membrane potential)
0.17p-

+0.222 - 0.0591 log (0.1 y¢;-)

= constant - 0.0591 log ap- V
400  CRC Critical Reviews in Analytical Chemistry

(inner reference half cell

potential contribution)

0.1 M NaF; AgCl; Ag; Cu
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The metal/metal potentials are already accounted
for in the numerical constants. The diffusion
potentials are wusually only a few millivolts.
Activity coefficients can be computed or obtained
from tables. Nevertheless, the constant term can-
not be computed rigorously or exactly. Conse-
quently, standard solutions of fluoride with
calibrated activities must be used to establish the

cell response Ay ..o vs. log ap= ina precise way.

Cu; Pt Hg Hg,Cl; KCL

The equation above merely allows approximate
calculation. Literature results®>°®2°7 compiled
by Butler®?8 are illustrated in Figure 29.

Similarly for liquid ion exchanger membranes
such as that forming a Ca®" selective electrode in
a test solution containing calcium at Ac,1es when
completed with a saturated calomel reference
electrode, the cell has the form:

test solution; Ca?* sensing liquid; CaCl, 0.1.3; AgCl; Ag; Cu

sat’d a2+ membrane
[Cell vIII]
The measured cell potential is composed of:
Ayp measured at 25°C = -0.242 (saturated calomel half cell contribution) (253)
+95un (junction potential contribution)
0.0591 a2 (test) .
- lob[ CRT :I (membrane potential)
+0.222 - 0.0591 log [(0-2)7¢;-] (inner reference half cell
contribution)
= constant +&259-1- log ac,2+ (test) -&259—1- log [(0.140.2)? v, 3]
= constant + 0'0;591 log a2+ (test)
Simple halide sensitive cells such as
Cu; Saturated calomel | Salt halide test; AgX membrane; inner; AgX; Ag; Cu [Cell IX]
ext. ref. bridge solution ay - solution
respond according to Ay measured at 25°C = - 0.0591 log ay-+0.0591log Ksp (AgX)+0.557 +p5,n V (254)

In the “all solid state” configuration, the electrode responds in the same test solution using the same

external reference electrode according to

Ay measured at 25°C = -0.0591 log ay-+ 0.0591 log Ksp (AgX) + 0.557 - 0.0591 log apg (AgX) (255)

term V

A silver sulfide electrode in a typical configuration for direct potentiometry of Ag® or S~ could be written:

Cu; Saturated calomel Salt test; Ag,S; inner; Ag,S; Ag; Cu
ext. ref, bridge solution membrane solution
+

aAg

and responds normally according to the sum

[Cell X]
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-100 [~ ’ -
O\
| | |
10°5 10-4 10-3 10-2 )
101
Fluoride concentration, MOL/L
FIGURE 29. Potential of a lanthanum fluoride electrode as a function of

fluoride concentration in various supporting electrolytes. Note that the zero of
potential scale depends on the internal filling solution and is different for data
from References 306 and 307. (From Butler, J. N., in [on Selective Electrodes,
Durst, R. A., Ed., National Bureau of Standards, Special Pub. #314, U.S.
Government Printing Office, Washington, D.C., 1969, chap. 5.)

Ay measured at 25°C = - 0.242
+ PJ
+0. 0591 log aA (test)/ap .+ (inner)
+0.799 + 0. 059 log apg* (gnncr)

(saturated calomel half cell contribution)

(membrane potential)
(inner reference half cell
potential contribution)
= 0.557 + 0.0591 log apgt *orun V (256)

Note that the activity dependence of the inner reference and inner side of the membrane cancel out. If the
test solution contains a soluble sulfide,
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Ay measured at 25°C = 0.557 - 9—'—0—253— 0.0591

-+
log ag2 3

Using pKsp = 49.2, the log term has a value -1.45
V. Durst®®? and later Vesely et al.257¢ have
tested Equations 256 and 257 over a wide activity
range as shown in Figure 30.

These few examples are illustrative of the
simple forms of the normal or Nernstian responses
of ion selective membrane-based electrodes. How-
ever, ideal Nernstian response cannot be expected
to hold over a wide concentration range,
depending on (1) the mode of establishment of the
ion activities to be detected and measured and (2)
the ideality of the membrane substrate. There are
potential deviations expected at both high and low
activities of the sensed species, even for ideally
deviations occur by one identified process: fajlure
of Donnan exclusion. Thus, glass electrodes for
pH, cation selective liquid ion exchange electrodes,
and neutral carrier cation selective electrodes
show sub-Nernstian deviations at high electrolyte
activities because anjons are no longer completely
rejected from the membrane phase. Both the
interfacial and diffusion components of the mem-

mV
GOOL :
- 400

200

-200
-400
-600

-800

log Ksp (Ag,S) +oyn V (257)

brane potential are adversely affected by anion
penetration.

At low activities of sensed species three cases
must be distinguished: (1) low activities of a single
ion from a highly diluted salt in water, (2) low
activities of a single ion from a highly diluted salt
in a high concentration of inert electrolyte, and
(3) low activities of a single ion in a generalized
buffer, e.g., low silver ion activities established by
use of metal jon buffers whose components are at
high concentrations typically 0.01 to 1 M, but the
pH and complexing agent act to hold free metal
ion activity at low values through labile equilibria
among free and complexed metal ions species. It is
commonly held that the lower limit of detecta-
bility of an ion by its selective electrode is
determined by the solutility of the ideal mem-
brane itself, or by the extent of ion exchange as
permitted by competition with ions from the
solvent. Thus, for salt membrane electrodes such
as silver halides, response to successive dilution of
AgNO; is Nernstian at high aAg+, but deviates

pAg

FIGURE 30. Wide range response of a silver sulfide membrane electrode; 1
solutions of AgNO, (¢ = 0.1), 10" to 1077 M; (2) 0.1 M NaCl; (3) 1 Af NaCli,
saturated with AgCi; (4) 0.1 A1 NaBr; (5) 1 M NaBr, saturated with AgBr; (6) 1 M
NaBr, unsaturated; (7) 0.01 Af Nal; (8) 0.1 A Nal saturated with Agl; (9) 0.1 M
Nal, unsaturated; (10) 1 A Nal saturated with Agl; (11) 1 A Nal, unsaturated;
(12) 0.01 M Na,S (u = 0.11), pH 7.0 to pH 12.0. (IFrom Vesely, J., Jensen, Q. J.,
and Nicolaisen, B., Anal. Chim. Acta, 62, 1 (1972). With permission.)
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positively and becomes constant at extreme
dilution since the activity of silver cannot be
reduced below the intrinsic solubility of the
membrane material. The same type of behavior is
expected when successive dilutions are made with
inert clectrolytes and when activities are esta-
blished with metal jon buffers. Similarly in
solutions of excess anion CI7, Br™ and I°, the
silver activity is fixed by the common ion effect
and responses are Nernstian to anion activities
until extreme dilution limits the response again to
the crystal solubility approached from the excess
anion side.

For organic liquid ion exchanger and neutral
carrier electrodes using extreme dilution of
electrolyte or controlled low activities of
exchangeable ions, solubility of the membrane
components is again limiting in principle. How-
ever, before dissolution of the membrane becomes
significant it is more likely that competitive ion
exchange of protons in place of the diluted
permeable cations (or OH™ for anions) will cause a
leveling in the Nernstian response. The extensive,
careful low level responses of calcium selective
electrodes by Ruzicka et al.3!'® as a function of
pH suggest the validity of this interpretation.

Testing of low activity region responses can be
done well with metal ion buffers and with inert
electrolyte dilution.®'! Testing is not valid by use
of the method of simple dilution of a single salt.
The reasons are not altogether clear, but five
effects have been suggested and may be pertinent:
(1) interfacial exchange rates may become limiting
at low dilutions, but this possible effect should
occur by all three methods of testing since the
theoretical rate depends on the activity of the
exchanging ion at the surface; (2) failure to
saturate the diluted test solutions with membrane
salt so that the membrane is not in equilibrium
with the solution. This problem, like the former,
would cause errors in all methods. Furthermore,
lack of equilibrium is indicated by stirring rate
dependence of measured potentials; (3) there may
not be a great enough ionic strength at extreme
dilution to charge the external double layer; (4)
high solution resistances at low dilutions may
cause experimental measurement artifacts; (5)
specific adsorption of one of the salt ions may
distort the measured potential. In the author’s
opinion, this effect should be observable only
when the interface is blocked so that the inter-
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facial potential is no longer determined by the ion
exchange process.

Probably the most important and least well-
documented point concerning electrode responses
at low, controlled activities is the need for
preparation of stable, reversible-interface ion
exchanging membrane materials. Except when
using highly purified liquids and precisely stoichio-
metric single crystal solid membranes, the basic
responses of systems are likely to be lost to a
number of unreproducible surface and bulk prop-
erty effects. For example, pressed pellet mem-
branes formed from different batches of preci-
pitates can be quite variable in their response
characteristics ranging from expected ideal
Nernstian behavior for component ions to general
salt response without selectivity. Systematic
studies of the CuS—Ag,S and CdS—Ag,S pressed
pellet responses?568:2560:312.313 oy that
precipitation from weakly acidic solution of
soluble Cd** or Cu®* and Ag' salts by addition of
H,S or by homogeneous precipitation leads to
solids with reversible ion exchange of component
cations. In contrast, precipitations made by addi-
tion of basic Na,S presumably induce copre-
cipitated hydroxides such that log a2+ and log
ac,2t+ plots vs. potential are not Nernstian.
Responses become independent of cation activities
at much too high activity values and monovalent
cations show significant interferences. Digestions
of the precipitates in acid, and etching of pellet
surfaces improve responses and decrease inter-
ferences. Air oxidation of substrate and presence
of coprecipitated soluble species which are more
soluble than the basic substrate have been
suggested in Section V.B.3 as the source of the
level response at activities high compared with the
theoretical solubility of the substrate. Recent
work by Vesely?>*®® on iodide responses at Agl
and Agl—-Ag,S membranes demonstrates that
responses at low a,- are sensitive to the quantity
of polymorphic forms of Agl which occur together
when the pressure used to make the pellets
exceeds the transformation pressure and converts
some §-Agl to y-Agl.

A further complication is suggested in the work
of Morf et al.2%¢ Although these authors speak of
interstitial silver ions, their response equations
follow from and correspond to an assumption of
leached or reversibly adsorbed silver ions. As I
have pointed out in Section V.B.3, the responses
are sensitive to stirring and to use of buffer-
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controlled activities. The tendency of silver salt
membrane components to contain coprecipitated
soluble salts is enough to explain Morf’s obser-
vations and to interpret applications made of the
effect for sensing activities of species forming
more dissociated complexes than can be accounted
for from the intrinsic solubility of Ag,S.25¢" One
does not have to deny the validity of the formula
for the interfacial potential component (Equation
37a) nor does one have to postulate lack of rapid
fon exchange which determines the interfacial
potential.

Accomplishments of the theory of membrane
potentials and overall cell potentials are not
restricted to predicting the idealized steady state
responses of electrodes or to diagnosing and
interpreting apparent failures in electrode perfor-
mance. The theory presented in this review also
permits cases to be identified where the transient
state gives full timeindependent Nernstian
responses and those cases where time dependencies
of potentiometric responses are expected. The
forms of the latter time dependencies permit
diagnosis of the sources of time responses. For
example in the steady state, liquid ion exchangers
in solutions of a single permselective ion (e.g. Ca**
bathing solutions and a calcium organo-
phosphonate ion exchanger) can respond rapidly
to activity changes of calcium on one side and
yield a fully Nemnstian slope. If the membrane
were inadvertently pretreated with a foreign perm-
selective cation (e.g., H' or Na'), response to
an,2t is much slower due to the need to attain
steady state within the membrane which requires
slow removal of the foreign ion from the mem-
brane interior. Similarly, slow responses are
invariably observed in mixture of permselective
jons (e.g., Na* and Ca®* in the former example, or
NO; ™ and CI™ in an anion selective membrane
case) because the entire internal distribution of
permeable ions must reach the steady state profiles
before a stable potential reading will be observed.
Another example is the rapid response of glass or
other fixed site membranes to step changes in
activity of a single electrolyte or mixture of
electrolytes. Here, the glass interior composition
slowly changes over a period of months. Yet the
response is reached rapidly and is remarkably
stable. The response can be stable and Nernstian
because the membrane potential is independent of
the bulk membrane ionic concentration profiles
and their adjustments with time.

D. Selectivity Coefficients of fon Selective Mem-
brane Electrodes

One of the most satisfactory results of theory is
the prediction of selectivity coefficients in terms
of extraction, complex formation, and transport
parameters. Although the theories are not always
exact and results have not been thoroughly tested,
a number of published calculations for various
types of membranes have been summarized in
Table 6 from Eisenman,*'* Buck,2*° and Simon
etal3!s

Among these, the forms for nonassociated
liquid ion exchanger, fixed site and solid state
crystal, and pressed pellet membranes were derived
in this text. Measured values of selectivity
coefficients have been compiled in several books
and papers,32:249251,305,316 ¢ mych data
remain uncompiled at the present time. Actual
testing of the theory by independent measure-
ments of the values of mobility, extraction, and
solubility parameters occurring in the expressions
for selectivity coefficients in Table 6 has been
done only for most convenient systems, the silver
halide-based membranes for which the selectivity
coefficients depend only on ratios of solubility
products. A useful presentation of some results has
been given by Morf et al.,2*® simply by plotting
experimental log Kll-’jOt vs. calculated log K%Ot and
showing that a very good correlation exists. This
plot is reprinted as Figure 31. Testing of the
theory for liquid ion exchange and fixed site
membranes is more difficult because independent
single ion mobility data are required as well as the
more readily accessible ion exchange constants.
Recent efforts to test theory have been referenced
earlier.2677274,2772  Qpe can legitimately
conclude that there is a correlation of potentio-
metric selectivity and ion exchange selectivity even
when mobility values are not well known. Ion
exchange selectivities vary over many powers of
ten while mobilities are restricted to a narrower
range of values. Similar tests of the selectivity
expressions for neutral carrier membranes show
that the salt extraction equilibrium constants and
the overall formation constants of the cation-
carrier complexes correlate well with potentio-
metric selectivities.>!?

By general usage the expression

RT
Al pens, =0+ 5 In (g + Kt 2) (258)
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FIGURE 31. Comparison of the experimental and calculated anion selectivity
coefficients of different silver halide membrane electrodes. (IFrom Morf, W. E.,
Kahr, G., and Simon, W., Anal. Chem., 46, 1538 (1974). With permission.)

is considered a normal form for ideal behavior of
ion selective electrodes responsive to two species i
and j with charge z. When, for positive ions,
response is more positive for pure solutions of
species i than for pure j at equal activities, then
Kli)-"t is a number less than unity and the electrode
is more sensitive to i than to j. The notion that
KPot is indeed a concentration-independent
constant quantity at constant temperature and
pressure follows only from the most idealized
models. Assumptions that ionic mobilities and
activity coefficients of ions in membranes are
independent of position and concentration, and
that a constant fraction of membrane ions is
involved in the diffusion potentials generation
process are necessary to obtain a constant select-
ivity coefficient. Membrane systems composed of
solid and concentrated liquid electrolytes can be
expected to show concentration-dependent
selectivity coefficients through complex forma-
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tion, ion pairing, and effects of concentration and
position on activity coefficients and mobilities.

Buck?®® has analyzed the forms of membrane
response equations for various kinds of nonideal
responses including kinetic effects. There are two
distinct types of behavior expected for the
dependence of Kgm (apparent) on activity:
dependence on the ratio aj/ai and dependence on
actual values of a; and a;. For the first case, a plot
of Kli)j"‘ (apparent) vs. aj/ai, or log—log plots of
these ~ quantities gives a single curve which
describes the selectivity character of a system. For
the second case, a family of curves is necessary
depending on the absolute values of a; or a.
Reversible systems involving ion association and
those with concentration-dependent activity
coefficients depend on the simple first case. Some
nonequilibrium, nonsteady state and possibly
other as yet unrecognized sources of response

belong to the second category.
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TABLE 6

Selectivities for Different Types of Membrane Electrodes and Restrictions Used

Type of membrane Ki}}m Restrictions
.. u,k
Liquid membrane, no L u, = 0or cx(x) =0
ligand (negligible complex uik;
formation)
Grely  gleen
(g + Uk electroneutrality holds
kj Zero diffusion potential
‘?i cx) + cj(x) = const.
“jsKj

Liquid membrane,
electrically neutral UisK;
ligand S complex formation

u, = 0 or cx(x) =0
cs(x) = const.

dominant) (u;. +u,) K;
s x93 ¢, (x) = const.
U5+ u) K electroneutrality holds
Kj ¢;(x) = const.
Ei— Zero diffusion potential
a(x) = const.
. ujk;
Liquid membrane, —= u, <<y, u;
electrically charged UiKi
ligand S ~(complex formation
dominant, flux of anions
X~ negligible) ("j +ug) kj
—_— c4(x) = const.
u; +ug K electroneutrality holds
u:. K.
B ug >> U, u;
s K; total flux of all ligand forms
negligible
K; e .
— Zero diffusion potential
Kj a(x) = const.
. u;k; - .
Solid ion exchangers Permselective for ions of
uk; one sign and magnitude
. Kep iV
Solid crystal -—&_-’- Zero diffusion potential
membranes Ksp,iTi ions of same charge
Explanation:

k;, k; = partition coefficients of cations 1" and J* between outside solution and
membrane; K;, Kj = partition coefficients of cations I* and J* between outside
solution and the respective complexes in the membrane; u = mobilities in the
membrane; c(x) = concentrations in the membrane; a(x) = degree of dissociation
in the membrane, defined as the ratio of free ligand concentration to

concentration of all forms of ligand; k; = kext,i/;i k; = kext,j/;j kj/ki =K

7i/7;, 249,314,315,

For diagnosis of concentration-dependent
selectivity coefficients, selectivity coefficients
must be computed from responses of mixture
methods in the region of appreciable values of aj/ai
such that response is not dominated by a; or g

i,exc:

alone. The two point pure solution methods®'®

will not suffice because they cannot uncover com-
position-dependent selectivities. The advantage of
the two solution method is simplicity, but even for
systems where responses to pure a; and a; give
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parallel Ay meas. vs. log 3; or 3 characteristics, it
can be shown that one obtains only limiting values
of K%M corresponding to high values of aj/ai.
Using mixture methods, 3 or 4 pure solutions of a;
to establish base response, and about 15 mixtures
(5 aj levels spaced % decade apart at 3 levels of aj,
1 decade apart) are sufficient. Mixture methods
are quite old and were first used extensively by
Lengyel and Blum®!® and later by Eisenman.?2°
Srinivasan and Rechnitz*?! examined several
methods for the determination of Kl;jm while
Pungor and Toth®*??:323 recognized the essental
requirements for reliable measurements and
strongly recommended one form of the mixture
method, that version which has been outlined
here. They pointed out the fact that when dealing
with ion-exchanging liquid and solid electrodes
(including glasses) containing the species i, re-
sponses to pure a; are unreliable. Mixtures must be
used containing a; such that surface attack by a,
releases an insignificant activity increment of a; at
the membrane surface. A convenient form of the
mixture methods is the titration procedure of
Dole;*?* as modified and improved in this
laboratory.>°® This method can provide extensive
sets of data for determinations of K‘i’jOt (apparent).
When a set of mixture responses Ay;; and pure
responses to a;, Ayp;, the selectivity coefficient is
calculated from

In Kil;m (apparent) (259)
=1In {exp [(ap;;- Ap)/IS] - 1} - In(a;/a;)

where S is the slope of the pure a; response curve.
The single implication of membrane electro-

chemistry which proves to have the widest .

importance to analytical chemistry is the general
conclusion that membrane potentials (interfacial
and internal diffusion components) reflect the
ionic composition of the bathing solutions. When a
given fon is more favorably extracted into a
membrane and this ion has a higher mobility (free
or complexed) than others of the same sign, one
can be confident that the membrane potential will
respond to the bathing solution activity of this ion
in preference to others. While this statement may
reflect a necessary condition for selectivity, it is
probably not sufficient or adequate as an operat-
ing principle for the design. of new transport
selective membranes and membrane electrodes
because the exact relationships between transport
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or ion exchange preference are not well known in
terms of molecular properties of membranes. Only
in a phenomenological way have important select-
ivity-determining factors been identified. There are
a number of features of membrane systems which
influence and control the extractability and
apparent mobility parameters of ions, viz., density
of fixed and mobile sites, dielectric constant of the
membrane medium (before and after equilibration
with water), interactions of ions with sites to form
mobile or immobile ion pairs, and possible inter-
actions with co-ions and with complex forming
reagents, including membrane solvents and
additives.

The kind of theory and data that is now needed
to design for specific functions is a basic,
molecular level analysis from which phenomeno-
logical quantities, extraction coefficients,
transport parameters, ion pair, and complex ion
formation constants in membrane systems (usually
of low dielectric constant values in the range 3 to
20) can be accurately predicted. We are, however,
still in the era of observation, data collection, and
correlation with respect to membrane functions
despite the rather complete phenomenological
theory base that has been outlined in this review.

Progress on molecular level theory primarily is
due to the efforts by Eisenman’s and Simon's
groups3'5:3257327 The aim is prediction of
molecular requirements for selectivity of alkali and
alkaline earth ions in neutral carrier and liquid ion
exchanger membranes, where extraction occurs
without water of hydration. The theory attempts
to interpret selectivity on the basis of specific
effects on the overall extraction coefficients cal-
culated from the free energy of transfer:

-RTIn K = AGP (transfer) = AG®; - AG®  (260)

ext,i
where
AG®y = free energy for transfer of a cation
from the gas to the cavity in a
ligand
AG°y = free energy for transfer of a cation

from the gas to water
Each of these free energies reflects:,

a. Disengagement of the coordinating site in
the ligand or water
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b. Electrostatic dispersion and repulsive
interactions between the cation and
coordinating ligand or water

¢. Polarization of the surrounding solvent
medium

d. Changes in the volume of solvent

e. Corrections for relating quantities to
standard states

‘f. Adoption of conformations suitable for
cation coordination

g. Deformation of ligand to adjust the
volume or size of a cavity to fit a cation

h. A statistical term depending on the
number of sites in a ligand

Calculations are not precise, and small errors in
differences between large numbers can have
profound effects on conclusions. Yet, directional
effects of ligand groups, coordination number,
ligand size, steric interactions, and dielectric
constant can be predicted. A particularly
interesting conclusion is the fact that monovalent
ions are preferred by neutral carriers in low
dielectric constant media, K < 10, as the dielectric
constant is decreased. Lipophilic ligands (which
exclude many nitrogen containing compounds)
containing oxygen (either ether or carbonyl)
coordinating sites are preferred when five-member
chelate ring formation is possible.

VIII. SUMMARY

The thrust of this review has been an
accumulation of ideas, methods, and results on
ionic membrane processes, membrane potentials,
and current-voltage-time-activity characteristics of
membrane classes. To obtain a consensus on
pertinent principles, appropriate mathematical
techniques and results on membrane potentials,
fields and ionic profiles in the transient and steady
states, a great variety of literature sources must be
consulted. This literature includes references in
chemical physics, physical chemistry, theoretical
biology, physiology, biophysics, solid state
physics, chemical engineering, desalination, and
analytical chemistry. To the analytical chemist
who enters the field of membrane
electrochemistry for the purpose of pursuing
separations based on membranes or sensor
development and  applications based on
membranes, the message should be clear from
Tables 1 and 3 that the kinds, forms, and chemical

properties of membranes are very large, and the
types of processes and pertinent natural and
derived parameters are diverse. Yet, the principles
involved in interfacial equilibria, kinetics, charge
accumulation, and charge transport are relatively
few. Many qualitative similarities exist in
membrane electrochemical properties across a
wide range of membrane materials from lipid
bilayers to ion-conducting single crystals.

The reference catalog of membrane potential
calculations tries to organize the results into
relatively few categories, and to point out
similarities and differences among categories. It is
not a complete historic catalog, but rather a
condensation of the ‘“‘common wisdom” from
recent literature. Older literature references are
used only when some need for completeness arose.
I have tried to point out where the theory is
incomplete and it is clear that many systems have
not been completely characterized. There is,
however, a great deal of activity in the field of
membrane electrochemistry, and problems such as
transport of single ions through nonelectroneutral
membranes, which was an obscure topic in solid
state physics only a few years ago, are now well
explored through the wide interest in lipid
bilayers. In another decade there is little doubt
that the catalog presented here will need
expansion and revision.

If there is a single unifying concept which
pervades this review and all membrane
electrochemistry, it is the idea that the potential
profile is continuous everywhere. Thus, it becomes
the aim of theory to discover all processes which
determine local potentials: charge exchange,
charge motion, charge carrier profiles and field
profiles, space charge distributions and adsorption
of charged species. Given the potential profile one
can deduce the net membrane potential by taking
differences between potential values at points
across a membrane where they are known. The
least well-developed part of theory needed to
accomplish these ends is that part required for
description of blocked and nearly blocked
(electrochemically irreversible) interfaces. General
solutions of the Nermnst-Planck equations inside
and outside membranes with simultaneous
satisfaction of Poisson’s equations both inside and
outside, with continuity of displacement and
potential at the interface, have yet to be given for
the entire range of surface rate processes from
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irreversible to reversible. As interfaces become less

reversible, the role of adsorption potentials and

the isotherms describing adsorbed ion activities in
terms of bulk activities becomes increasingly
important. Solutions of problems of the latter
type are pressing as the need to interpret responses
of unusual interfacial systems arises.

What, then, can be said about completely
blocked interfaces, where interfacial potentials are
calculated from Gouy-Chapman level theory and
potentials depend upon phase charge, but only
indirectly depend on ion activities in (or on) a
phase through an isotherm of some sort? One does
not expect blocked interfacial potentials to

depend in a Nernstian fashion on ion activities.
Yet, how can the observed Nernstian and
near-Nernstian responses of electronic conductors,
such as graphite contacting an organic liquid ion
exchanger,®?® platinum coated with stearic
acid,*?2? and platinum coated with PVC
containing liquid ion exchanger,>3® be reconciled
with the need for reversible processes at the
metalforganic interface? At present, there is no
answer. One possibility is capacitive coupling. The
second is the more probable situation that some
reversible process is actually occurring between
surface bound oxides and protons in the organic
phase.

GLOSSARY

a — Activity of an ion in exterior, bathing solution.

a,,a_ — Activities of cations and anions.

a, — Bulk activity of anionin exterior bathing solution where electroneutrality applies.

ag - “Surface” activity_of a species determined by mass transport, but outside the
space charge region.

a(0), a(d) — Activity of a species at a surface within the space charge region.

a;,a,3(0),a(d),a,,a_ — Activities of species in a membrane phase corresponding to positions given above.

a(x) — Activity of a species according to its position.

A and B, ~ Overall rate constants defined in Equations 143 and 144.

Aj, Ap ~ Sums over activities in Equation 183.

B;, B, ~— Sums over mobility-activity products in Equation 186.

G — Concentration of a species in exterior bathing solution.

G — Bulk value of a species concentration, in exterior bathing solution where electro-
neutrality applies.

Cs,d or Cs’0 ~— “Surface” concentrations of a species determined by mass transport, but outside
the space charge region.

C(0), C(d) ~— Concentration of a species at a surface within the space charge region.

C(x) — Concentration of a species according to its position.

C,,C_ — Concentrations of a cation and an anion.

G, Cp, Cs 4, Cs 0, — Concentrations at equivalent positions to those above, but in the membrane

C(0),C(d),C,,C._ phase.

Cal — Double layer capacitance at lowest frequencies for interfaces contacting
permeable and impermeable ions, so-called “supported” electrolyte systems.

Co — Low frequency capacitance for binary electrolytes.

Co,b — Low frequency capacitance for a two blocked interface membrane system.

Co,r — Low frequency capacitance for a reversible membrane.

C ~ Geometrical capacitance of membranes.

Cf, Ci — Capacitances of diffuse layers of space charge.
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GLOSSARY (continued)

Hydrodynamic permeability in equation 107 em® fjoule sec.
Membrane thickness.

Diffusion coefficient in solution ¢m? /sec.

Diffusion coefficient in a membrane cm? /sec.

Stefan-Maxwell diffusion coefficient.

Electric displacement vector magnitude.

Electric field vector magnitude.

Frequency in Hertz.

Friction coefficient.

Relative friction coefficients.

Faraday constant,

Gibbs free energy.

Activation free energy.

Free energy change.

Chemical part of the free energy change.

Planck’s constant.

Total current density amp/em?.

Partial current densities carried by an ion of one type.

Equilibrium exchange current density at unit activity of species.
Dimensionless dielectric constant used only in the definition of e,
Extraction coefficient of -a neutral species and the extraction coefficient for a
single ion.

Thermodynamic salt extraction coefficient.

Concentration ratio salt extraction coefficient.

Thermodynamic ion exchange constant.

Solubility product in terms of ion activities.

Formation constant for an ion-carrier complex.

Potentiometric selectivity coefficient.

Standard interfacial rate constant for unit activities of reactant and products
ko for cations, k_~ for anions.

Onsager coefficient.

Boltzmann constant in absolute rate equations,

Surface rate constants based on extrapolated “surface™ concentrations.
Surface rate constants based on actual concentrations in the space charge region.
Flux of material or energy in the external solution.

Flux of material or energy in a membrane.

V-l.

Metal or Macdonald’s ratio defined in Equation 225.

‘Mole weight of an ion.

Mole weight of a solvent, usually water.

A negative ion.

Local osmotic pressure in solution and membrane, respectively.

A positive ion.

Potential of zero charge.

Gas constant.

Resistances.

Chang-Jaffe rate constants for the interfacial discharge of cation p and anion n
at a surface.

A common equilibrium potential value of the Change-Jaffe parameters
applicable to ions of both sign.
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GLOSSARY (continued)

Apparent resistance of an activated surface process, activation resistance.
High frequency resistance of a phase involving motion of both blocked and
non blocked ions.

DC resistance of a membrane.

Reduced distance variable = x/d, Equation 140.

Laplace transform variable =/ jc.

Integral defined in Equation 187.

Subscript for a neutral carrier.

Absolute temperature.

Transport number of a species, a cation and an anion.

Transport number of a solvent.

Mobilities of ions in solution external bathing. See Equation 105 for dimensions.
Mobilities of ions in a membrane. See Equation 105 for dimensions.
Partial molar volumes of species in solution and membrane.

Velocities of species moving under diffusion and migration.

Cell voltage.

Reference electrode potential referred to a standard hydrogen electrode.
Energy barrier in Equations 145 and 146.

Energy barrier in Equations 145 and 146.

Volume or mole fractions.

Running distance variable through a parallel face membrane.

Levich thickness.

Left side of a membrane.

Right side of a membrane.

Membrane charge sites.

Generalized force, except temperature difference or gradient.

“Force” due to a temperature difference or gradient.

Charge of an ion with sign.

GREEK SYMBOLS*

o-Transfer coefficient in equations 65, 66 and 68. Defined quantity in equation 192. A defined quantity in

Table 6.

delta
6

8'
6"

— Nernst diffusion layer thickness;
— applies to the left side of a membrane;
— applies to the right side of a membrane.
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epsilon
€o

gamma
Y. 7,

kappa

lambda
phi

6, ¢

m
s P2

$2,62

GREEK SYMBOLS (continued)

Dielectric permittivity farads/fcm = KE,.
Dielectric permittivity of space (rationalized), 8.85 X 107'* farads/cm.

Mean activity coefficients in solutions and in membranes.

Reciprocal Debye thickness.
Transmission coefficient in absolution reaction rate Equations 65, 66,69, 75, 90, 92.

Width of an activation barrier.

Inner potential of a phase, bathing solution, and membrane.

Inner potential of a bulk phase, usually a solution, where electroneutrality applies.

Inner potential of an electroneutral region near a surface (outside space charge region) during
flux passage. ¢ is ¢, in the absence of flux .

Overall membrane potential.

Interior diffusion potential of a membrane.

Local potential at the point where electron or jon exchange occurs.

un/up: m, =zn/zp.

Space charge density.
Reflection coefficient.

Frequency in radians.
Charge with sign for sites in membranes.
Normalized radial frequency = wr_.

Dipole moment in coulomb-cm in Equation 14 only.

Chemical potential of uncharge species (in joules/mole) in a solution and in a membrane.
Electrochemical potential of an ion in a solution and in a membrane.

Standard state chemical potentials.

Time constant.
Time constant for the highest frequency ion transport process.
Low frequency Warburg time constant.
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26.
217.
28.
30.
31.
32.

33.
34.

35.
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37.
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